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Foreword 

This thesis investigates ice-ocean interaction processes in Antarctica, in the 
perspective of better understanding how the ongoing climate warming will 
interact with the mass balance of ice shelves and floating ice tongiaes, the fast 
moving regulating "taps" of the whole Antarctic Ice Sheet. 

Using a multi-parametric analytical approach, we demonstrate the spatial and 
genetic diversity of what we refer to as "marine ice", a typical by-product of 
thèse ice shelf-ocean interactions. Then we show how thèse various ice-ocean 
interaction processes can potentially contribute to the sensitivity of thèse key 
polar areas to global warming. We suggest that, taking into account those 
processes explicitly in large-scale models of the dynamical behaviour of the 
Antarctic Ice Sheet might solve the apparent discrepancy between the model 
results showing a fairly robust ice sheet (in the context of the present-day 
global température rise) and the récent observed increase of régional ice shelf 
collapsing, particularly in the fairly sensitive Antarctic Peninsula. 

This work summarizes the results of more than 10 years of active Antarctic 
field research, mainly in the Ross Sea District (Terra Nova Bay area, South 
Victoria Land), but also in the Antarctic Peninsula. In accordance with the 
spirit of the "Agrégation de l 'Enseignement Supérieur", as defined in our 
University statutes, we have written this thesis with the main objective to 
show how we believe our research activity in a given field has significantly 
contributed to the progress of science. This is a tough exercise since science, 
by définition, is in perpétuai évolution (see our référence to H. Reeves 
interview). This thesis will indeed not deliver any final statement on the ice 
shelf rôle in ice sheets stability...the more we progress, the more unanswered 
questions we ask, making previous assertions obsolète, the more challenges 
we set for the future. Be it in the "marine ice genetic processes" or the 
"processes of marine ice desalination" our mind has constantly re-adjusted 
with time, and is still looking for verifying concepts: it is a "tooth-saw" 
progression, like the température signal of global warming since the 
industrial révolution! 

Probably the most important message that I hope this thesis will pass to 
younger générations is that research is like éducation, a thrilling profession, 
with lots of moments of doubt, but also moments of intense excitement and 
satisfaction when undeniable progress is made, even if we know it is only the 
next brick in a very complex building. Research is certainly a wonderful job, 
but also a permanently destabilizing activity which, as for psychoanalysts, 
requires a serious contribution of optimism and self-confidence! 

As a final word, we have designed our manuscript in what we believe is the 
fundamental rationale behind the "Agrégation de l 'Enseignement Supérieur", 
that is to demonstrate our ability to communicate our knowledge and 
expérience to University students. It is therefore deliberately that we have 
included some gênerai glaciological concepts in the manuscript, and adapted 
the level of complexity to a wider scientific audience. 



1. Framework and Motivation 
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1.1. The rôle of ice shelves in tlie Antarctic Ice Sheet System 

One of the great scientific advances in the 1970-1980s was the development of the capability to 
recover (among others) paleo-temperatures (from the stable isotopes signal ô '^O and ÔD of the ice) and 
CO2 content of ancient air trapped in deep polar ice cores. The amazing co-variation between thèse two 
paleo-climatic indicators, recently proved to be valid for the past four glacial-interglacial cycles (Vostok 
ice core, Antarctica - Petit et al., 1999), has raised a major concem in the scientific communi ty and 
beyond. Considering this apparently simple relationship from the pre-industrial period as a rule fo r the 
C02-driven greenhouse global warming process, how would the Earth System cope with the t remendous 
(never observed in the last 500.000 years, at least) anthropogenic rate of increase of greenhouse gases 
since the late nineties? What would be the conséquences in terms of potentially rapid climatic changes 
and sea level rise? Thèse fundamental questions have boosted the scientific developments of the last 
décades in the field of global environmental studies, in terms of data acquisition, process studies as well 
as global climate modelling. 

W e now know that the actual température increase since 1860, although quite real, is only of about 
0.5 to 0.7°C, far below expectations f rom a simple linear relationship based on the natural CO2 and 
température co-variation of the last glacial-interglacial transition. This is obviously the expression of a 
very complex System that has also proved to be potentially highly non-linear in its responses, with short-
term instabilities generated above certain thresholds. 

From the very beginning, the scientific community has been aware of the crucial rôle that the 
Antarctic Ice Sheet, and its seasonally ice-covered surrounding océan, was playing in the climate System. 
Primarily because of its size (14 millions km^, extending to 34 millions each winter, with the seasonal sea 
ice cover build-up), nature (more than 90% of the Earth 's freshwater stored as ice, slowly f lowing f r o m 
the centre to the coast) and location, the Antarctic plays a major rôle in regulating surface energy 
exchanges, sea levels fluctuations through icebergs discharge and phase changes, bottom and 
intermediary water masses production, ocean-atmosphere gaseous exchanges, biological activity in 
surface waters a.s.o. However , partly because of its remoteness and inaccessibility, there still are 
considérable gaps in our knowledge of the Antarctic Ice Sheet System. As, an example, looking at the 
prospects of one of the first international Workshops dealing with the impact of CO2 enhanced (x2) 
scenarii on sea level changes (Seattle Workshop, 1985, Table 1), one can clearly see how much 
uncertainty affected the Antarctic contribution forecast at the time (ranging f rom 10 c m lowering to 1 
meter rising of the global sea level), as compared to the contribution f rom small glaciers and ice caps or 
f rom the Greenland Ice Sheet. 

Annual P r o b a b l e 
C o n t r i b u t i o n t o Range o f E s t i m a t e d 
S e a L e v e l With C o n t r i b u t i o n t o T o t a l 
S t e a d y - S t a t e S e a - L e v e l Change t o 
2 X CO2 Atmosphère Year 2100 

I c e Mass (mm/yr) (m) 
G l a c i e r s and 

s m a l l i c e c a p s 2 t o 5 0 . 1 t o 0 . 3 
G c e e n l a n d 

I c e S h e e t 1 t o 4 0 , 1 t o 0 . 3 
A n t a r c t i c 

I c e S h e e t - 3 t o 10 - 0 . 1 t o 1 ̂5 

Table 1: Estimâtes ofthe contribution to sea-level rise by ice wastage in a COz-enhanced 
environment (from Report on the Seattle Workshop, 1985) 
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To understand better how ice shelves (the focus of the présent dissertation) are a key parameter to 
the stability of the Antarctic Ice Sheet in the context of a warming climate, it is important to briefly 
summarise how the whole System works (Figure 1). Snow falls on the whole continent, including the 
Central Plateau, where it piles up and slowly increases its density by dry compaction, under the weight of 
overlying new snow layers. It tums into f im (density: 400 to 830 kgm'^), then into ice when bubbles 
close-off (density: 830 to 917 kgm"^). The ice slowly starts moving under gravity towards the coast, with 



ICE-OCEAN INTERACTIONS IN ANTARCTICA: The Marine Ice Perspective 11 

most of the déformation concentrated close to the ice-bedrock interface. As it encounters the coastal 
mountain chains, it forms individual ice streams that eventually start floating on the océan, downstream 
of the mountains crests, when the buoyancy criteria is fulfilled. Ice streams often meet again to form ice 
shelves (otherwise they turn into individual floating ice tongues) that spread over the sea surface because 
of the loss of friction when they get ungrounded. The area where the ice gets afloat is usually called the 
grounding line, although it is very often more likely to 
be a "grounding zone". At that stage, the only control 
on increasing velocity of the ice is the friction against 
bedrock faces, be it what is known as "pinning points" 
(islands or "ice rises", depending if the bedrock is 
visible at the surface or not) or the sides of coastal 
embayments. When the flow is no more restricted by 
thèse varions back stresses, the ice expands further and 
eventually reaches the threshold for calving, the 
process by which vertical fractures in the ice shelf 
form, turn into larger rifts, finally isolating icebergs 
that start drifting and melting into the open sea. 

Ice shelves are thus the natural "taps" of the Ice 
Sheet System, regulating the f low of continental ice 
towards the océan, and, correlatively, the amount of 
freshwater added to the océan, eventually contributing 
to sea level rise. It is intuitively easy to surmise that an 
increase of the océan 's température, in a global 
warming scénario, will enhance basai melting of the 
ice shelves. This in turn would resuit in reduced back 
stresses, increased continental ice f low rates at the 
grounding line, and , potentially, destabilization of the whole ice sheet mass balance. This would be 
specially true for the Western Antarctic Ice Sheet, most of which lies below sea level, at depths 
sometimes greater than 2000 meters (Figure 2). However, as we will show in this dissertation, the 
rationale above (and sketched in Figure 1) is again quite an oversimplified view of reality, that doesn ' t 
take into account other important ice-ocean interaction processes occurring below ice shelves and 
floating ice tongues. 

1.2. Modelling the response of the Antarctic Ice Sheet to climate forcing: the Ice Shelves 
status 

The first modelling efforts of large ice masses date back to the mid 1950's, where glaciologists 
were mainly concemed with finding a theoretical explanation of the observed température profiles in ice 
sheets (e.g. Robin, 1955, Weertman, 1968, Philbert and Fédérer, 1971). Starting f rom simple one-
dimensional (vertical) steady-state models, they progressively evolved into pseudo-2D models (moving-
column models, e.g. Budd et al., 1971), 2-D and finally 3-D models. Initially thèse models were either 
concemed with température distributions, independently of horizontal advection of ice (thermodynamic 
models), or with the modelling of ice flow in the isothermal case (ice déformation dépends of the stress 
field alone and is independent of the température, dynamic models). 

The first dynamic antarctic models were developed by Oerlemans (1982a,b) and Budd and Smith 
(1982), and were both "pseudo-3D" models in which changes in the horizontal domain were modelled 
using a géométrie construction. In thèse models, grounding lines and ice shelves were already crudely 
considered. In Oerlemans (1982a), the ice at the prescribed grounding line is first redistributed over 
neighbouring grid points according to a prescribed snout steepness (using plastic flow theory), before a 
floatation criterion is applied. In a subséquent version (Oerlemans, 1982b) ice shelves were modelled 

protondità (m) > 0 m -1000 -1000-2000 <-3000 

Figutv 2: Areas below sea level under the Antarctic Ice 
Sheet Atvas at or above sea level are shown in light 
bltie (Manzoni, 2000). 
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using a diagnostic procédure, giving ice thickness as a function of distance to grounding line and ice 
thickness at the grounding line. Budd and Smith (1982) improved the ice shelves treatment slightly by 
prescribing a constant horizontal strain rate (creep thinning), derived f rom freely floating ice shelves. In 
any of thèse cases, no spécial treatment was included for the f low in the transition zone between 
grounded and floating ice. 

However, in polar ice sheets (far from isothermal state) the flow is, to a large extent, a température 
-dépendent problem. A considérable step forward was made by Jenssen (1977) who designed a three-
dimensional model incorporating the mutual interaction between ice flow and its thermodynamics and 
applied it to the Greenland Ice Sheet. However, numerical instabilities occurred, likely due to the use of a 
coarse grid (200x100 km and 10 layers in the vertical) and a crude approach to modelling the ice 
boundary. Formulation and analysis of thermo-mechanically coupled ice sheets further improved with a 
number of studies for two-dimensional cases (e.g. Hutter et al., 1986; Hindmarsh and Hutter, 1988; 
Hindmarsh et al., 1989, Dahl-Jensen, 1989). It is Huybrechts (1992) that proposed the first complète and 
detailed thermo-mechanically coupled 3-D model of the Antarctic ice sheet (see structure in Figure 3). 

SURFACE ELEVATION 

GLOBAL SEA LEVEL 

TEMPERATURE CHANCE 

BASALMELTING RATE 

BEO TOPOCRAPHY 

BEO TOPOCRAPHY 

FLOW PARAMETERS 

RHEOLOCY - > 

BED TOPOCRAPHY - 4 

GEOTHERMAL HEAT FLUX 

ENVIRONMENTAL 
FORCING 

•ACCUMULATION-RUNOFf 
• SURFACE TEMPERATURE 
• SEA LEVEL STAND 

ICE SHELVES 
• ICEVELOCITV 
• ICE THICKNESS-

1 GROUNDING LÏNËl 

GROUNDED ICE 
• ICE VELOCITV 
» ICE THICKNESS : 
> ICE TEMPERATURE 

"BES^OCK" 
* VERTICAL DISPLACEMENT 
• ROCK TEMPERATURE 

3 - D ICE SHEET 
GEOtlETRV 

PHV5ICAL 
CHARACTERtSTICS 

CONTRIBUTION TO 
SEA LEVEL 

Figure 3: Schematic structure of the Huybrechts model (from 
Huybrechts, 1992). Inputs are given on the left-hand side. 
Prescribed environmental variables drive the model, which has ice 
shelves, grounded ice and bed adjustment as major components. 
The position of the grounding line is not prescribed, but internally 
generated. The model essentially outputs the time-dependent three-
dimensional ice sheet geometry and the coupled température and 
velocity fields. 
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The Huybrechts model is time-dependent and compotes the full set of coupled thermomechanical 
équations for ice flow in three dimensions (with the only restriction that the horizontal velocity vector 
cannot change direction with depth), as well as the geographical distribution of the ice mass. The 
horizontal grid point distance is 40 km and there are 10 layers in the vertical, which have d o s e r spacing 
towards the bedrock surface where the shear concentrâtes. 

The primary différence between this model and those used in earlier studies is a rigorous treatment 
of the flow across the grounding Hne and in the ice shelf, so that the grounding line position can be traced 
during the calculation by means of a floatation criterion. This is done by allowing for différent velocity 
solutions in grounded and floating ice and by defining a stress transition zone in between, at the 
grounding line. At the seaward margin, however, the calving physics are not considered explicitly, and 
the ice shelf is actually made to extent ail the way to the edge of the numerical grid. Boundary conditions 
are then applied for unconfined, freely floating and uniformly spreading ice shelves. Velocity 
components then follow from the flow law, where an expression can be found for the deviatoric stresses 
from the condition that the net total force on the ice shelf front must be balanced by the horizontal force 
exerted by the seawater. 

The model also includes basai sliding, which is restricted to régions that are at the pressure melting 
point. It considers the response of the underlying bedrock to changing ice load, taking into account both 
the rigidity of the lithosphère and the viscosity of the asthenosphere, and including a température 
calculation. 

This sophisticated model has been efficiently used in the last décade, particularly to test the 
sensitivity of the Antarctic Ice Sheet to Global warming. In his Thesis work, Huybrechts (1992) had 
already included two scenarii of greenhouse warming (Figure 4): a " low" scénario used the température 
increase predicted by the 1990 (Houghton et al., 1990) "business as usual" IPCC (Intergovemmental 
Pannel on Climate Change) Working Group I Report, and a "high" scénario simulated a température 
rising by twice as much, to take into account larger température increases in the polar régions. 

h i g h s c é n a r i o 

< I l o w s c é n a r i o 

1850 1950 2050 2150 2250 2350 
y e a r A . D . 

Figure 4: The température scenarii used to force the "static" and "dynamic" models 
in greenhouse warming experiments (Huybrechts, 1992). The "low scénario" is the 
1990 IPCC prédictions and the "high scénario" corresponds to a température 
increase by twice as much. 
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Impacts of the two scenarii on the global sea level are shown in Figure 5a, where a distinction is 
made between the static response (changes with respect to the présent mass balance are accumulated 
forward in time whilst velocity field remains unchanged, keeping the amount of ice transported across the 
grounding line constant) and the dynamic response (the ice sheet shows a dynamical response to the 
substantial changes in ice thickness). 

low scénario high scénario 

yearA.D. yearA.D. 

Figure 5: a) Response of the ice sheet expressed in global sea level changes for the high and the low scénario 
(Huybrechts, 1992); b) Grounding line retreat for the "high scénario" experiment. The black areas indicate where 
grounded ice has been replaced by ice shelf by the year 2500 (Huybrechts, 1992) 

It is clear that neglecting the dynamic response of the ice sheet strongly underestimates its possible 
contribution to the global sea level rise. Another striking resuit f rom thèse simulations, that were both 
ended in year 2500, is the relatively moderate impact of considérable température changes on sea level 
changes. In the low scénario case, even the dynamic model still shows an actual storage at the ice sheet 
surface, because of the increased surface mass balance. It is only when the warming exceeds 5-6°C (after 
2060-2070 in the "high scénario"), that a positive contribution to global sea level is recorded. Thinning at 
grounding lines becomes larger and significant grounding line retreat sets in. However, as shown in 
Figure 5b, grounding-line recession is still insignificant along the major ice shelves (Ronne-Filchner, 
Ross), because, even with a warming of 8.4°C, the number of positive degree-days (that allow actual 
melting of the ice surface) at thèse locations is still too low for runoff to take place. 
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In a later study, Huybrechts (1993) explored the necessary conditions for déstabilisation of the 
Antarctic Ice Sheet, by imposing increasingly warmer mean annual températures (+5°K to +20°K -
Figure 6). 

Figure 6: Steady-state ice-sheet geometries for the température perturbations above 
the présent level, as indicated. Isolines are for surface élévation. Contour interval is 
333m, the thick Unes are every 1000 meters (Huybrechts, 1993). 
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The first major changes in the ice sheet geometry occur at +9°K, where the Antarctic Peninsula 
tums into an island with a small locaUzed ice cap. It takes between 10 and 15°K of température increase 
to get rid of the marine-based (see Figure 2) West Antarctic Ice Sheet and it is only for température 
increases of up to 20°C that the East Antarctic ice Sheet is reduced to a local ice cap. 

Thèse few examples illustrate that the major outcome of Huybrechts model, is a fairly stable 
Antarctic ice Sheet, with respect to a +5° C Global Warming. However, the récent developments of 
satellite imagery have drawn our attention to repeated disintegration events of some of the ice shelves 
(e.g., the Larsen Ice Shelf) fringing the Antarctic Peninsula, a regionally sensitive sector which has 
recorded mean annual air température increases of 2 to 4 °C during the last 40 years. We will show, in the 
coming sections, that complex ice-shelve/ocean interaction processes, that are not included in the 
présent day Antarctic Ice Sheet models, are worth considering to improve our prédictive capabilities of 
its response to anthropogenic climatic changes. 

1.3. Marine ice: a major by-product of Ice-Shelf/Ocean interactions 
It is in the early 1970's that the first glaciological Antarctic field investigations unveiled the 

potential importance of ice-ocean interactions in the mass-balance and stability of ice shelves. Gow and 
Epstein (1972) provided the first démonstration that refrozen seawater existed at the bottom of the 
Koettlitz Ice Tongue in Antarctica. The same year, in the 350-m long G I ice core drilled at the surface of 
the Amery Ice Shelf (Figure 7a), Morgan (1972) described, on a much larger scale, the existence of a 
peculiar ice mass located below 270 meters of ice of meteoric origin. With a total ice shelf thickness of 
about 428 meters, this 158-m bottom ice layer showed distinct physico-chemical properties (Figure 7b). 

s ' ^Or /oo) 
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Figure 7: a) Location of ice drilling Gl on the Lambert Glacier-Amery Ice Shelf System in Antarctica 
and b) â^O and conductivity profiles at Gl (Morgan, 1972) 
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The very sharp transition in the 5 O value towards values close to 0 %c indicate ice resulting f rom the 
freezing of sea water \ and this is confirmed by the electrical conductivity profile, a measure of the 
soluble impurity content of the ice. While the meteoric ice shows very low conductivity values (<50 |a.S), 
the signal increases by a factor of 10 at least when crossing the transition, suggesting the origin f rom sea 
water. 

Zotikov et al. (1980) reported 6 meters of refrozen seawater at the bottom of a 416-m ice core 
recovered from the Ross Ice Shelf (Core J9). In that case, the accretion rate at the location was estimated 
to be of the order of 2 cm y"' by thèse authors. This value was in good agreement with what Robin (1979) 
had already theoretically suggested for the Ross Ice Shelf. 

For obvious reasons, drilling for refrozen seawater at the bottom of ice shelves is confronted with 
the necessity of having first to penetrate hundreds of meters of meteoric ice. This explains why only two 
other major attempts have been made in this respect, both on the Filchner-Ronne ice shelf (Figure 8a -
e.g. Oerter et al., 1992, Oerter et al. 1994, Eicken et al., 1994). 

ralMIv* dtplh [m] 

Figure 8: a) Location of ice drilling B13 and B15 on the Ronne Ice Shelf in Antarctica and b) 
conductivity profiles at B13 (thin line) and BIS (thick line) (Oerter et al., 1994). The depth scale oj 
B13 is elongated by 30% to count for thinning due to strain. Rutford and Evans Ice Streams are also 
shown. 

Bottom accretion has been found to form the lower 62 meters of the 215-meter core drilled in the 
Filchner-Ronne ice Shelf at site B13 (Oerter et al. 1992). Another 320-meter core, recovered further 
upstream from the same ice shelf at site B15, revealed the présence of a 167-meter thick accretion at the 
bottom (Oerter et al., 1994). The conductivity profile (Figure 8b) is very similar in B13 and B15, and it 
clearly shows a sharp conductivity increase at the transition to sea water ice, reproducing the pattem 

In the commonly used 5 scale, stable isotope data on natural waters are reported in terms of the ratio R between the 
concentrat ions of heavy and light isotopes ( ' ^ 0 / " 0 , here). The ô value of a given sample is the relative d i f fé rence between the 
R ratio in the sample and the R ratio in a standard. The usual standard is termed S M O W i.e. Standard M e a n Océan Water . 

„. \.18^ ' ^ o / " o (sample) - " o / " o ( S M O W ) . ^ 
Thus 5 O = „ , X 1000 , m %o 

' ^ o / " o ( S M O W ) 
Since max imum fractionation on f reez ing is +3%c, f rozen sea water will a lways show values close to 0%c, as opposed to 
meteoric ice which will display noticeably négative values because of the enrichment in light isotopes occurr ing during the 
initial evaporat ion process at the sea surface and of the successive partial condensation events in the clouds. 
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described at G l on the Amery Ice Shelf. It is Oerter et al. (1992) that first introduced the "marine ice" 
term to qualify thèse bodies of sea water ice, and we will use that terminology f rom now on. 

The isotopic composition and the conductivity are not the only properties that differ between the 
meteoric ice and the marine ice. Mean cross section of the crystals in B13 and B15 (one of the proxy to 
crystal size) also shows a sharp transition towards smaller values (Figure 9). At the same time, bubble 
inclusions that are the rule in meteoric ice give way to a perfectly bubble-free marine ice. In both ice 
cores, the occurrence of horizontal layers enriched in particle inclusions is reported in the first meters of 
marine ice below the transition. Thèse inclusions, that were also described in the Amery ice core 
(Wakahama, 1974) are millimetre-sized pellets made of aggregates of clay- and silt-fraction minerais and 
biogenic material. They are probably responsible for inhibition of crystal growth in the topmost layers. 

mean cross section 
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Figure 9: mean cross section of ice crystals in the B13 and B15 ice core (Eicken et al, 1994) 
and exemplative horizontal thin-sections between crossed polarizers (Oerter et al, 1994) 
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If Zotikov's observation of a few meters of marine ice accreting at the bottom of J9 can be 
reasonably understood by a direct freeze-on process of sea water at the bottom of the meteoric ice, the 
slow rate of this conduction-driven process makes it inadéquate to be the only mechanism at play where 
several tens of meters of ice need to be accreted like i n G l , B 1 3 o r B 1 5 . Hence, a second mechanism was 
introduced when Robin (1979) linked, for the first time, the formation of marine ice at G l with océan 
water circulation pattems in front and below the ice shelf. The overall circulation pattem, often referred 
to as the Deep Thermohaline Circulation (DTC), leads to new ice production in the water column below 
the ice shelf, following a process known as the "ice pump" mechanism, the theoretical élaboration of 
which was made by Lewis and Perkins (1986). Figure 10 illustrâtes the main components of the D T C and 
associated ice pump mechanism as one (mode 1) of the 3 major circulation modes of ice-shelf/ocean 
interactions described by Jacobs et al. (1992). Sea ice formation in front of the ice shelf, mainly under the 
récurrent activity of strong katabatic winds, produces a cold and saline (because of the sait rejection by 
the growing ice) surface water, often described as Winter Water. Because of its enhanced density, this 
water, now referred to as High Salinity Shelf Water (HSSW), "sinks" towards the continental shelf, 
where it either f lows towards the continental shelf slope, or f lows inland into the sub-ice-shelf cavity, 
towards the ice shelf grounding line, generally several hundred meters below the surface. Since this 
transfer is mainly adiabatic, the HSSW température is still close to the surface pressure melting point, the 
water mass therefore carrying extra latent heat that will be used to melt the ice shelf meteoric ice at depth. 
This produces less dense Ice Shelf Water that rises again towards the front of the ice shelf. It then 
becomes supercooled at shallower depths, therefore re-adjusting thermodynamically by generating 
individual ice crystals in the water column, know as "frazil" (hence the "ice pump" terminology). Thèse 
crystals accumulate at the ice shelf-ocean interface under buoyancy and later consolidate to form marine 
ice. Ice Shelf Water will émerge at the front of the ice shelf in a depth range depending on the density 

G r o u n d i n g L i n e 

Figure 10: Océan circulation patterns in the vicinity ofice shelves (Jacobs et al., 1992) 
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contrast. Frequently, frazil ice is still actively forming for some distance away from the ice shelf front, 
resulting in clouds of platy crystals (often ambiguously called "platelet ice") detected by remote sensing 
(Dieckmann et al., 1986). 

The second circulation mode (2 in Figure 10) is linked to intermediate depth "warm" inflow 
(Modified Circumpolar Deep Water, MCDW) from the slope région. This mode ranges between two 
extrêmes: either the warmer water fills most of the sub-ice cavity resulting in greater melting (Potter and 
Paren, 1985), or the inflows are restricted in area or have much of their heat re-circulated to the océan 
(Jacobs, 1991). Jacobs et al. (1979) suggested that, in the case of the Ross Ice Shelf, such a "warm core" 
flows beneath the ice shelf and undergoes cooling, dilution and latéral mixing. As the ice shelf thickens, 
the boundary layer moves to deeper levels and lower freezing températures that facilitate mixing. 
Eventually, it rises again, with some freezing possible (and thus production of marine ice), and émerges 
in the Ross sea as the shallower, low salinity Ice Shelf Water (SISW). Finally, the third mode (3 in Figure 
10) is associated with the relatively shallow bases and walls within 100 km of the ice fronts, where 
melting is high due to tidal pumping and the seasonally warmer waters of the coastal currents (Jacobs and 
others, 1985). 

Models of the DTC and its associated frazil ice production where initiated by Hellmer and Olbers 
(1989, 1991) and Jenkins and Doake (1991), and are constantly in the process of refinement (Hellmer and 
Jacobs, 1992; Determann and Gerdes, 1994; Jenkins and Bombosch, 1995, Bombosch and Jenkins, 1995, 
Grosfeld et a l , 1997; Williams et al., 1998). 

Fortunately, détection of marine ice bodies is not solely constrained to punctual deep drilling 
efforts. Remote sensing techniques, for example, are another means of investigation. Thèse techniques 
must however be used in conjunction with each other to avoid serious misinterpretation biases, as we will 
discuss in more détails in further sections. Some authors (Warren et al., 1993; Grosfeld et al., 1998) have 
shown that "green icebergs" are probably the drifting remnants of marine ice bodies. Thèse are however, 
for obvious reasons, difficult to use for understanding marine ice "in situ" genetic processes. Finally, 
spécifie climatic conditions, at certain locations in Antarctica where intense katabatic winds activity lead 
to high surface ablation rates, give investigators the opportunity to sample bodies of marine ice nearer to 
the surface, thereby circumventing the difficulty of deep drilling logistics. Although it generally has the 
disadvantage not to record a full depth profile, this type of setting gives a much better access to the 
spatial variability of marine ice in the ice shelf System. As we will show in the next sections, the data sets 
presented in this work originated from such environmental settings and benefited f rom this spatial 
diversity to demonstrate that "direct freeze-on" or "frazil ice génération associated to a Deep 
Thermohaline Circulation" are only two of a larger set of mechanisms responsible for the contribution of 
marine ice bodies to the mass-balance of ice shelves. 



2. A Suitable Setting for Shallow Depth Studies 
of Marine Ice Properties 
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2.1. The Terra Nova Bay area 

The data sets discussed in this work were obtained f rom multiple séries of shallow to médium depth 
ice cores retrieved in the f ramework of an active collaboration with the Italian P N R A (Programma 
Nazionale di Ricerce in Antartide, Drs. Orombelli, Meneghel, Bondesan, Frezzotti, Maggi, Capra) under 
the auspices of the Belgian Antarctic Program, funded by the Fédéral Science Policy Off ice of the Prime 
Minister (SSTC, OSTC). Fieldwork took place in the Terra Nova Bay area during several campaigns 
stretching between 1989 and 1997. 

Figure 11 shows a mosaic of satellite photographs covering the area of interest: the Terra Nova Bay 
coast, in Southern Victoria Land, Ross Sea, Antarctica. Three main floating ice bodies were studied 

Figure 11: Satellite mosaic of the Terra Nova Bay area of interest (ENEA DIGITAL 
IMAGERY, PAS-ISP-GEOL). The main study areas are framed in green. 
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(green symbols in Figure 11), namely, from South to North: the Nansen Ice Sheet (which has been 
erroneously named, since it is actually an ice shelf), the Hells Gâte Ice Shelf and the Campbell Ice 
l o n g u e . 

The Terra Nova Bay area is renown for the persistence and intensity of the katabatic winds blowing 
f rom the Antarctic Plateau, across the TransAntarctic Mountains. Wind velocity measurements are 
available f rom the automatic weather station AWS 8931 (PAT - 74°53 'S , 163°00'E), very close to the 
NIS l drilling location (Figure 11). For the years 1989 and 1990, 41.2% of the wind blew f rom the 
Northwest (see also map of Figure 12), with wind speeds exceeding 28 knots (52 km h ') for more than 
39% of the time (Baroni, 1996). This undoubtedly contributed to enhance surface ablation rates in the 
area, estimated by Frezzotti et al. (2000) to be between 56±11 and 44±9 cm y"'. In tum, this major 
contribution to a négative surface mass balance induces an upward vertical velocity component of the ice, 
which brings the lower marine ice strata towards the surface, making it available for spatial inventory and 
shallow coring. 
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Figure 12: Sketch of the wind directions for ail the AWS in the Terra Nova Bay area of interest, showing the yearly 
percentage of wind blowing in each sector (Ronveaux, 1992). 
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2.2. The Nansen Ice Sheet 
As stated above, the Nansen Ice Sheet is actually an ice shelf, the grounding Une of which runs in a 

roughly south-north direction across Reeves Glacier (Figure 13a), along the eastem side of Teall Nunatak 
(Frezzotti et al., 2000). The area we have focused our interest on is the branch of the Reeves Glacier flow, 
which passes North of Teall Nunatak. In that section, surface velocities at the grounding line vary 
between <50 m y"', near Teall Nunatak, and 100-150 m y ' further North (Frezzotti et al., 2000). Radio-
echo soundings provided by the same authors show that ice thickness ranges f rom 120-150 m, in the 
highly crevassed area located halfway through (Figure 13b), to 600 m further North. In addition to 
crevasses, rifts have opened near the grounding line. Some contain "islands" of continental ice chunks 
that have been frozen in place by the surrounding sea/marine ice. From that point the shelf f lows out into 
Terra Nova Bay for about 35 km to the front and it is about 25 km across between Tarn Fiat and 
Inexpressible Island. Thèse two bedrock features, together with the Northern Foothills laterally constrain 
the flow. The NIS 1 ice core (Figure 13c) was taken at 74°50.9'S, 162°51.3'E, as close as was logistically 
possible to the grounding line, about 7.5 km downstream from it. Typical ice-flow horizontal velocities in 
the vicinity of the core site were measured by Frezzotti et al. (2000) to be about 160 m y"'. Thèse authors 
estimate that the ice shelf covers an area of approximately 1800 km^, which make it a small to medium-
sized ice shelf. 

Figure 13: a) view ofNansen Ice Sheet towards Reeves Glacier; b) enlargment of rift and crevasses opening at the grounding 
line, North of Teall Nunatak; c) location of NISl drilling site 
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2.3. The Hells Gâte Ice Shelf 

Hells Gâte Ice Shelf (HGIS - Figure 11, 14, 15 and 16) is a small Antarctic ice shelf located in 
Terra Nova Bay (Victoria Land, lat. 74°50'S, long. 163°50'E). It is derived f rom the larger Nansen Ice 
Sheet (NIS) and reaches the sea near Cape Russell. HGIS extends f rom North to South for 16.6 km with a 
maximum width of 9.8 km. It is composed of three main sectors (western, central, eastem) separated by 
two medial moraines stretching roughly North-South. 

Figure 14: view of Hells Gâte Ice Shelf towards Priestley Glacier: note Végétation Island (middle left), the Northern 
Foothills (middle right) and the two medial moraines. The front of the ice shelf is about 11 meters high and seen as a 
thin white line. Landfast sea ice is seen at the front, with a snow apron at the foot ofthe ice shelf c l i f f . 

A detailed glaciological study of the surface outcrops at HGIS (Bondesan and Tison, 1997) reveals 
a very complex interlacing of différent ice types (Figure 15). Snow (light-brown/yellow areas in Fig. 15) 
covers the upstream half of the ice shelf, whilst it has been deflated from the lower half by the strong 
katabatic wind régime. In this downstream half, the main meteoric ice body of continental origin (light 
blue in Fig. 15, light grey in reality) is regularly covered by small patches of lake ice resulting f rom the 
freezing of summer surface meltwaters (orange in Fig. 15, light blue in reality). Thèse concentrate in the 
local small surface dépressions. Marine ice (light brown in Fig. 15, green-grey in reality) forms most of 
the frontal zone of the ice shelf, but also occurs as patchy outcrops generally organised in longitudinal or 
arched structures modelled by the complex dynamical behaviour of the ice shelf (see below). It is 
sometimes covered by a veneer of sédiments (purple areas in Figure 15) that can participate in the 
development of ice-cored mounds 5-10 meters in height, typical of the western moraine. When the solid 
impurity load of the marine ice is higher, its green-greyish colour tums darker (dark blue in Figure 15). 
Evans Cove, the embayment in front of the ice shelf, is generally covered with seasonal landfast sea ice 
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until February. Finally, there is a narrow band of multi-year landfast sea ice fringing the ice shelf front, 
probably fed both f rom above (by the snow blown at the front) and from below (by the frazil escaping 
f rom the ice shelf-ocean interface). 

Figure 15: Glaciological map of Hells Gâte Ice Shelf (courtesy of Prof. A. Bondesan): Snow = white, 
Meteoric ice = light Mue, Lake ice = orange, Marine ice = light brown, débris covered ice = purple, 
debris-rich marine ice = dark Mue (Bondesan and Tison, 1997) 
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Early radio-echo sounding (RES) profiles (Souchez et al., 1991) obtained about 1.5 km inland 

s - Sea ice cores: Jaiuary 1994 
o - Sea ice cores: October 1995 
^ - Marine ice cores 
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Figure 16: Top: Main features ofHells Gâte Ice Shelf showing the position ofthe 1991 RES profiles (see 
text for détails) and the location of the marine and sea ice cores (discussed in the following sections). 
Bottom: 3-D sketch of ice shelf thickness deduced from the 1991 echo-soundings. Aerial photograph in 
the background is: Terra Nova Bay -11.06.1985 - FL 152.27 - TMA-2851-V. V.I. = Végétation Island; 
N.F. = Northern Foothills (Tison et al., 1998). 
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f rom the ice front (Figure 16), showed a maximum ice shelf thickness of 70 m in the western sector 
reducing to only 20 m in some areas of the central sector. Furthermore, the interface picked-up by the 
RES was typically undulating in the central sector (A5-A3, B2-B1, C4-C3 in Figure 16 bottom), in phase 
with the clear-cut surface boundary between light-grey ice upstream and green-grey ice downstream. 
Thèse data must, however, be treated carefully since, in several instances (especially in the central 
sector), the retum signais were quite weak. It is, therefore, not known, in thèse cases, if the depth 
obtained corresponds to the ice-ocean interface, or to the continental meteoric ice-marine ice interface. 
Several arguments favour the latter hypothesis. First, seismic investigations (F. Merlanti, personal 
communication, May 1997) performed in the same area systematically provide higher ice thickness (22% 
higher in the western sector, 33% to 55% higher in the central sector). Secondly, isotopic (ô '^O, ÔD) and 
crystallographic investigations of the surface clear-cut boundary indicate that it delimits continental 
meteoric ice (light gray, upstream) f rom marine ice (green-gray, downstream) (Lorrain et al., 1997; Tison 
et al., 1993). Finally, core Y (Figure 16, top), obtained downstream of line C within a few tens of meters 
of the ice front, reached a depth of 44 m, clearly in contradiction of the RES data f rom C3-C2. For the 
same reasons, more récent RES data from further upstream are somewhat discordant (Tison et al., 1997a 
and A. Loze/, personal communication). However, measurements agrée on a thickness of about 150 m 
some 6 kilometers inland f rom the front. A maximum value of 250 m has been measured nearly 10 
kilometers from the front, in the central part of the flow between Végétation Island and the Northern 
Foothills (Figure 16,top). 

The spécifie lay-out of the meteoric ice/marine ice boundary near the front, the shape of the marine 
ice outcrops visible upstream in the eastem part of the central sector, the large scale foliation pat tems and 
the RES retum from the central sector ail suggest that the ice shelf results f rom the coalescence of several 
individual ice flows of différent sizes, marine ice accreting in the upstream area (near the grounding area 
or around a pinning point) acting as a "welding unit" between thèse various ice flows (Tison et al., 1997a; 
Tison et al., 1998). This is a situation similar to the one detected, at a much larger scale (Figure 17), 
beneath the Ronne Ice Shelf by Corr et al. (1995). Comparing RES data to précise GPS/pressure 
détermination of ice thickness at Ronne Ice Shelf revealed large discrepancies due to considérable latéral 
accumulation of marine ice between the Rutford and the Evans ice streams. Thèse accumulations could 
only have formed as the two ice streams were ungrounding and joining together, upstream of the 
measured profiles. 

Figure 17: Marine ice détection between Evans 
Ice Stream and Rutford Ice Stream (Filchner-
Ronne Ice Shelf) by combined remote sensing 
methods ("observed ice thickness" is the RES 
trace, compared to GPS and Pressure référence 
derived thickness) - Corr et al. 1995. See Figure 
8 for location. 
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Figure 18: Deformational structures at Hells Gâte Ice Shelf: a) Diagram illustrating the process of 
shearing at the junction of two individual ice flows with différent flow directions (2); b) oblique aerial 
photograph of the western-central sector ofHGIS, close to the ice shelf front (note the similarity of patterns 
with diagram a); c) three examples offolds and crystal bending in the marine ice at HGIS - thin sections 
are shown atscale 1:1 in the vertical plane between crossed polarizers (Tison et al., 1997a, 1998) 
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Large-scale morphological pattems (e.g. twin alignments of morainic dirt cônes), marine ice 
outcropping pattems and ice foliation pattems also suggest a complex dynamical behavior of converging 
flow in the Hells Gâte Ice Shelf. Side effects considerably affect the flow pattems in some areas (Tison et 
al., 1997a). An oblique component of the flow in the westem sector brings the ice in compression against 
the central sector, and results in shearing of part of the marine ice initially accreted between the two 
flows (Figure 18a). This results in the typical outcropping and foliation pattems of Figure I8b. At a 
smaller scale, this compressive régime affects the crystal structure, which develop curved alignment of 
rectangular crystals and folded pattems. Similar features were successfully modeled and experimentally 
produced by Wilson et al. (1986) and Wilson and Zhang (1994). 

Horizontal surface velocity were estimated using two independent techniques by Baroni (1990), 
Baroni et al. (1991a), Baroni et al. (1991b), and Frezzotti (1993). The westem medial moraine is 
associated with marine ice forming at the southem tip of Végétation Island (V.I. in Figure 16), where the 
flows f rom NIS and f rom Browning Pass meet. This moraine is composed of twin dirt cônes that contain 
shells, worm tubes (serpulids) and sponges spicules, some in "living" position. Hypothesizing that thèse 
biogenic materials were incorporated into the marine ice at the ice-bedrock interface around Végétation 
Island, dating of the shells (Baroni, 1990) provided estimâtes of surface velocities varying between 10.4 
and 17.4 m y i . Similarly, on the eastem moraine, velocities of 3 to 3.7 m were obtained. Thèse values 
are in good agreement with those calculated from comparison of aerial photographs taken in 1956 and 
1985 giving 2.9 to 3.8 m and 8.8 to 11.9 m y i for the eastem and westem sectors respectively 
(Frezzotti, 1993). 

Marine ice accretion rates are difficult to assess from mass balance calculations, since thèse require 
surface strain rates measurements that are not available at présent for HGIS. A crude estimate can, 
however, be made on the basis of shell dating and thickness estimâtes near the front. Baroni (1990) 
obtained a range of 0.122 to 0.250 m y ^ , depending on the method used to correct the '"^C âges BP. 
Thèse values are, however, minimum estimâtes, since the shells might have been brought to the surface 
further upstream in the ablation area, where thickness is higher. Another calculation can be made 
considering the surface velocity range obtained from aerial photographs for the westem moraine, and the 
(minimum) seismic ice thickness of 126 m (F. Merlanti, personal communication, May 1997) measured 
at the location of marine ice core XXI. As clearly seen on Figures 15 and 16, this ice core is located on 
the most upstream outcrops of the marine ice body that formed at the southem tip of Végétation Island. A 
somewhat higher range of 0.43 to 0.58 m y* is obtained. Thèse marine ice accretion rates are also higher 
than the surface ablation rates of 0.17 to 0.28 m y ' calculated by Baroni (1990) f rom dirt cone build-up 
rates or 0.20 to 0.30 m y* estimated f rom bamboo pôles ablation measurements (A. Bondesan, personal 
communication, June 1996). Finally, it should be underlined that ail thèse estimated values are 
hypothesizing a constant accretion rate with time, which is not demonstrated. 

Despite the obvious dynamical features described above, comparison of high précision static GPS 
measurements to local maregraphs indicate that most of the Hells Gâte Ice Shelf reacts fully hydrostically 
to the tidal forcing. Only in the strait between Végétation Island and the Northem Foothills (Figure 15 
and 16) does the ice shelf show departure from the hydrostatic equilibrium, in accordance with a scheme 
of bedrock valley sides' effects and periods of micro-seismic activity during part of the day (Bondesan et 
a l , 1994). 

2.4. The Campbell Glacier Ice longue 

Campbell Glacier has its accumulation zone in the Transantarctic Mountains; it f lows in a N N W -
SSE dépression carved into the Precambrian and Palaeozoic basement rocks (Carmignani et al., 1987). 
Being deviated by Mount Melboume, which is a Cenozoic volcano, it acquires a more or less north-south 
direction, and shows a steeper gradient (Figure 11). The présence of small rock outcrops at this level 
indicates that the base of the glacier is above sea level. Then, Campbell Glacier reaches the sea where it 
terminâtes as a protruding glacier tongue. 
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The grounding Une, usually defined as a line across the glacier where it first goes afloat, is thought 
to be located just south of the zone with the steeper gradient (Frezzotti, 1993). Radio-echo-sounding fails 
to detect it. The reflector is characterized by a weak energy contrast. This could be due to a change in the 
physical characteristics of the ice, the electromagnetic energy being absorbed because of the conductivity 
of a lower ice unit. Précise radio-echo-sounding is moreover difficult to perform in this crevassed area. 
Although the précise depth of the grounding line is not known, an approximate value can be given. A 
bathymétrie survey in front of the ice tongue (Angrisano, 1989) gives a depth of about 160 m for the sea 
bottom. Over-deepening under the Campbell Glacier Tongue is a possibility but the grounding line depth 
should be around this value. The sampling site is about 3km downglacier f rom the presumed position of 
the grounding line. 

The rôle of katabatic winds in the Campbell Glacier trough is much reduced, as opposed to the 
NIS-HGIS area. The winds are relatively weak so that the entire glacier is accumulating snow on its 
surface and, even at the terminus of the floating tongue, a substantial part of the ice cliff is made of ice 
derived f rom snow deposited on the tongue. As a resuit, there is no upward movement of ice and 
therefore marine ice, if présent at the bottom, is not likely to outcrop at the terminus of the floating 
tongue. However, the southwestem part of the ice tongue near Gondwana Station has impinged on 
bedrock promontories or protubérances. Consequently, basai ice containing débris layers is visible and 
can be sampled. At the sampling site (Figure 19 left), a stacked séquence, a few meters thick, dipping 60° 
towards the centre of the glacier tongue shows two distinctive types of ice interbedded with bubbly 
glacier ice (Figure 19 right). A first type located in the upper part of the basai séquence consists of bands 

Figure 19: Left - The sampling site at Campbell Glacier Tongue. Right - Close up of the sampling site, 
showing the two différent types of ice (1 and 2) described in the text. 
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of bubble-free ice with a thickness of the order of a few centimètres. The second type, located in the 
lower part of the basai séquence, shows bands of thin clear ice layers and layers of f ine débris sometimes 
appearing folded with a few occasional pebbles. The proportion of bubbly glacier ice layers is much 
lower in this case. Débris consists mainly of quartz grains with rounded shapes and smooth edges (60%), 
volcanic glasses with elongated bubbles (30%) and lithic fragments. A few sponge spicules and shell 
fragments are also présent. The heavy minerais mainly consist of pyroxenes (80%) indicating a major 
volcanic component and a few olivine, gamet and epidote minerais. The SEM (X-ray energy dispersion 
probe) analysis of the volcanic glass gives a dispersion in a Si02 versus alkali diagram similar to that of 
rocks from the nearby Shield Nunatak complex (Womer et al., 1989), thus suggesting a local origin. 
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The Hells Gâte Ice Shelf (HGIS) is located in Terra Nova Bay, south of the Italian Antarctic 
Station. It extends 16,6 km north to south and has a maximum width of 9.8 km; the total area is 
more than 70 km^. It is nourished by the Priestley Glacier and by the ice flow from Browning 
Glacier. The HGIS is bounded by the northem Foothills to the east, Végétation Island and Nansen 
Ice Sheet to the north, Inexpressible Island to the west and the Ross Sea to the south. 

The glaciological map of HGIS is based on the field research carried out during the 1993-
1994 Italian Antarctic Expédition as part of the Italo-Belgian joint glaciological research program. 
Data from former studies by Italian and Belgian researchers also greatly contributed to the making 
of this map. 

Since the only available topographical map of this région is the U.S. Geological Survey 
1:250 000 sheet "Mt. Melbourne", the cartographie basis that was adopted for the glaciological 
map of HGIS is an uncontroUed mosaic (approximate scale 1:25 000) derived from the black and 
white aerial photographs of the TMA 6-11-85 flight. The GPS geodetic measurements performed 
m 1994 (10 points) will allow the géométrie georeferencing of topographical and morphological 
features in the area. The récent 1993 flight, especially programmed above HGIS, is also expected 
to bring new lights to the photointerpretation of the HGIS surface. 

The glaciological map combines the photointerpretation of aerial photographs (1956-57 and 
1985) with field survey performed during the 1993-94 Italian Antarctic Expédition. The great 
détail of the high-quality aerial images and the opportunity that we had to study and check the 
various glacial features directly in the field, under différent climatic conditions, allowed us to 
identify properly the différent glacial subsets and covers. Problematic cases were eventually 
investigated through ice corings and field studies of the ice textural characteristics. 

The data covered by the map can be organized in the following forms: 
a) snow andfirn. The borders between snow and ice were traced taking into account the strongly 

conservative snow patches and coverages; snow cover due to occasional snow précipitations 
were not mapped; 

b) glacier ice. It is easily recognized on aerial photographs and in the field; it shows a smooth 
surface, often with very clear foliation pattems, wide topographical undulations and a whitish 

c) marine ice. It forms at the ice/ocean interface at the base of the ice shelf and it is carried to the 
surface due to intense surficial ablation by katabatic winds. It is characterized by a greyish 

color; 
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color, rough surface, higher susceptibility to dégradation during tlie warm season, présence of 
abundant marine débris and marine spécimen remnants; 

d) sea ice. It extends seaward of the ice shelf cliff. In some places it tums into multiyear fast ice. 
It breaks up aimually and frees the bay (Evans Cove) of ice. It is one of the most variable 
features of the map and therefore it was referred to a single date (from aerial photographs); 

e) lake ice. During the seasonal increase in air température, melt water lakes form over a large 
part of the ice shelf surface. Afterwards, water freezes inside the topographical dépressions 
and the lakes are easily recognized even during colder seasons. They develop both on glacier 
ice and on marine ice. Their position is very stable through the years; 

f) cônes. Thèse are the most elevated and remarkable forms on the ice shelf. Other features 
linked to glacial deposits are: supraglacial débris, erratic boulders, perched blocks, sinking 
stones and sait cônes, represented with their usual symbols; 

g) the ice cliff existing at the front of the ice shelf was reconstructed according to its height 
above sea level, with the date of the observation; where it exists, the ramp in glacial front is 
traced; 

h) regarding the hydrography, we mapped the main melt water streams (bédières) and the melt 
water lakes; 

g) referring to the glacial dynamics and the related surficial forms, we mapped pressure ridges, 
ice bulges and dames, and the sausage-like ridges formed by the ice shelf movement against 
the rock border of Inexpressible Island; 

h) using geophysical and topographical surveys, remote sensing and stable isotope analyses of 
the ice samples, it will be possible to individualize the glacial flows and theflow directions. 
The main foliations were identifîed by photointerpretation, and studied later in the field and 
from a helicopter. In certain conditions of visibility, we observed from the air more detailed 
and fine structures, hardly mappable without a suitable cartographie control; 

i) only the main crevasses are traced (or séries of crevasses), usually not clearly visible; cracks 
in fast ice, even though not fundamental, are shown. Other existing features are the ice foot, 
the fast ice margin and the hummocked ice. Where outcropping among the marine débris, the 
marine spécimens are traced on the map. Also the approximate floating area and the grounding 
line will be traced on the map, if determined by récent research data; 

j) last, regarding the aeolian forms and processes, we mapped: snowdrifts, snowbarchans, 
sastrugi, wind scoops, snow déflation and corrosion and the wind direction, as shown by 
aeolian morphology. Also the thermokarst ablation will be shown; 

k) some supplementary and important information will also be added, including, for example, 
geochronological dating (with âge, method and material), ice drillingsperformed (with depth), 
geophysical surveys (with method used), stable isotope analyses, ice depth, snow accumulation 
and ablation, GPS measurements, mean annual température, wind direction and velocity. 
The glaciological map of Hells Gâte was compiled as part of the geomorphological survey 

carried out in the boundary areas of the Northern FoothUls and Inexpressible Island by A. Bondesan, 
M. Meneghel & M.C. Salvatore. 

The map (scale 1:50 000), which is descriptive in many aspects, is designed as a basis for 
future interprétation of the dynamical behaviour of the ice shelf. 
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INTRODUCTION 
The Hells Gâte Ice Shelf (HGIS), a small Antarctic ice shelf of about 70 km^ surface area, has 

always been a source of attraction in the Terra Nova Bay région (Fig. 1). It displays a unique 
collection of glaciological features that raise many questions, not only for glaciologists, but also 
geologists, oceanographers, biologists and paleo-climatologists. Its peculiar meteorological régi
me, with strong katabatic winds sustaining large ablation rates, makes it a unique site to study ice 
shelf mass balance and marine ice accretion processes (Souchez et al., 1991 ; Tison et al., 1993 ; 
Lorrain et al., 1995 - this volume and Tison et al, 1995 - this volume). Although static GPS 
measurements indicate free response of the ice shelf to the tidal forcing in its lower part (Bondesan 
et al., 1995 a, b - this volume), glaciological features at the ice shelf surface call for partial 
grounding (sensu lato) and/or significant side effects on the flow pattems. 

GLACIOLOGICAL FEATURES AND FIELD MEASUREMENTS 

Large scale morphological pattems (ice shelf morphology south of Végétation Island (Figs. 1 
and 2) including: active and fossil crevasses - topographical height where the Nansen Ice Sheet 
feeds into HGIS - topographical low between the Western and Central sector of HGIS, upstream 
of the twinned Western dirt cone moraine), marine ice differentiated outcropping pattems, complex 
ice foliation patterns, morphology of the Westem (dirt cônes) moraine and bathymetry near the 
ice shelf front have been brought together to propose a model for the HGIS flow. 

Preliminary "helicopter-bome" radar measurements were also performed at the end of the 
1993-1994 field season (IX Italian Antarctic expédition) to discriminate grounded and floating areas 
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Fig. 1- General view of Hells Gâte Ice Shelf (HGIS), looking North. Note from West to East (left to right on the photograph) 
Topographical height where the flow from Nansen Ice Shcct (NIS) fecds into HGIS, Végétation Island in the background, 
S-shaped (darker) topographical low between the two major inflows from NIS and Browning Pass area (BP), twinned 
Western dirt cônes moraine in the foreground, inversed V-shaped foliation pattem A (Fig. 3a) between two distinct flows 
of the Central scctor, Eastem twin-crested moraine running South of Cape Confusion, the Northern Foothills in the 
background and the tip of Mount Melbourne in the far East. 

at HGIS. Thirty punctual "in-flight" radar measurements were performed using a frequency of 
about 35 MHz. The broken flight line ran approximately as follows : across the Browning Pass 
ice inflow from the Northern Foothills to the southern tip of Végétation Island - to Cape Confusion 
- to the northern tip of Inexpressible Island - to the southern tip of Végétation Island again and, 
finally, to the ice shelf front in the direction of Cape Russell. The distinction between floating ice 
and ground based ice was made on the basis of the amplitude and form of the reflected EM-wave. 
Floating ice (or a water layer in ice) produces one strong high amplitude reflection. From ground 
based ice one expects a whole séquence of weaker reflections, the usually bumpy sub-ice surface 
offers numerous reflecting surfaces that ail contribute to the returning signal. 

PROPOSING A DYNAMICAL MODEL FOR HGIS 

Figure 2 sketches a tentative dynamical model for HGIS as it can be inferred from the data 
collection enumerated above. Numbers on the figure refer to the foUowing steps : 
1) flow from the Nansen Ice Sheet (NIS) cornes into HGIS with a relatively "steep" slope (see 

also Fig. 1) 
2) ice from Browning Pass and, possibly, partially from the Priestley Glacier, flows in-between 

Végétation Island and the Northern Foothills 
3) as it approaches the grounding line and/or the contact line with the flow from the NIS, the 

flow from Browning Pass (BP) develops a major active crevasse quickly filled with blown 
snow. Fossil scars of this major accident can easily be tracked down glacier as topographical 
lows extending across the HGIS upstream section (see also Fig. 1) 

4) where the two flows meet along the grounding line in the western part, frazil ice accumulâtes 
in the sub-ice shelf inverted dépression, eventually entraining organic fragments in "live" 
position. The S-shaped surface topographical low observed upstream of the western moraine, 
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between the two major feeding flows (see aiso Fig. 1), can be the resuit of either the transition 
to a floating régime (?), or the reduced ice thickness there (?) or the increased density due to 
the marine ice component (?)... 

5) the eastern part of the Browning Pass composite flow appears to unground further downstream. 
Each flow keeps its structural properties (see foliation pattern A in figure 3a and natural 
équivalents in Fig. 1 and 4-left), and frazil accumulâtes at the flow junctions 

6) as the composite flow from Browning Pass hits the bedrock shoulder visible in the bathymetry 
in front of the ice shelf, it grounds again 

7) newly formed frazil accumulâtes in a pattern parallel to the ice-bedrock contact, forming thin 
lineated marine ice outcrops, similar to the one observed along Inexpressible Island and 
Végétation Island 

8) marine ice formed in-between individual tlows (see 5) buckles on the obstacles, and the flow 
is diverted true South, towards the sea 

9) two distinct bands of debris-rich marine ice crop out near the front, probably indicating large 
scale folding due to compression on the obstacle 

10) as the overwhelming flow of the NIS meets the BP flow with an oblique component, new 
active shear planes can develop, provided that the ice shelf is parlially grounded (sensu lato). 
The new foliation patterns expected (Fig. 3b) correspond to those observed (Fig. 4-right). 
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Fig. 4 - Foliation pattcms at HGIS, looking South-Wcst. Foliation pattem A (Fig. 3a) rcsulting from sub-parallcl tlow, is 
visible at thc extrême Icft of thc picturc. Foliation pattcrn B (Fig. 3b) is clearly illustrated on the Eastern (left) flank of thc 
twinned Western dirt cônes moraine visible at the right of the picturc. 
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11. if a continuous débris layer inside the marine ice is cross-cut by thèse active shear planes, 
discrète amounts of débris will be delivered to the surface by ablation to the east of the initial 
débris layer position, and form the eastern row of dirt cônes (Fig. 4). Since the active shear 
planes are discrète, the amounts of débris left in-between, will come to the surface later on 
along the initial position of the débris layer and form the western row of dirt cônes (Fig. 4) 

FUTURE WORK 

The model presented above is deliberately provocative. It partly relies on preliminary echo-
sounding measurements that réfute some data acquired from other techniques. For example, GPS 
measurements (Bondesan et al., 1995a, b) detect a freely floating ice shelf where echo soundings 
see it grounded. One could argue that punctual "in-flight" echo sounding measurements might be 
less reliable than continuous ground records, since the latter help discarding localized 
discoQtinuities. On the other hand, ice siuface conditions were very bad at the time of measurement 
(extensive melting and abimdance of bedières and melt water lakes). However, radio-echo 
soundings from the ground failed to succeed earlier in the season, and the data used here are the 
only one presently available for the Northern part of the ice shelf. Extensive groimd echo sounding 
traverses were planned for the 1994-1995 field season together with new GPS measurements, 
and should therefore considerably improve our perception of grounded and floating areas at HGIS. 
The model nevertheless satisfactorily explains numerous glaciological features of HGIS and 
therefore should be of considérable help for further developments. 
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the use ofstatic GPS measurements to record the tidal response ofa snuUan-
tantic ice she^(HeUs Gâte Ice Shelf. Victoria Ltmd) ( H ISSN 0391-9838,1994). 

Récent developments o£ GPS (Global Positioning System) technolo-
gy ptovide a ncw powerful tool to study ice shelf-ocean dynamical inter
actions. Here we présent results from feasibility tests on the use of static 
GPS measurements to locate grounding zones and study their impact on 
the ice shelf mechanical response. The Hells Gâte Ice Shelf has been 
chosen as a study case owing to its vicinity from Terra Nova Bay Station 
and to the peculiar problems it raises to glaciologists and geophysidsts. 

Technical and analytical problems are discussed and 5 short time lapse 
records, in various places at the ice shelf surface, are interpreted. Most of 
the survey stations appear to react fully hydrostatically to the tidal forc
ing, even during a secondary maximum of only a few centimeters ampli
tude. The most upstream station 4, located in a strait between Végétation 
Island and the Northern Foothills, shows departure from hydrostatic equilibri-
um in occordance with a scheme of bcdrock valley sides effeçts. The GPS 
curve recorded suggests that the ice shelf might not always behave elasti-
cally in grounding zones as also testified by periods of intense microseis-
mic activity into the ice shelf during part of the day. 

WoRDS: Global Posidoning System, Ice shelf dynamics, Tidal forcing, 
Grounding zones. 
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RiAssuNTO: BONDESAN A., CAPRA A. , GUBELLINI A. & TISON J.L., Uso 
del GPS in modalità statica per registrare l'oscilUaione di marea di una picco-
la piattaforma antartica di ghiaccio galleggiante (Hells Gâte Ice Shelf, Terra 
Vittoria) OT ISSN 0391-9838, 1994). 

n récente sviluppo dellà tecnologia GPS {Global Positioning System) 
offre vm nuovo potente strumento per studiare le interazioni diiuuni-
che tra piattaforme di ghiacdo galleggiante e oceano. Qui vengono pre-
senttti i risultati dei test di fattibilità finaUzzati all'uso délie misu-
re GPS in modalità statica per localizzare le zone di ancoraggio al fon
de {grounding zones) e studkre il loro impatto sulla risposta meccanica 
délie piattaforme di ghiaccio galleggiante. La piattaforma di Hells Gâte 
è stata scella corne area campione a causa délia vicinanza alla Stazio-
ne Baia Tetra Nova e alla particolare problematica di interesse glado-
logico e geofisico. 

Sono discussi i problemi tecnici e vengono interpretate 5 registrazio-
ni a brève intervallo, effettuate in vari punti délia superficie délia piatta
forma. La maggior parte délie stazioni di misura sembrano reagire idro-
staticamente ^ e soÛecitazioni di marea, perfino durante un massimo se-
condario di pochi centunetri di ampiezza. La stazione 4, localizzata più 
a monte di tutte, tra Végétation Island e le Northern Foothills, mostra 
un allontanamento dalle condizioni di equilibrio forse per l'effetto gene-
rato dai versantl vallivi rocdosi. La curva GPS registrata suggerisce che 
la piattaforma potrebbe non sempre comportarsi elasticamente nel-
le grounding zones, corne anche testimoniato dai periodi di intensa atti-
vità microsismica (icequakes) durante parte del giorno nell'area délia sta
zione 4. 

TERMINI CHIAVE: Global Positioning System, Dinamica délie piatta
forme di ghiaccio galleggiante, SoUecitazioni di marea, Zone di ancorag
gio al fondo. 

INTRODUCTION 

Glaciological studies of the last décades have now weU 
established the fundamental rôle playcd by ice-shelves in 
controlling icc-sheet mass balance. Boundary conditions at 
grounding Unes (or pinning points), where the ice gets 
afloat (or regrounded), is stUl a critical step in simulating 
ice sheet sensitivity to climatic changes. Modelling needs 
testing against field évidences and therefore numerous at-
tempts where made to localize grounding Unes and to 
study their impact on ice shelf dynamics using various 
techniques. 
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FiG. 1 - Index map of the Terra Nova Bay area (after OROMBELU, 1986, 
modified). Legend: 1) Ice-free area, 2) Glacier, 3) Ice shelf and ice lon

gue , 4) Sea ice (Dec . 1963), 5) Sea. 

Initially, before the récent development of GPS appli
cations, the lack of any height référence on the ice shelf 
surface has required the use of unconventional techniques 
to detect the ice shelf response to tidal forcing (PEDLEY & 
alii, 1986) . Gravity meters were most commonly used (af
ter THœL & alii, 1960) but also records of vertical move-
ments of floating fast ice along the ice shelf (BISHOP & 
WALTON, 1977) , tilt measurements of tidal flexure near 
grounding Unes (STEFFENSON & alii, 1979), and pressure 
measurements on the sea floor (POTTER & alii, 1985; PED
LEY & alii, 1986) providing power spectrum records of ti
dal heights. Thèse latter data have shown strong non-
linear response to tidal forcing on the George VI Ice Shelf 
(Antarctic Peninsula) that were tentatively associated to an 
anelastic component in the déformation of the ice near the 
grounding line (PEDLEY & alii, 1986) . Most recently, 
JACOBEL & alii (1994) tested the use of Landsat thematic 
mapper images to infer grounding line position against an 
array of field measurements, namely radar profiling, velo-
city measurements and tilt studies of ice flexure. Their 

results point to the need of using several techniques in 
conjunction, to compensate weaknesses inhérent to each 
individual type of measurement. Recently, repeated 
kinematic GPS measurements were used by VAUGHAN 
(1994) to locate the position of the grounding line under 
the Rutford Ice Stream and to analyze the mechanical 
response of the ice shelf to tidal forcing. 

This work présents preliminary results from feasibility 
tests on the use of static GPS measurements to locate 
grounding zones under the Hells Gâte Ice Shelf, a small 
antarctic ice shelf located in Terra Nova Bay, Victoria 
Land. 

THE HELLS GATE ICE SHELF 

The Hells Gâte Ice Shelf is located in Terra Nova 
Bay (Ross Sea), to the South of the Italian Antarctic Sta
tion, along the coastal belt of Transantarctic Mountains 
(lat. 74° 50' S, long. 163° 50' E, fig. 1). It can be consi-
dered as part of the Nansen Ice Sheet, from which it is 
separated along its western margin by the outcropping 
relief of Végétation Island and Inexpressible Island. It 
extends from North to South for 16.6 km with a maxi
mum width of 9.8 km, to the South of Cape Confusion, 
and its total area is more than 70 km^ It is fed by the 
ice flow from Browning Glacier, by some small glaciers 
outflowing from the Northern Foothills and, partially, by 
the Priesdey Glacier. The Hells Gâte Ice Shelf is sur-
rounded by the Northern Foothills to the East, Végéta
tion Island and Nansen Ice Sheet to the North, Inexpres
sible Island to the West and the Ross Sea to the South 
(Evans Cove). 

Owing to its peculiarities this ice shelf has been ex-
tensivcly studied by glaciologists and geophysicists du-
ring the last Italian antarctic expéditions, but still its gla
cial morphology and dynamics raise many unsolved ques
tions. 

The ice shelf surface is conventionnally divided into 
three sectors, separated to the East by a twin-crested 
morainic ridge and to the West by two alignments of ice-
cored débris cônes made of massive clast-supported di-
amict, locally showing a sandy matrix (supraglacial till). 
The supraglacial morainic deposits contain a great amount 
of marine subfossil spécimens (Serpulids, Cirripedia and 
various shells) thought to have been incorporated into the 
marine ice accreting at the ice shelf bottom, close to the 
grounding line (BARONI, 1990). Other complex moraines 
outcrop near Cape Confusion and a composite latéral 
moraine develops to the East of Végétation Island. 

This ice shelf is also characterized by a strong uprise 
of its flow lines towards the surface, due to intense surfi-
cial ablation by the katabatic winds descending from the 
Antarctic Plateau and blowing with great intensity and fre-
quency across the ice shelf (hence its name, given in 1912 
by the «Northern Party» of the Scott Expédition). 

Hells Gâte Ice Shelf was described for the first time 
by PRIESTLEY (1923) in its study of Robertson Bay and 
Terra Nova Bay and it was reproduced very precisely in a 
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fiG. 2 Main features of tlic Ilells Gâte Ice 
Shclf iind siirvi-y stations location (after BoNDE-
SAN & «/;/, 1994a, b). Aerial pliotograph T M A -

2851-V of 11-06-1985. • 4 

Végétation 
island 

N o n h e i l B 
t h Ô i 

• 3 Cape'_ 
Confusion 

1 :250 .000 m a p . Later o n , CAMI'BKLL & CLARIDGE (1975) 
focused o n t h e s tudy of t he d é b r i s cônes e m e r g i n g be tween 
the w e s t e r n and cen t ra l sec tor , a n d TISON & alii (1994b) 
recent ly p r o p o s e d a dynamica l m o d e l exp la in ing the gene-
sis of th i s m o r a i n i c complex . 

Paleoglaciological r econs t ruc t ion f r o m IîARONI & OROM-
BELU (1991) s h o w e d an a d v a n c e of t he I le l l s G â t e Ice 
Shelf fo l lowing a glacio-eusta t ic upr ise of t h e coastal mar-
gin in t h e area . 

Severa! s tud ies also dea l t w i t h éva lua t ion of the surfi-
cial ve loc i ty of Hel ls G â t e Ice She l f , b a s e d e i the r on '''C 
geochrono log ica l d a t i n g of subfoss i ls r e m n a n t s or on aerial 
p h o t o g r a p h s and satel l i te images s tudies (see for example , 
RAKONI, 1990; BARONI & alii, 1991a , BAKONI & alii, 1991c; 
FKKZZOTTI, 1993) . B o t h t e c h n i q u e s p rov ided similar values 
of abou t 3.3 my ' for t he ea s t e rn mora ine . O n t h e wes te rn 
d i r t cônes a l i gnmen t s , h o w e v e r , a sl ight d i sc repancy exists 
b e t w e e n t h e '-C d e r i v e d ve loc i t ies (10 .4 to 17.4 m y ' fo r 
shells i n c o r p o r a t i o n arcnmd the s o u t h e r n par t of Végé ta t ion 
Is land) a n d the p h o t o i n t e r p r e t a t i o n (8.8 t o 11.9 my ' ) -

S t a b l e i so topes m e a s u r e m e n t s (S'^O) of ice samples 
f r o m t h e ice shelf (BAKONI & alii, 1991b) r evea led outcrop-
ping m a r i n e ice (ice resu l t ing f r o m the f r eez ing of sea 
wa t e r acc re t ing at t h e base of the ice shelf) in its f ron ta l 
zone , t h c r e b y ind ica t ing basai f r eez ing u n d e r the ice shelf. 
Co- i so top ic (bo th in 8 D a n d 8'*0), chemica l a n d crystal-
lographic ana lyses shed more l ight on t h e processes in-
volved in t h e f o r m a t i o n of this m a r i n e ice (SOI;CHEZ & alii, 
1 9 9 1 ; R o N V K A U x , 1 9 9 2 ; T I S O N & alii, 1 9 9 3 , LORRAIN & 

alii, 1994). T h è s e s tud ies sugges ted c o n t r a s t e d depos i t i on -
al env i ronmen t s for t h e d i f f é r e n t types of m a r i n e ice ob-
served, related t o t he m o r p h o l o g y of t h e s u b m e r g e d por 
t ion of the ice shelf a n d to t he océan c i rcu la t ion in f r o n t 
and below the ice shelf (TISON & alii; 1994a) . T o p o g r a p h i -
cal measu remen t s p e r f o r m e d on t h e déb r i s cônes (BARONI, 
1990) also al lowed to e s t i m a t e t he accumula t ion r a t e s d u e 
to basai f reez ing (5-25 c m y ') a n d t h e s u r f a c e a b l a t i o n 
rates (16.5 to 36 .5 c m y '), suppos ing h y d r o s t a t i c equil i -
b r ium. 

Finally, geophysical inves t iga t ions (grav imet ry surveys , 
geoelectrical m e a s u r e m e n t s , ac t ive a n d pass ive se ismic a n d 
r ada r m e a s u r e m e n t s ) a r e a b o u t to solve t h e c o m p l e x 
problem of d i sc r imina t ing b e t w e e n c o n t i n e n t a l i ce / m a r i n e 
ice / océan / b e d r o c k in t e r f aces r e t u r n s (CANEVA & alii, 
1994a to c; LOZEJ & alii, 1994). 

For the p u r p o s e of t h e e x p e r i m e n t s re la ted t o t h e 
p résen t work, a small n e t w o r k of 5 G P S survey s t a t ions 
was set t led to record t h e r e s p o n s e of t h e ice shelf to t idai 
forcing. The s t a t ions w e r e se lected as fo l lows (fig. 2): 

— stat ion 1: de s igned to b e t h e a l t imet r ic r é f é r e n c e 
point it was placed on a rocky o u t c r o p near C a p e Russel l ; 

— stat ion 2 to 4: pos i t i oned on a longi tud ina l t r ansec t 
f rom the ice shelf f r o n t to the s t ra i t b e t w e e n V é g é t a t i o n 
Island and the N o r t h e r n Foothi l l s ; t hèse t h r ee s t a t i ons 
were in tended to r eco rd t h e t r ans i t ion f r o m t h e f ree ly 
f loat ing part to t he g r o u n d e d p a r t of t h e ice shelf ; 

— stat ion 5: was chosen to de t ec t any t idal i n f l u e n c e 
in this liiglily shel tered zone, to the East of Cape C o n f u s i o n . 

125 



ICE-OCEAN INTERACTIONS IN ANTARCTICA: The Marine Ice Perspective 47 

40-
cm 

30 

20 

40 
cm 

30 

20 

10-

; Station 2 

J " ' 

1:15/ 

12 18 A " 

0 6 12 18 

Tidal curve 

; Station 4 

l :15ir; ^ 

md ] 1 1 ( -•• i 1 I I. 

l 

1 • » • ' • 1 1 ' 

0 6 12 18 i 

\ Station 5 

l : i s / 1 \ t v - \ 

T ' » . ' ' ' r » 
0 6 12 18 j 

GPS curves 

FiG. 3 - Relative vertical movement of Hells Gâte Ice Shelf on 5th Janu-
ary 1994 as a function of time for GPS survey statioiu 2 to 5. The meas-
ured tidal curvc for the same day near Terra Nova Bay (data from C. 

Stocchino) is also given as a background (see text for explanation). 

METHODOLOGY OF GPS MEASUREMENTS 

observed after the 24 hours measuring session. A mean 
sinking rate of 0.5 cm/hour was then used to correct the 
GPS measuxements (except for station 1 that was settled 
on a bedrock promontory), hypothesizing a similar effect 
at ail survey stations. One way to tackle this problem 
would be to design an instrument holder that could be 
firmly buried into the ice. 

, Two différent softwares {GPSurvey and Topas Turbo) 
wertf used to elaborate the data. Whcre data acquisition 
was not much disturbed (points 2, 3, 5) the two softwares 
gave similar results. On point 4, however, where data ac
quisition was strongly disturbed, results were quite différ
ent. The noise in data acquisition is most probably linked 
with ionospheric effects, multipath effccts and imaging 
phenomenon being difficult to invoke in this case. In a 
peculiar session, Topas Turbo gave a float solution, with 29 
unresolved cycle slips, while GPSurvey gave a fixed solu
tion, that assumes cycle slips resolution. However, the 
more regular trend of Topas Turbo solutions and the 
strange anomalies of GPSurvey, suggest that the Topas Tur
bo algorithm is probably more appropriate where the meas-
urements are strongly disturbed. Therefore, in Antarctica, 
where a lot of cycle slips exist due to ionospheric noise, 
this software appears more reliable. The différent effects 
of ionospheric noise on point 4 with respect to the other 
measuremcnt points could be due to the use of différent 
GPS receivers: a 4000 SST receiver was used on point 4, 
while 4000 SSE receivers were used on the other points. 
In fact, in the older 4000 SST receivers the signal squaring 
technique is used, while in the 4000 SSE receivers a cross-
correlation procédure between the two signais, Ll and L2, 
enables to avoid the signal squaring, that amplifies the 
noise. 

The measurements were made simultaneously using 
four Trimble 4000 SSE and one 4000 SST GPS receivers 
on the five survey points. 

In this expérimental phase, kinematic GPS survey was 
discarded for logistic reasons, since the instruments bat
teries dit not have the necessary stored energy to cover 
24 hours of continuous measurements. A rapid static sur
vey has alternatively been chosen, based on 12 measure
ments of 30 minutes duration each, at two hours inter
vais. This technique allows more précise measurements 
than the kinematic survey, however one must keep in 
mind the error associated to the movement of the survey 
station during the 30 minutes of observation. In the 
présent case, this was verified to be in the précision range 
of the method. Kinematic GPS survey has the potential 
advantage to tackle the problem of possible high frequen-
cy ice shelf oscillations, given the continuous record of 
height changes. An experiment of kinematic survey meas
uremcnt of ice shelf oscillations has been performed con-
temporaneously on Drygalski Glacier by FREZZOTTI & alii 
(1994). 

Another important problem, that should be addressed 
for future measurements, is the possible vertical displace
ment of the receivers tripods due to ice melting under so-
lar radiation. In the présent case, tripods were simply laid 
on the ice surface and tripods sinking of 10 to 12 cm were 

RESULTS AND DISCUSSION 

The tidal forcing curve 

In order to provide a base for the interprétation of ice 
shelf vertical movement curves, it is necessary to know the 
tidal forcing curve that they should mimic, in a pure 
hydrostatic equilibrium. Such a tidal curve for the 
January 1994 was kindly provided by Prof. Carlo Stocchi
no on the basis of the tide-gauge recordings at Terra Nova 
Station, about 20 km to the North of Hells Gâte Ice Shelf. 

The GPS curves 

The relative vertical movement of the ice shelf as a 
function of time is plotted on figure 3 for points 2 to 5. 
The measurcd tidal curve is also given as a background. 
The main features of the curves can be summarized as fol-
lows: 

a) Curves 2, 3 and 5 show a similar pattern with: 
— synchronously peaking values between 7:15 and 

9:^5, in phase with the maximum of the tidal cycle; 
— dissymetric profile, with a regular ascend and a 

step-Uke behaviour at the last stages of descend (17:15 to 
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21:15), in phase with the secondary maximum of the tidal 
curve. 

b) On the longitudinal profile of points 2-3-4, the am
plitude of the vertical movement clearly increases up-
stream. 

c) Curve 4, unlike the others, shows: 
— a 3-hours timc-lag in the achievement of the maxi

mum amplitude; 
— a step-Uke behaviour in the ascending phase, that 

doesn't exist in the tidal curve; 
— a plateau followed by a sharp decrease in the 

descending phase, whereas the tidal curve shows a more 
regular gradient. 

Interprétation limits 

Given the conditions of this expérimental phase, 
one must take a certain number of limiting factors into 
account when interpreting the curves of fig. 3. For exam
ple, given the incertitude on the real rate of sinking of tri-
pods at each survey point, différences in amplitude of less 
than 5 cm for simultaneous measurements on différent 
stations should not be considered as significative. On 
the other hand, it should be noted that the tidal forcing 
curve is only strictly valid for Terra Nova Bay, and that 
coastal configuration, Uke engulfments and straits, can 
considerably affect the tidal curve both in amplitude and 
phase. 

h the Hells Gâte Ice Shelfin full hydrostatic equilibrium? 

Fig. 4 schematically illustrâtes possible effects of 
bedrock sidcs (like, for example, in a fjord or on the 
flanks of a pirming point) and of bottom topography in 
the vicinity of the grounding line, on the oscillation of an 
ice shelf in response to tides. Only the excess hydrostatic 
pressure due to the tidal forcing is taken into account in 
the drawings of fig. 4. 

Away from any bedrock sides and from the grounding 
line, the ice shelf will react fully hydrostatically to the ti
dal forcing (HOLDSWORTH, 1977; PEDLEY & dit, 1986), 
and the recorded curve for altitudinal changes will mi-
mic the tidal cycle (dashed line on the graphs of fig. 4). 
Close to bedrock sides, the excess hydrostatic pressu
re can be splitted into two components: a shear stress 
parallel to the local bedrock and a tensile (low to high 
tide) or a compressive (high to low tide) stress perpen-
dicular to the bedrock. The build-up of stresses at the ini
tial stages of ascending and descending tides will set up 
a delay in the mechanical response of the ice shelf to the 
tidal forcing. Once a critical value is reached, the energy 
is releascd through ice déformation. The GPS curve 
should then be typically dissymetric with a step-like be
haviour just after low tide and high tide. Depending on 
the geometry of the System (length to hcight ratio of the 
ice shelf's cross section; contact area with the bedrock 
sides) a possible phase-lag could also be obscrved betwecn 
the two curves. 

Where a hummocky bedrock topography exists, near 
the grounding line (lower fig. 4-(a)), the GPS curve of a 

survey station nearby will reflect the cdmbined effects of 
stress build-up on the local obstacle sides and increasing 
(low to high tide) or decreasing (high to low tide) de-
coupling of the glacier from its bed. At rising tide, the de
lay in the response to tidal forcing due to the stress build-
up in the ice will be progressively compensated by the in
creasing surface area submitted to the excess hydrostatic 
pressure. Around high tide, full decoupling will eventually 
occur and the GPS curve will catch up with the tidal cy
cle. From high to low tide, stress build-up in the ice will 
slow down the ice shelf response shortly after contact has 
been recovered with the bedrock bottom topography. 
Eventually, the ice shelf sinking will follow on during the 
low tide pcriod. As a resuit the full GPS curve should also 
be dissymetric, with a concave rising limb (concavity de
pending on bedrock obstacles spectrum), a summit in 
phase with the tide and a multistep-like descending limb. 

Curves 2, 3 and 5 from Hells Gâte Ice Shelf are in 
good agreement with the tidal cycle and it can therefore 
be reasonably estimated that in thèse survey points the 
ice shelf is in hydrostatic equilibrium, a necessary condi
tion for ice shelf mass balance calculations from simple 
dynamical models (BARONI, 1990). Interestingly enough, 
even the secondary maximum recorded at Baia Terra 
Nova is présent in the three curves. Since this maximum 
is only a few centimeters high, it gives us confidence in 
the relatively small error range estimated for the field 
measurements. The hydrostatic behaviour of point 5 was 
also unexpected, given its location very close to the shore, 
in a small engulfmcnt near Cape Confusion. The small 
sizc of the catchment feeding the floating ice in this area 
probably strongly reduces the ice thickness and faveurs 
buoyancy very close to the vaUey side. 

On the longitudinal profile of survey stations 2-4, the 
amplitude of the vertical movement increases upstream. 
Alrfiough the total altitudinal différence of the maximum 
is only about 10 cm, and could therefore be very close to 
the interprétation limits, this is cohérent with an engulf-
ment increasing effect on the tidal amplitude. Much more 
striking is the différence in profiles betwcen point 2-3 
and point 4. The latter shows departure from an 
hydrostatic behaviour. This is not surprising given its lo
cation in a strait between Végétation Island and the 
Northern Foothills. The GPS profile is similar to the one 
predicted for bedrock side effects (fig. 4-above), adding a 
phase delay between high tide and maximum ice shelf alti
tude. However this latter effect could be the expression 
of tide retardation inland, with regard to the Terra Nova 
Bay prédiction; this may also dépend on the establishment 
ofthe port due to the shape of the Evans Cove engulfment 
in which the Hells Gâte Ice Shelf flows, combined with 
a river tide effect. The GPS curve nevertheless ends up in 
phase again with the low tide from Terra Nova Bay. The 
geophysical team working on Hells Gâte Ice Shelf placed 
over the shelf surface, at survey site 4, a microseismic sta
tion to test the microseismic activity into the glacial body 
for a period of 3 days (CANEVA & alii, 1994a to c; LOZEJ 
& alii, 1994; MERLANTI, personal communication). In
tense icequakes activity was detected in restricted periods 
(about 8 hours) of the day and thèse resuit might well be 
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Bedrock sides effects 
Low to High tide . Low to High to Low tide High to Low tide 

(sides) ( ctntral ice shetft (sides) 

4 - j : - - - - | - - - - ^ J ^ ^ - - - -- ' t ^ T -

• upward shearing and tensile stress * full hydiostatic • downwaid shearing and compressive stress 
on bediock ( unconstiaining geometry) response on bedrock ( constraining geometry) 

• build up of stress at initial stage of ascend • build up of stress at initial stage of descend 

full hydrostatic response 
bedrock sides effect (above) 

bottom topography decoupling effect (below) 

Bottom topography 

FiG. 4 - Schcmadc représentation of hypothesized bedrock sides and bottom topography effects on the ice shelf's vertical movement. Numbers refer to time steps (1 and 
5 = middlc of low tide, 3 - middle of h i ^ tide, 2 - half time betoreen 1 and 3 , 4 = haË time between 3 and 5). Shaded areas on the «hummocky bottom topography» correspond 

to successive areas that would be freed by the ice if tbere was no mechanical delay. ' 
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linked with the stress build-up épisodes in the ice. Similar 
concentrated icequakes activities were reported between 
high tide and low tide by VAN DER OSTEN-WOLDENBURG 
(1990) around an ice rumple on Ekstrôm Ice Shelf (Akta 
Bay, Antarctica). 

Végétation Island thus apparently acts as a pinning 
point at the level of survey station 4, and the real ground-
ing zone should probably be searched for further upstream 
in this area. 

CONCLUSION 

GPS altitudinal changes records provide us with better 
insights into the mechanical response of ice shelves to tidal 
forcing. Beside the possible location of a grounding line 
where ice shelf oscillation simply breaks down, it shows 
that there are several possible situations where the ice 
shelf does not freely respond to hydrostatic pressure 
changes linked with tides. This would favour the larger 
concept of grounding «zones» or «areas», as opposed to 
grounding «lines». GPS studies, coupled with microseismic 
measurements, could provide valuable informations on the 
type of dynamic response of the ice shelf to the excess 
hydrostatic stress applied. The case study of GPS survey 
station 4 at Hells Gâte Ice Shelf suggests that the ice shelE 
might not always behave elastically in grounding areas, as 
suggested by PEDLEY & alii ( 1986) but not detected by 
VAUGHAN (1994) . 

Future static GPS surveys should rely on improved 
survey station settings to avoid receivers drift, and test 
runs should be designed to accurately evaluate advantages 
and disadvantages of kinematic and rapid static methods. 
Thèse tests should also focus on a better understanding of 
software performances in highly disturbed data acquisition 
situations that seem to occur in Antarctica. 
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3.1. Diversity of marine ice properties 

3.1.1. Spatial variability 

It is clear, f rom the field descriptions in Section 2 that the peculiar environment of the Terra Nova 
Bay coast has enabled us to demonstrate a significant variability in the marine ice spatial distribution that 
had never been revealed before. Briefly, one can group the various location of marine ice occurrence 
along the following scheme: 

(a) Between the individual flows of meteoric continental ice forming the ice shelf 

This is typically the case for the upstream patchy outcrops of marine ice organised in 
longitudinal or arched structures at HGIS (Figure 15). There, the arched structures resuit 
from buckling of the longitudinal marine ice fillings between the individual continental ice 
streams, as the gênerai northwestem flow hits a submarine crest (-200 to -150 m, see 
bathymetry in Figure 56, top) developing at the southem tip of the Northern Foothills. The 
same crest is at the origin of the eastem morainic ridge. Apart from the spécial case where 
the ice is thin enough to allow the development of transverse rifts close to the grounding 
line (see (c), below), it is the same pattem of accretion between individual continental ice 
flows that govems marine ice occurrences on a larger scale at the Nansen Ice Sheet. It is 
also the same pattem that was detected locally by Corr et al. (1995, our Figure 17) and, very 
recently, at the scale of the whole Amery Ice Shelf by Fricker et al. (2001). Figure 20 
summarizes the results f rom thèse authors who computed marine ice thickness (Figure 20c) 
from the hydrostatic height anomaly 3i' (Figure 20 b), defined as the différence between 
the measured satellite radar altimeter surface height and the surface height calculated f rom 
measured ice thickness using airbome RES and the hydrostatic équation: 

. . _z (Pw-p , ) 
Pw 

(1) 

where H is the surface height relative to sea level, Z is the ice thickness and pi and pw are 
the column-averaged densities of ice and sea water respectively. As mentioned before, RES 
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Figure 20: left) Map of Amery Ice Shelf - right) Distribution of a) hydrostatic height 
anomaly (ëh' in meters) and b) computed thickness of marine ice (meters) - see text for 
détails (from Fricker et al., 2001) 
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Systems typically detect the meteoric-marine ice, since it exhibits a moderate dielectric 
contrast but the signal may not penetrate the marine ice layer itself because of high 
absorption of electromagnetic energy within (Blindow, 1994). 3i' can thus be used to 
provide an estimate of the thickness and extent of marine ice that underlies meteoric ice 
masses that are known to be floating. 

The thickest marine ice occurs in two longitudinal bands, oriented along the ice flow 
direction. Thèse are located each side of the Charybdis/Scylla glacier (CG in Figure 20a) 
inflow where this stream merges with the Amery Ice Shelf downstream of Jetty Peninsula 
(JP), and with an unnamed stream from north of Single Island (SI). 

Fricker et al. (2001) actually followed the path of previous work at the Filchner Ice Shelf 
(Thyssen, 1988; Thyssen et al, 1993, Grosfeld et al., 1998). Figure 21 (left) shows deduced 
marine ice thickness in the northem half of the Filchner Ice Shelf, using a similar approach. 
Clearly, the marine ice accretes following a longitudinal pattem centred on the limit 
between the Foundation Ice Stream and the Support Force Glacier. Its pattem is fairly well 
reproduced by a 3-D océan circulation model (Figure 21, right) in which basai freezing is 
hypothesized whenever the océan température is below the local pressure melting point at 
the ice-ocean interface. 

Figure 21: left) Thickness of the marine ice layer beneath the north-western part of the Filchner Ice Shelf. The 
map includes later (calving in 1986 along the rift "Grand Chasm") tabular icebergs A22, A23 and A24. Contours 
are from standard interpolation software (Thyssen et al., 1993); right) Basai melt/freeze rates (freezing positive, 
crosshatching) in mtc, y'' beneath the Filchner Ice Shelf derived from a 3-D océan circulation model. Melt-freeze 
rates are the resuit of heat flux across the ice shelf/ocean boundary, which is controlled by the température 
différence between the ice shelf base and the adjacent océan (Grosfeld et al., 1998). 
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(b) In frontal parts of ice shelves 
This location has only been observed at Hells Gâte Ice Shelf (Figure 15), because of the 
combination of strong katabatic winds and moderate ice shelf thickness at the front (Figure 
16, bottom). It however, does not preclude that marine is also présent at depth in the frontal 
part of other ice shelves. Figure 20c clearly shows light blue and yellow colours at the front 
of the Amery Ice Shelf, indicating marine ice thickness of 50 to 100 meters, and Warren et 
al. (1993) report "green icebergs" from the Amery Ice Shelf, the colour of which is due to 
their lower section made of marine ice (often revealed after the icebergs have capsized). 
Thyssen et al. (1993) report that a warm sub-shelf current melts the marine ice layer at the 
Filchner-Ronne Ice Shelf, before it reaches the calving front. However, Thyssen et al. 
(1993) indicate marine ice up to a few tens of kilomètres f rom the front, even in the rifted 
area preparing the major iceberg calving of 1986 (see, for example, transect C-D in inset of 
Figure 21 left). It is also interesting to note, in the 3-D océan circulation model of Figure 21 
(right), the occurrence of a narrow fringe (a few kilomètres wide) where intense basai 
accretion occurs right at the front of the ice shelf. 

(c ) In transversal rifts 

The Nansen Ice Sheet has provided us with a unique opportunity to study marine ice 
formation in crevasses and rifts forming as transversal features where the continental ice 
crosses the grounding line (Figure 13). But this is not the only place where such a pattem 
occurs. Indeed, transversal rifts are the common preliminary stage of large tabular iceberg 
calving events, and frequently develop in the frontal zone of ice shelves. Although there is 
no direct évidence of marine ice forming in the late Grand Chasm of the Filchner Ice Shelf 
(Figure 21, left), a "green" iceberg has been identified as having originated f rom the 
eastemmost iceberg among the three that resulted f rom the calving event of 1986. 
Therefore, Grosfeld et al. (1998) explicitely proposed the idea that the Grand Chasm has 
provided an idéal environment for a local ice pump to take place (see Section 1.3, p. 19), 
which produced the marine ice under the northeastem Filchner Ice Shelf, otherwise prone to 
intense melting, in 3-D océan models where rift geometry is not included (Figure 21, right). 

( d ) Along bedrock outcrops 

This is the typical situation encountered at Campbell Glacier Tongue. The marine nature of 
the ice is there more difficult to spot, given the usually complex dynamical environment in 
which it is mixed with débris layers and bubbly glacier ice of meteoric origin (Figure 19). 
High-resolution textural and isotopic analyses are a pre-requisite in those cases. In the 

Figure 22: left) Vertical thin-section of a sample from the basai part of the Campbell Glacier 
Tongue, seen between crossed polarizers; right) (a) detailed "rubbing"(crystal boundaries are 
enhanced and transcribed on a transparent sheet by rubbing with a pencil) of a slice of the same 
block, some 10 cm further inside and (b) profile of isotopic sampling for &) seen in a plane 
perpendicular to the plane where the rubbing was made (Souchez et al., 1995). 
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example of Figure 22, marine ice layers a few 
centimètres thick can only be detected as a nearly 
positive ôD^ peak, as opposed to the surrounding 
(highly négative) glacier ice values, thanks to a 
millimetric sampling procédure running parallel to the 
layering. 

(e ) Along discrète planes inside continental ice 

This is probably the least conspicuous type of 
occurrence, which also requires a detailed scanning of 
the ice properties to be detected. Marine ice generally 
occurs there as a finer grained crystalline texture devoid 
of bubbles, "sandwiched" between two layers of 
continental meteoric bubbly ice (Figure 23). It often 
displays, in its central plane, a thin layer of 
microparticules (Figure 23). 

3.1.2. Textural variability 

Marine ice diversity not only résides in its spatial distribution, 
but also in its various textural faciès. Thèse are often associated to 
the genetic processes, as we will see in the next section. Marine ice 

studies are 

Figure 23: (left) detailed "rubbing" 
(crystal boundaries are enhanced and 
trasncribed on a transparent sheet by 
rubbibg with a pencil) of a slice of 
basai ice at Campbell Glacier; (right) 
profile of isotopic sampling for dD 
seen in a plane perpendicular to the 
plane where the rubbing was made 
(Souchezetal., 1995). 

Figure 24: Retrie\-al of a miiislucent bubhle-
free marine ice core at Hells Gâte Ice Shelf 

fairly récent and, therefore, no attempt had been 
made until Tison et al. (1998) to develop a 
proper nomenclature. Initially textural faciès in 
marine ice cores should not differ f rom those 
observed in sea ice given the similarity of the 
source environment. However, it should be kept 
in mind that marine ice accretes at the bottom 
of large ice shelves, therefore at very slow 
consolidation rates generally precluding bubble 
inclusions, resulting in the typical translucent 
bubble-free aspect of most of the marine ice 
cores (Figure 24). Also, marine ice is likely to 
undergo much larger post-depositional 
cumulative strains than sea ice, and thèse can 
lead to considérable altérations of the original 
texture. Similarly, the impact of shearing on the 
ice shelf margins and/or converging flow in 
smaller ice shelves (as is the case in this study) 
can also partially alter the textures in the marine 
ice producing pat tems that should not be 
expected in sea ice (even when deformed 
during rafting events or pressure ridging). 

^ ô D is the équivalent of ô '^O (see footnote 1, page 17), but for the ratio b)etween light and heavy hydrogen isotopes (the latter 
being usually called Deuter ium) . 
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( a ) Columnarice 

Figure 25: a) vertical thin section of columnar ice between crossed polarizers; b) 
horizontal thin sections of columnar ice showing the intra-crystalline substructure 
with brine layers and air pockets (darker areas) - (front Weeks and Ackley, 1986); c) 
schematic drawing of the structure and exchange processes in the bottommost layers 
ofsea ice (front Eicken, 1998). Double arrows in 25b are about 0.6 mm long. 

This typical texture shows vertically elongated crystals, often several centimètres long 
(Figure 25a). Each crystal contains numerous micro-inclusions of brines and bubbles, 
organized in a pattem of parallel alignments called intra-crystalline brine-layer-ice plate 
substructure (Figure 25 a and b). It is the trademark of ice grown f rom the progression of a 
freezing front in a seawater réservoir, known as congélation sea ice. The intra-crystalline 
substructure is the expression of the ice-water interface geometry (Figure 25c), which is not 
planar, because of supercooling induced by the rejection of salts at the ice-sea water 
interface. 
This type of texture is only seldomly encountered in marine ice cores. W e have only seen it 
twice, at Hells Gâte Ice Shelf: once at the meteoric-glacier ice interface in a core drilled 
below the western medial moraine and once at the limit between two very contrasted marine 
ice types in core IV (see Figure 16, top). We will discuss this latter occurrence later on. 

(b) Plateletice 

The terminology was initially introduced by Lange (1988), to describe a texture made of 
elongated acicular crystal (spicules), both in horizontal and vertical thin sections (Figure 26 
left). Thèse crystals, as opposed to columnar ice crystals, are generally devoid of intra-
crystalline substructure. However, the platelet ice faciès is rarely seen alone. It generally 
occurs as a mixed platelet-congelation faciès (Figure 26 right) with a wide range of 
proportions between the two components. In that case, the crystals are less angular and 
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Figure 26: Vertical thin section of platelet ice (left) and of mixed platelet/congelation ice (right) as seen between 
crossed polarizers. The horizontal black mark is 1 cm. 

show wavy uneven edges, a reason why it is sometimes called the "draped faciès" (Jeffries 
et al., 1993). 
Since it has generally only be observed close to ice shelf fronts, it has been attributed (e.g. 
Eicken and Lange, 1989; Kipfstuhl, 1991) to unrestrained frazil ice nucleation and growth 
resulting f rom adiabatic supercooling in ascending Ice Shelf Water as part of the Deep 
Thermohaline Convection (DTC - mode 1 in Figure 10). Nucleation and growth of plate-
like frazil ice crystals directly to the bottom of an existing ice sheet f rom an adiabatically 
supercooled water mass has also been invoked (Eicken and Lange, 1989; Gow et al., 1998). 
However, platelet ice is only observed in very small amounts in marine ice (only once in ail 
the Terra Nova Bay cores of this study). Some authors (Eicken, 1994) suggest that the 
platelet faciès is the original texture of ail marine ice faciès formed in the D T C under large 
ice shelves (where it has however never been described as such), and that it is eventually 
later reduced in size and shape under deviatoric buoyancy stress, as thick layers of loose 
platelets accrete at the bottom. Some debris-free granular marine ice faciès observed at 
HGIS are, however, so fine grained that, in that case, a process of fragmentation under the 
deviatoric buoyancy stress is hard to envisage. Furthermore, thèse fine grained faciès also 
occur as irregular pockets surrounded by populations with larger crystal sizes, and thèse 
structures are more easily explained in terms of heterogeneity of the loose frazil as it 
consolidâtes, rather than in terms of homogeneous large scale post-depositional déformation 
structures. Bombosch and Jenkins (1995) suggest, by modeling frazil ice production in Ice 
Shelf Water that the platelet ice faciès could be associated with the évolution of ice crystals 
passively entrained in Ice Shelf Water as it levels off and exits at some depth in front of the 
ice shelf. 

(c ) Granular Ice 

Figure 27: Vertical thin section in granular ice: a) fine-grained; b) medium-grained, c) coarse-grained as seen between 
crossed polarizers. The horizontal black mark is a 1 cm scale. 
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The granular texture is typically one of a polycrystalline aggregate of "grains" with no 
preferential elongation (equigranular). It is described as orbicular if the grains show 
rounded crystal boundaries or polygonal if the grains show sharp linear crystal contours. A 
further distinction can be made depending on the fact that the crystal boundaries show 
regular polygonal shapes (typically the case of f im, snow ice or superimposed ice) or 
complicated jagged interlocking contours. 
The granular texture is by far the most frequently observed in marine ice cores (see also 
Figure 9). Grains however show a whole range of sizes ( f rom sub-millimeter to several 
centimeters. Figure 27) depending on the amount of recrystallization generated under the 
cumulative strain as the ice travel in the spreading ice shelf. The médium- to coarse-grained 
marine ice is therefore generally of the granular type with interlocking grains. 
When granular marine ice is submitted to strong compressive stresses (for example between 
two coalescent continental floating ice flows) it can develop fold structures underlined by 

Figure 28: Examples of the "string lined" faciès developing in the marine ice in the zone of 
strong compressive stresses at Hells Gâte Ice Shelf (core IV, western moraine). Vertical thin-
sections are seen between crossed polarizers. The black marker is a 1 cm scale. 

rectangular crystals in arranged individual curved alignments. This was recently described 
by Tison et al. (1997, 1998) and called the "string-lined" faciès (Figure 28). 

(d) Banded ice 

The banded ice faciès (Figure 29) is typically composed of stacks of rectangular crystals of 
varions sizes in vertical thin section, the limits of which are commonly underlined by trains 
of brine inclusions (Lorrain et al., 1997; Tison et al., 1993, Tison et al., 1998). It is 
characteristic of the marine ice occurring in the frontal zone of Hells Gâte Ice Shelf (e.g. 
core Y, Figure 15 and 16 top). This faciès shows strong similarities with the bottom layer of 
some of the southemmost sea ice cores (52 and 54) described by Gow et al. (1987) in the 
Weddell Sea. Thèse authors describe it as "wafer-like" crystals (Figure 30) and note that 
"the crystals are sa loosely banded at the very bottom that it was often difficult to obtain 
compétent core when drilling floes containing this kind of ice ". Ice fabrics in thèse layers 
exhibited vertical c-axes and the authors suggested that this type of ice might represent 
underwater ice as described by Russian observers at Antarctic coastal locations [e.g. 
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Serikov, 1963]. We will see later (section 3.3) that this faciès is also found in the landfast 
sea ice accreting in front of HGIS. It should be noted that the banded faciès strongly differs 
from the other frazil ice faciès associated with adiabatic supercooling in DTC, i.e., platelet 
and draped faciès. It shows no interstitial columnar ice, and the crystals appear rectangular 
in vertical thin sections, and platy (with shaded extinctions) in horizontal thin sections 
(Figure 31). Furthermore, c-axes are strongly concentrated in a single maximum roughly 
perpendicular to the plates instead of the random arrangement found in the platelet faciès. 
As a matter of fact, this faciès would probably better deserve the "platelet" dénomination 
than the platelet faciès which would, in tum, be better described as an "acicular faciès" or 
"mixed acicular-columnar faciès". 

2 6 6 - • 

Figure 30: Vertical thick-sections of the "wafer-like" platy structure described by Gow et al. 
(1987) in the multi-year sea ice of the Weddell Sea. 
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Figure 31: Comparison of the "draped" (a), platelet (b) and banded faciès (c) in horizontal and vertical thin-sections of 
landfast sea ice in front of HGIS, as seen between crossed polarizers. When submitted to important compressive stresses 
the banded faciès of marine ice displays a "wavy" texture (d and e). The black markergives the 1 cm scale. 

Figure 32: Solid inclusions occurrences at Hells Gâte Ice Shelf (left and middle: vertical thick sections of core IV) and 
Campbell Glacier Tangue (right). Black mark is 1 cm scale. 
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(e) Debris-rich ice 

Solid inclusions are found in some of the marine ice cores in the Terra Nova Bay area, but 
were also described in other deep marine ice cores, like G l (Amery Ice Shelf - Morgan, 
1972), B13 and B I S (Filchner-Ronne Ice Shelf - Oerter et al., 1992, Eicken et al., 1994). In 
the latter cases, they are essentially reported as thin discrète sub-horizontal layers occurring 
in the first meters below the contact with the continental meteoric ice. Debris-enriched ice 
was found throughout the whole of the 45 meters of the N I S l core (Figures 11 and 13), with 
variable concentrations (from a few dispersed aggregates to distinct sédiment layers, 
generally folded, occurring sometimes several tens of meters below the surface). It was also 
présent in cores XXI, VI and IV (Figure 32 left and middle) at Hells Gâte Ice Shelf, and as 
clear laminations in the basai ice studied at the Campbell Glacier Tongue (Figure 32 right). 
No débris was however seen in core Y at HGIS (>90% banded faciès). 

In ail cases, the inclusions can be described as miUimeter-sized pellets made of aggregates 
of clay-and silt-fraction minerais and biogenic material. A sample of the various 
components of thèse inclusions is given in Figure 33. 

Figure 33: Solid inclusions of core IV at Hells Gâte Ice Shelf, as seen under the binocular (enlargement 40x). (a) 
minerai inclusions; (b) entire shell; (c) sponge spicules; (d) faeces pellets. 
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3.2. Diversity of marine ice genetic processes 

In this section, we will show how, combining our data sets on textures, structures, chemical 
composition, stable isotopes chemistry and solid impurities in the Terra Nova Bay area, we were able to 
decipher various mechanisms of marine ice formation below ice-shelves. As stated earlier on, we 
demonstrated that marine ice formation is not solely associated to the Deep Thermohaline Circulation. 

3.2.1. Crack metamorphism at grounding Unes 

We will first concentrate on the discrète, few centimètres thick, layers embedded in the meteoric 
continental ice at the Campbell Glacier Ice Tongue sampling site (Figures 11 and 23). As mentioned 
before, thèse are clear ice layers, with considérable spatial extension, consisting of very small crystals 
and showing maximum 6D values close to 0%o (sea water value) along their central plane. This is a clear 
signature for marine ice (see section 1.3, p. 17). Progressing towards both sides of the layer, isotopic 
values become increasingly négative (down to typical meteoric ice values in the area), at the same time 
crystal size increases and a sharp limit is crossed where the ice gets bubbly. It is fréquent that a single 
crystal is actually split in two zones by this limit (Figure 23). 

Plotting the co-isotopic values (Ô^^O-ÔD diagram) of the high-resolution sample analyses f rom 
thèse layers gives further insights in the processes at play. In Figure 34, the marine ice samples under 
considération are plotted as open circles (Marine ice type 1). Bubbly glacier ice samples derived from 
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Figure 34: The â^0-&) relationship in the basai marine ice from Campbell Glacier 
Tongue compared with mixing computer simulations (Souchez étal, 1995). 

snow of coastal origin and snow fallen in the Terra Nova Bay show ÔD values more négative than -130%o 
and ô'^O values more négative than -17%o. Together with bubbly glacier ice f rom the continental interior 
with even lower ô values, they are aligned, in a ô'^O-ôD diagram, on a précipitation line^ with the 

' Because of the differential isotopic fract ionat ion between oxygen and hydrogen a toms in the water molécule during the 
evaporat ion and condensat ion processes leading to a précipitation event, samples of natural f reshwater generally align on a line 
with a slope close to 8, called the précipitation line (or Meteoric Water Line, on a global scale) - see e.g. Craig , 1961 ; 
Dansgaard , 1964, Souchez and Lorrain, 1991. 
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équation ÔD = 7.92 ô O + 2.76; corrélation coefficient r = 0.997 (n=41 samples). Points representing 
equilibrium freezing of a mixture between local sea water at Campbell Glacier (30 meters depth, -3.23%c 
in ô'^O and -0.69%o in ÔD) and the various (melted) meteoric ice sampled locally are shown in Figure 34 
as black dots, triangles and squares, for 1%, 50% and 99% mixing ratios respectively. The samples of 
marine ice type 1 lie very close to the distribution of thèse theoretical points. They aiso show a large 
range of isotopic values (reaching values very close to those obtained by the freezing of normal sea 
water) and a slope of 7.86, which precludes that the whole thickness of the marine ice layer results f rom a 
simple, single freezing process (Jouzel and Souchez, 1982). Enrichment by isotopic exchange with clay 
minerais is able to produce important isotopic shifts, but on a much lower slope (Souchez et al., 1990), it 
is therefore also precluded in this case. The co-isotopic signature of the marine ice considered here can 
therefore be regarded as one of a mixing process. It should be noted, however, that this does not 
necessarily imply a "physical" mixture of continental water and sea water in various proportions. 

Another typical feature of thèse marine ice layers is the occurrence of a thin solid impurity film, 
running parallel to the limits of the layer, usually where the isotopic maximum is located. This type of 
discontinuity underlined by impurities (débris, bubbles) is typically observed in refrozen cracks at the 
surface of temperate glaciers or in a sea ice cover. 

The set of properties described above can be understood in a scénario where intrusion of water 
occurs in fissures freshly opened at the base of the floating glacier, with subséquent ice formation as 
depicted in Figure 35. 

Figure 35: Schematic diagram for the formation of marine ice in bottom crevasses forming at grounding Unes 
(Souchez et al, 1995) 

Basai crevasses have been observed at the bottom of floating glaciers or ice shelves by means of 
radio-echo sounding (RES) methods. Several authors, such as Jezek et al. (1979) and Shabtaie and 
Bentley (1982) have detected them in the Ross Ice Shelf at numerous locations. Orheim (1986) observed 
many bottom crevasses in the Riiser-Larsen Ice Shelf. Grounding Unes and pinning points (local re-
grounding areas associated with islands) are favourable sites for the formation and opening of basai 
crevasses. Hellmer and Jacobs (1992) indicate that bottom crevasses are common near grounding Unes 
where tidal bending occurs. Jezek and Bentley (1983) believe that most bottom crevasse fields are 
associated with rapid grounding or ungrounding of ice. As soon as thèse fractures will occur ([1] in 
Figure 35), they will fill up with sea water [2], and the sudden drop in ambient pressure will trigger frazil 
ice formation [3]. The heat sink provided by the colder ice surrounding the crack will help consolidating 
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the loose frazil f rom both sides [4], solid impurities being rejected in the central part of the former 
fracture (Figure 23). In the course of the consolidation process, recrystallization must have occurred, as 
indicated by the présence of ice crystals, which are bubble-free in their inner part and bubbly in their 
outer part at the meteoric ice-frazil ice contact. Diffusion of isotopes along the pathway represented by 
water films at the ice crystals limits during recrystallization must certainly be taken into account. It 
probably explains the graduai decrease in ô values from the centre of the former fissure towards the sides. 
Clearly, in this case, the alignment of the samples on a mixing line (Figure 34) does not reflect the 
mixing of two water masses. Although it is not necessary for the process to occur, the existence of a Deep 
Thermohaline Circulation below the Campbell Glacier Tongue would increase the potential amount of 
frazil ice formed in the crevasse. Hellmer and Jacobs (1992) also explain the filling of bottom crevasses 
with marine ice by an ice pump mechanism driven by the pressure dependence of the freezing point. 

The crevasses reported above ail have dimensions of meters. The type 1 marine ice described here 
is typically only centimètres wide. Possibly thèse fissures could exist in the same location, but remain 
undetected by radio-echo soundings. They also might have formed at a larger scale and subsequently 
been subjected to strain thinning. The latter process is one of the possible reasons to explain the small 
grain size in the marine ice. 

The fact that the observed grain size might resuit f rom post-genetic déformation processes, raises 
the possibility that the fracture actually filled up with larger crystals formed by direct freezing of 
congélation ice on the walls. This is however unlikely since (a) no intracrystalline brine layers, typical of 
congélation ice, are observed in the marine ice and (b) the isotopic signal increases towards the centre of 
the former fracture, a distribution opposite to the one expected to resuit f rom the progression of a freezing 
front in a closed water réservoir (Souchez and Jouzel, 1984). 

3.2.2. Double diffusion between basai continental fresii melt-water and sea water in (re-) grounding areas 

It is generally assumed that if the melting 
point is reached at the glacier base in the 
Coastal région, subglacial meltwater loaded 
with sédiments discharges into the sea at the 
grounding line. Zotikov (1986) has pointed out 
that if this subglacial meltwater reaches the sea, 
a layer of relatively freshwater will exist above 
normal sea water beneath the ice shelf. Since 
the freezing point of freshwater is higher than 
the freezing point of sea water, bottom freezing 
will probably occur and be responsible for a 
thickening of the ice shelf at or near the 
grounding line (Figure 36). However, no one 
until Souchez et al. (1995) had demonstrated 
the existence of ice resulting f rom such a 
freezing process close to grounding or re-
grounding areas, neither was the freezing 
mechanism involved clearly understood. 

Marine ice type 2 observed at the base of 
the Campbell Glacier Tongue, shows the same 
textural and (co-)isotopic features as marine ice 
type 1, apart f rom the fact that (a) it is 
associated with layers enriched in sédiments 
(Figures 19, 22 and 37), some of which is 
undoubtedly of a marine origin (shell fragments and sponge spicules are found in the sédiment layers) 
and (b) the isotopic maximum is generally lower, indicating a stronger influence of the meteoric 

Figure 36: Theoretical distribution of zones offreezing and 
melting below the Ross Ice Shelf (Zotilwv, 1986) -A) Site of 
Deep drillingJP; B) General glaàer movement; 1) melting 
région; 2) région of bottom freezing caused by upward heat 
transport through the ice shelf; 3) région of bottom freezing 
enhanced by arrivai of freshwater under shelf. 
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Figure 37: Rubbings and <2) measurements in two examples of marine ice type 2 at Campbell Glacier Tongue (Souchez 
et al., 1995). 

component in the mixing process (Figure 34 and 37). The freezing mechanism thus involves both a 
mixing process between isotopic signatures of sea water and continental meltwater and the présence of 
marine sédiments. The best location candidate for this process to occur is therefore the ice-bedrock 
(sédiment) interface near grounding lines or re-grounding areas around pinning points. However, 
whatever the mechanism involved, it requires the sea water to be at its local freezing point, which 
precludes areas under the influence of the Deep Thermohaline Circulation. Moreover, for freezing to 
occur in the area where the meteoric water of 
continental origin meets the sea water, it is 
imperious to préserve the salinity contrast, i.e. to 
prevent efficient mixing between the two water 
masses. Therefore, a double-diffusion process 
within the pores of subglacial sédiments, in areas 
sheltered from the Deep Thermohaline 
Circulation and f rom the tidal mixing that 
prevails at grounding lines (MacAyeal, 1984) is 
worth considering (Figure 38, Souchez et al., 
1998). 

At some distance upstream from the actual 
decoupling of the glacier f rom its bed, sea water 
seeping through the sédiments will come into 
contact with continental meltwaters. Because the 
freezing point of sea water is lower than that of 
continental meltwater, beat diffusion will occur. 
Heat will diffuse through both liquid and solid 
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Figure 38: Sch ematic diagram for the formation ofmarine 
ice by a double-diffusion freezing process in sédiments 
located at grounding lines or in regrounding areas 
(SouchezetaL,1995). 
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fractions from upstream to sea water. On the other hand, the salinity of sea water being higher than that 
of continental meltwater, salts will diffuse from the sea-water-saturated sédiment into the meltwater-
filled subglacial sédiment. Sait can diffuse only through the liquid, unlike beat. Thermal diffusivity is 
also an order of magnitude higher than sait diffusion. The meltwater-filled sédiment loses beat faster than 
it gains sait, and freezing occurs, welding the sédiment to the bottom of the ice. Since this mechanism 
occurs within the subglacial sédiment, rapid mixing between continental water and sea water is 
precluded. 

If meteoric continental ice meltwater within the subglacial sédiment enters into contact with sea 
water at the grounding line, diffusion will occur. Like salts, heavy isotopes of oxygen and hydrogen will 
diffuse from sea water, wherein they are less impoverished, to continental meltwater, where they are 
more depleted. Diffusion coefficients of stable isotopes and of salts in liquid water bave the same order of 
magnitude, so that the double-diffusion mechanism described above also leads to isotopic diffusion. The 
isotopic composition of the debris-rich ice layers formed by freezing will dépend on the magnitude of the 
diffusion process prior to freezing. 

Marine ice with the same characteristics as the Campbell type 2 as also been encountered in some 
of the cores drilled below the western moraine at Hells Gâte Ice Shelf. The detailed study of the ice shelf 
morphological features (section 2.3) indicates that the debris-rich marine ice forming the main part of the 
western moraine bas originated at the Southern tip of Végétation Island (Figures 14 to 16), a local 
pinning point. The occurrence of sponge remains in living position incorporated into the ice shelf, most 
probably as "anchor ice" lifted f rom the shallow depth sea-bottom under buoyancy (Dayton and others, 
1969), and the CTD profiles in Evans Cove and along the Terra Nova Bay coast both demonstrate that 
active freezing bas been possible there, near re-grounding zones, away f rom the influence of the Deep 
Thermohaline Circulation (no local input of HSSW, see section 3.3. - p. 87). 

3.2.3. Deep and Shallow Thermohaline Circulation 

Nearly ten years (1991-1999) of "in depth" study of the Hells Gâte Ice Shelf bave allowed us to 
show that a major fraction of the marine ice occurring in the area results f rom Thermohaline Circulation 
processes involving both the NIS and HGIS System. More importantly, we have been able to discriminate 
between a "classical" Deep Thermohaline Circulation, similar to the one described for ail the deep marine 
ice cores performed elsewhere 
in the Antarctic, and what we 
identified as a "Shal low" 
Thermohaline Circulation 
resulting f rom the tidal forcing 
of summer surface waters 
below the frontal part of the 
ice shelf. 

Figure 39 shows the 
resuit of sub-surface (2 meters 
depth) sampling for textural 
analyses at Hells Gâte Ice 
Shelf (Lorrain et al., 1997). 
Marine ice appears in green 
symbols, as opposed to 
continental meteoric ice in 
blue and lake ice in red. This 
preliminary approach bas the 
advantage to reveal the 
contrast in spatial distribution 
of two main textural faciès at 

Sea 

Figure 39: Sub-surface (2 meters depth) ice types at Hells Gâte Ice Shelf 
(after Lorrain et al.. 1997) 
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Figure 40: Selected typical textural characteristics of cores XXI, VI, IV and Y at HGIS, shown in vertical 
thin-sections between crossed polarizers. Depths in meters are indicated to the right. Sélection has been 
mode to give a complète overview of textural variability inside the cores, rather than a true représentation 
of the frequency of occurrence of the différent faciès. 

HGIS: the granular faciès (dots) is dominant upstream, where marine ice fills the inverted dépressions 
between individual continental ice flows, whilst the banded faciès (rectangles) builds most of the front of 
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the ice shelf. It is worth noting the limited occurrence of columnar/congelation ice (triangles), exclusively 
located, in small amounts (generally maximum a few tens of centimètres) at continental ice/marine ice or 
granular/banded ice contact interfaces. 

This contrast in the spatial distribution of textures is confirmed by médium depth (10 to 45 meters 
deep) ice coring along a flow line (Tison et al., 1998). Figure 40 shows the textural characteristics of 
marine ice cores XXI, VI, IV and Y, roughly aligned along the flow line of the western medial moraine 
(Figure 16). Given that the marine ice thickness is already 126 m at the location of core XXI (seismic ice 
thickness), that the mean ablation rate is estimated to be between 0.20 and 0.30 m a-^ and that the surface 
velocities are between 9 and 12 m a-^ (see section 2.3) the cores are thought to adequately approximate 
what would be recorded with depth in a single ice core, close to the ice shelf front, supposing it had not 
been subjected to surface sublimation. Indeed, using the most conservative estimâtes for surface velocity 
(9 m a " ' ) and for ablation rate (0.20 m a ' ) one can calculate that the amount of marine ice ablation 
between two successive core locations is 3 to 8 times higher than the core length at the most upstream 
site of each pair. It should be stressed, however, that this does not necessarily mean that the ice in core IV 
is younger than in core XXI, since this obviously dépends on factors like the balance between horizontal 
velocities, surface ablation rates, marine ice accretion rates (of which we only have minimum estimâtes) 
and longitudinal extension of the marine ice depositional areas. Also, the dynamical characteristics of 
HGIS flow described above are likely to affect the original stratigraphy of the marine ice deposits to a 
certain extent, and this will have to be taken into account in the discussion below. 

Nevertheless, the textural results f rom the studied cores (Figure 40) support the surface 
observations from previous work at HGIS. The two upstream cores (XXI and VI) show a granular faciès 
exclusively, whilst core Y consists of 97% banded faciès. The remaining 3% consists of granular ice, 
confined to discrète layers or pockets in the first 10 m of the core. Core IV, located about ha l fway 
between VI and Y (Figure 16), is of particular interest. Down to 5.35 m it shows a typical fme-grained 
granular texture. Below 6 m, core FV is exclusively banded, with the exception of the bottom-5 cm, 
which consist of granular ice. Between 5.35 and 6 m, a mixed columnar-platelet ice texture is observed. 

Figure 41: Fabric (c-axes) contrast between the banded and the granular faciès at HGIS. Photographs of thin-sections 
are seen in the vertical plane, between crossed polarizers. The black marker is a I cm scale. 
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This spatial layout supports the assumption made above that the vertical juxtaposition of the four cores 
illustrâtes the large-scale (kilomètre) distribution of the textural faciès in a vertical plane oriented parallel 
to the mean flow line. The assumption, however, probably does not hold at the smaller mètre to 
centimètre scales, owing to the complex dynamical behaviour of Hells Gâte Ice Shelf (section 2.3). The 
sharp textural contrast occurring at 5.35 m and the re-occurrence of the granular faciès at the bottom of 
core IV could, therefore, be the signature of shearing of a lower stratigraphie unit higher up in the core, in 
a process similar to the one depicted in Figure 18a. The tilting of the crystals might be a further argument 
in this respect. 

The basic contrast discussed above is not limited to textures and spatial distribution, it also involves 
other physico-chemical properties, as shown here below: 

( a ) Ice fabric 

Tison et al. (1993) have shown that there is a strong contrast in fabric between the granular 
and the banded faciès (Figure 41), suggesting différent depositional environments. The 
banded frazil shows strong c-axes concentrations at a maximum generally perpendicular to 
the crystal elongation. This suggests crystal growth in interface f lowing conditions where 
differential shear favors rotation of the crystals parallel to the local ice-ocean interface. 
Local vortex structures in the banded faciès also suggest a transition f rom laminar to 
turbulent flow on some occasions. On the contrary, the obvious lack of preferential 
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Figure 42: Qualitative and semi-quantitative 
estimation of the débris content in cores XXI and 
IV. Note that the lonely débris occurrence in the 
bottom part of core IV is located in a thin granular 
layer inserted in a monotonous banded faciès 
(Bouzette, 1995) 
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orientation in the granular frazil suggests an accretion process in calm conditions, with no 
effect of interfacial streaming, and sustained post-depositional recrystallization in the case of 
the médium- and coarse-granular faciès. 

( b ) Débris content 

Granular marine ice contains particulate matter inclusions, as shown in Figure 42, where 
both the type of inclusion and a semi-quantitative estimate of inclusions abundance are 
represented (Bouzette, 1995). Thèse inclusions mainly consist of sponge tests and 
crustaceous faeces, sometimes showing peritrophic membrane, and, occasionally, 
echinoderm spicules and worm tubes fragments (G. Houvenaghel, personal communication). 
One out of 15 samples also contained diatoms fragments. The dominance of fragments of 
benthic origin indicates the proximity of the sea floor for the waters where the frazil ice 
formed. It also confirms the efficiency of the scavenging effect of rising frazil ice crystals on 
suspended matter, as was experimentally demonstrated by Reimnitz et al. (1990). On the 
contrary, no particulate matter was found in the banded faciès of core IV (lower 4.5 meters) 
and hardly none in the whole 45 meters of core Y. Furthermore, in the rare case of débris 
occurrences in the banded faciès, it was generally located in a thin layer of granular ice. 

( c ) Bulk Salinity 

The composite bulk salinity profile for cores XXI, VI, IV and Y is shown in Figure 43. 
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Figure 43: Bulk salinity profiles for cores located on a flow line centered 
on the western moraine at HGIS (Tison et al., 1998) 
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Although the top 50 centimeters of the cores were systematically discarded f rom the 
measurements to avoid surface contamination or altération, there is obviously a récurrent 
pat tem of increasing salinity f rom very low levels in the first meter of cores XXI, VI and Y. 
The pat tem most probably results f rom superficial "wash ing" of the ice during the melt ing 
events frequently observed during the summer (see also the abundance of surface lake ice in 
Figure 15). 
The salinity trend (Figure 43) in the granular faciès corresponds to a decrease in a 
downstream direction, f rom max imum values of 0.3%o in core X X I to values less than 
0.03%o in core FV. Both the trend and the minimum values are consistent with the 
observations in other deeper marine ice cores at Filchner Ronne Ice Shelf and Amery Ice 
Shelf (Eicken et al., 1994; Morgan, 1972; Oerter et al., 1992). There is a sharp increase of 
the salinity when entering the mixed platelet-congelation horizon in core IV, with values of 
u p t o l . l % c . 
In the banded faciès of the bottom part of core IV and of core Y, salinities are noticeably 
higher and universally increase with depth, especially below 32 m, where water was first 
observed to invade the drill hole. The water level rose slowly in the hole in the next 24 
hours, and stabilized at 11 m depth, which is équivalent to the ice-shelf freeboard in front of 
the drill site. Conductivity measurements on two water samples taken in the hole at the 
beginning and at the end of the process were équivalent to respectively 3 and 0.9 t imes the 

Figure 44: K/Mg profiles for cores located on a flow line centered on 
the western moraine at HGIS (Tison et al., 1998) 
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conductivity of normal sea water. This indicates that the bottom part of the banded faciès is 
still thoroughly perméable to sea water and that the "in-situ" interstitial water in thèse layers 
is considerably enriched by the brine exclusion process resulting f rom the consolidation of 
the upper levels. This supports the idea that, in this case, freezing is actively taking place in 
the consolidation process (see section 3.4.). 

( d ) KJMg ratio 

Fig. 44 plots the composite profile of the K/Mg ratio (K and M g being expressed in meq 1 ' 
for charge and weight compatibility) in the four cores considered. This ratio has been chosen 
(Tison et al., 1993) since it is unlikely to be affected by sait précipitation in the HGIS 
environment. Indeed, Richardson (1976), in his study of the phase relations in sea ice as a 
function of température, indicates that CaCOj .ôHjO is the first sait to precipitate f rom sea 
water at a température close to the freezing point and that Na2SO4.10H2O and CaS04 .2H20 
soon follow, at températures of -8°C and -10°C respectively. Marine ice subjected to such a 
range of températures, as is probably the case for the HGIS when it is progressively brought 
up to the surface by ablation, is likely to show a greater variability in the ratios of éléments 
forming salts under freezing conditions. Following Richardson (1976), concentrations in K 
and Mg ions in sea water at sub-freezing températures, under quasi equilibrium conditions, 
do not change until the température falls below -34°C. This is confirmed by the observations 
of Cragin et al. (1986) in brine layers infiltrating the Me Murdo ice shelf and progressively 
submitted to lower températures where, for Na/Mg as well as for Na/K, there is a good 
agreement between thèse ratios in sea water and those in the ice samples. This ratio in 
congélation ice (0.11) and platelet ice (0.10) from HGIS is close to the one in standard sea 
water (0.10), thereby confirming the absence of significant fractionation with regard to sea 
water for thèse ice types. Any departure f rom the sea water value is therefore a good 
indicator of active chemical fractionation below the ice shelf. 
Again, there is here a marked contrast between the granular and the banded faciès (Figures 
43, 44 and 45): the saltier banded faciès shows K/Mg ratios very close to the one of sea 

0 0,5 1 1,5 0 0,5 1 1,5 
Salinity (%o) Salinity (%o) 

Figure 45: The K/Mg - Bulk salinity relationship for cores IV and Y at HGIS (Tison et al., 1998). The 
range of sea water values is indicated in grey. The purple area mainly groups granular ice samples and 
the green area banded, columnar and platelet ice samples. 

water and, inversely, the low salinity granular ice samples display higher K/Mg ratios. 



ICE-OCEAN INTERACTIONS IN ANTARCTICA: The Marine Ice Perspective 73 

(e ) Co-isotopic signature ( (2>) 

Using early shallow depth ice core results, Souchez et al. (1991) demonstrated that 
downstream marine ice transfer must occur at Hells Gâte Ice Shelf. Figure 46 summarizes 
their results. It plots the ô D-ô '^O values for local sea water coUected between 0 and 200 
meters in front of the ice shelf together with those of co lumnar (congélation), platelet and 
frazil (no distinction was made at the time between the granular and the banded faciès) ice 
samples. Sea water samples, congélation, 
platelet and frazil ice samples are aligned on a 
slope of 6.6 (corrélation coefficient 0.93). This 
slope can be considered as a freezing slope. 
Indeed, the freezing slope on which ice samples 
due to water freezing are aligned in a ô D - ô ' ^ 0 
diagram can be calculated using the équation: 

50 

s = - n 
p - i 

^ 1000 + 5iD ^ 
1000 + ô?^O 

(Souchez and Jouzel, 1984) ( 2 ) 
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Figure 46: 8D-ô"0 diagram for sea water 
and marine ice types ofthe Hells Gâte Ice 
Shelf(Souchezètal., 1991) 
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where a and P are the respective equilibrium 
fractionation coefficients for Deuterium and 
Oxygen-18 (taken usually as 0=1.0208 and 
P=1.003), ôiD and are the respective ô 
values for the initial water at the beginning of 
freezing. Taking ÔiD= -4 %o and ôi '^0= -
0.6%c(mean values for sea water at ice shelf s edge), the calculated slope is 6.9, which is 
fairly close to the measured value. The différence between the S values of most frazil ice 
samples and sea water samples is higher than the m a x i m u m possible shift which can be 
obtained by a single freezing event, thus precluding this sea water as the parent water for the 
frazil ice. In their paper, Souchez et al. (1991) concluded that the best candidate for the 

"parent water" in which the frazil ice has 
originated is a mixture between sea water and 
melted congélation sea ice produced at the 
bottom of the ice shelf, in the context of the 
Deep Thermohal ine Circulation. Thèse authors 
therefore demonstrated that downstream marine 
ice transfer occurs at the bottom of the ice shelf. 
It is however diff icult to conceive by comparing 
the scarcity of the columnar ice faciès to the 
great abundance of the marine ice faciès at Hells 
Gâte that the latter is ful ly inherited f r o m 
melting and re-mixing of the first. Therefore, 
Tison et al. (1998) investigated for contrasts in 
the co-isotopic signature of the granular vs. the 
banded faciès (Figure 47). This is a difficult task 
to achieve, if one keeps in mind ail the 
cumulative steps involved in the build up of a 
Consolidated marine ice layer. The final isotopic 
signature will dépend on a number of factors: 
the signal of the "parent water" for individual 
frazil ice crystals, the apparent fractionation 
coefficient, the signal of the "host water" where 
individual frazil ice crystals accumulate, the 

Q 
« 17 

16 

15 

14 

13 

Error hara 

\ £ 1.7 1.8 1.9 2 2.1 2.2 23 2.4 25 2.6 2.7 2.8 

Figure 47: ^^O-SD relationship for the two 
main marine ice faciès at HGIS (cores XXI, 
IVand Y - Tison et al., 1998) 
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porosity of the loose frazil (proportion of water to ice) and the efficiency of fractionation 
during the consoHdation process by freezing of the "host water". The slight increase of the 
isotopic signal in the water resulting from mixing of the granular ice meltwater with sea 
water, that will eventually form the parent water for individual crystals of the banded faciès 
formed further downstream, could easily become lost in this multiple step process. 
Nevertheless, although, as foreseen, ail the samples lie in the area of a few error bars in 
Figure 47, the pattem suggests that samples from the banded faciès are slightly enriched 
with regards to those f rom the granular faciès, especially if one does not consider the four 
samples from the banded faciès occurring just below the transition zone in core IV. 

To summarize, we have shown that two main faciès of marine ice exist at Hells Gâte Ice Shelf. 
Besides the widespread granular faciès described in the literature for ail other deep marine ice cores, a 
banded faciès is dominant d o s e r to the ice shelf front. In places where both faciès are présent on top of 
each other, a transition zone exists showing a mixed platelet-congelation faciès indicating an épisode of 
direct freezing of sea water at the interface driven by heat conduction through the ice shelf, previous to 
the déposition of the banded faciès. The granular faciès is characterized by the présence of débris 
inclusions (indicating the relative proximity of a grounding area), low salinities and moderate to high 
Chemical fractionation, as far as the K/Mg ratio is considered. The co-isotopic signature of the banded 
faciès, on the other hand, indicates that it could have been generated in a "parent water" partly diluted by 
the meltwater from the granular faciès. 

Simple experiments, where fresh-water ice blocks were melted in a sea water réservoir above its 
freezing point (Tison et al., 1993: their Table 1 and Figure 5), were shown to resuit in a 30% réduction of 
the salinity and a 125% increase of the K/Mg ratio in the interface water layer. This process, reflecting a 
sélective diffusion mechanism f rom undiluted to diluted sea water had previously been demonstrated by 
Ben-Yaakov (1972) and shown to lead to an increase of K/Mg of up to 200% of its original value in sea 
water. Repeating the experiment described above with a gauge incising the bottom of the melting ice 
block, showed increased différences, thereby indicating accumulation of waters of least density in 
inverted dépressions below the ice (Tison et al., 1993). It was then proposed that melting below an ice 
shelf would enhance dilution of the interstitial host water within the loose frazil accumulating 
undemeath. It would also enhance chemical fractionation between sea water and this interstitial water, 
resulting in the original chemical signature of the granular faciès. 

The gênerai trend in the granular ice of the composite profiles (Figures 43 and 44) is to a decrease 
in salinity and increase in fractionation downstream on the profile (i.e., as one gets d o s e r to the ice shelf 
front), suggesting that the heat source requested for melting and dilution processes, hypothesized by 
Tison et al. [1993], is to be found in the frontal area of HGIS. A potential candidate for this is the tidal 
pumping in summer of warmer water of the coastal currents, described by Jacobs et al. (1992) as 
"circulation mode-3" (Figure 10, section 1.3). 

The developments above suggest that the two main faciès observed at Hells Gâte Ice Shelf 
correspond to two différent ice-ocean interaction modes: 

(a) The granular ice faciès results from an ice pump mechanism active in a "classical" Deep 
Thermohaline Circulation" cell. The frazil ice produced in the supercooled outcoming Ice 
Shelf Water accumulâtes in relatively calm conditions, in inverted dépressions located at the 
junction of individual continental meteoric ice flows and then consolidâtes. We will see 
later on, that, for reasons of bedrock geometry and mesoscale océan circulation, the 
descending branch of this DTC is probably actually located under the Nansen Ice Sheet 
(3.3. -p .87) 

(b) The banded ice faciès results from an ice pump mechanism associated with a "shal low" 
frontal Thermohaline Circulation, connected to the tidal forcing of surface waters below the 
ice shelf, in which the depositional environment for the frazil ice crystals is one of 
interfacial f low with local turbulences, intense mixing and, therefore, limited chemical 
fractionation. 
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We will see that landfast sea ice studies in front of HGIS bring support to the existence of such 
contrasted ice-ocean interaction pattems. It is also interesting to note that Grosfeld et al . 's (1998) 
3-D océanographie model for the Filchner Ice Shelf cavity predicts a zone of potentially enhanced 
freezing in a narrow frontal band, only a few kilomètres wide. This could be the équivalent of our 
shallow frontal Thermohaline Circulation. 

3.2.4. Rift Thermohaline Convection 

We have seen in section 3.2.1 that basai crevasses are common features at the bottom of floating 
glaciers, particularly near grounding Unes and pinning points. In some favourable circumstances, thèse 
crevasses can reach to the surface and eventually tum into rifts several hundred of meters wide. Very 
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Figure 48: Main properties of the NISI core (see Figures II and 13 for location): a) Average crystal breadth 
(mm), b) Conductivity (a proxy to bulk salinity, juScm''), c) Débris content (semi-quantitative estimate from visual 
examination in transmitted light) and d) examples, in vertical thin sections seen through crossed polarizers, oj 
granular, "stringlined" andfolded textures in the core. Note that each texture type can be found at varions depths 
(after Khazendar, 2000 and Khazendar et al, 2001). 

quickly the rifts are filled with ice, which is transported downstream at the same time it is strongly 
compressed both laterally between joining individual continental ice f lows and longitudinally between 
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the closing Hps of the former rift (Figure 13). Khazendar (2000) and Khazendar et al. (2001) have made a 
detailed description of a 45 meters ice core (NISl ) drilled some seven and a half kilomètres downstream 
of the open rift area developing at the grounding line of the Reeves Glacier, where it f lows into the 
Nansen Ice Sheet (Figures 11 and 13). Figure 48 and Table 2 summarize their results. 

Table 2: Main results from the 45-m NISl ice core retrieved from the Nansen Ice Sheet (Victoria Land, Antarctica -
Tison et al., 2001) 

Crystal size Conductivity Salinity 

(mm) (MScm"') i%c) 
Mean 1.66 138.00 0 .06 2 .12 

Minimum 1.00 22.30 0 .005 1.80 

Maximum 3.00 390 0 .19 2.37 

c 0.27 54.01 0 .02 0 .09 

Textural (no bubbles and granular/stringlined faciès), isotopic (positive ô values) and salinity (mean 
salinity about two orders of magnitude lower than sea ice and one order of magnitude higher than 
continental meteoric ice) properties of the samples from NIS l are undoubtediy the signature of a marine 
ice body. The conductivity range (Table 2) does overlap the ranges of 40-200 nScm"' for B13 on the 
Filchner-Ronne Ice Shelf (Oerter et al., 1992) and 100-210 nScm"' for G l on the Amery Ice Shelf 
(Morgan, 1972). Furthermore, the baseline trend of decreasing salinity with depth (Figure 48) echoes 
what has been observed in the above-cited studies. The oxygen isotope composition results correspond 
well with the slightly positive values reported for G l by Morgan (1972) and the value of +2%c for B13 
measured by Oerter et al. (1992). 

However, some striking différences exist between NISl and other marine ice cores of équivalent 
extension: 

(a) The mean crystal breadth is 1.7 mm (Table 2), which, if we use a rounded approximation, 
corresponds to an average crystal cross-sectional area of 2.7 mm^. This value is distinctly 
lower than those ranging between 5 and 60 mm^ reported for B13 and B15 by Oerter et al. 
(1994). Furthermore, with most crystals having cross-sectional areas fluctuating between 
1.1 and 3.8 mm^, NIS l also exhibits a much more confined range. NISl core crystal size 
shows a slight tendency to increase with depth in the lower third of the core (Figure 48 - 11 
points running mean smoothed profile). The B13 core, by contrast, shows a much clearer 
trend of increased crystal size with depth. 

Ail thèse characteristics can easily be understood if one considers the âge différence 
between marine ice in the NIS l core as compared to B13 and B15. Because of its location 
very close to the grounding line and considering local surface velocity values, marine ice at 
NISl must be of the order of 50 years old, as compared to the hundreds of years estimated 
for the Filchner-Ronne cores by Eicken and others (1994). This would have given the NIS 
grains less time to recrystallize under normal Arrhenius-type crystal growth^, thus resulting 
in their relatively smaller size and lower range. 

(b) The abundance of the string-lined faciès and of small scale folding features in the NIS 1 core 
are another peculiarity that finds its explanation in the local ice dynamics, as illustrated in 
the drawing of Figure 49. Submitting the marine ice body to sub-horizontal stresses 

' " N o r m a l " (in the absence of stress) crystal growth takes the form D^-DQ^ = kt, where is the mean cross-sectional area of 
crystals at âge t and Do'̂  is the initial value of D^. The crystal growth rate k varies with température according to the Arrhenius 
Equat ion k=ko exp(-E/RT) ; where ko 'is a constant , T is the absolute température, R is the gas constant (8.314 Jmol 'K"') and E 
is the act ivat ion energy for grain-boundary self -diffusion (Paterson, 1994). 
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Figure 49: Schematic drawing ofhow folding features can affect the initial salinity stratigraphy in 
the marine ice body at Nansen Ice Sheet, under the compressive forces generated by the 
coalescence of neighbouring individual continental ice flows (Khazendar et al., 2001). 

generated at the junction of coalescent floating ice tongues will resuit in localized grain 
recrystallization processes and tight folding with sub-vertical hinges, as observed. 

(c) The NIS l core, with a maximum measured conductivity of 390 | iScm' ' , generally exhibits 
higher salinities than B13, B15 and G l . The top 0.4 m of marine ice in the B15 core show 
conductivity values as high as 390 ^iScm ' (Oerter et al., 1994), but interaction with 
particulate inclusions abundant in thèse layers could have occurred. Indeed, the B15 
conductivity profile rapidly drops back to a baseline value of around 40 |xScm"', similar to 
that of B13. The N I S l core, by contrast, has a conductivity baseline value that falls f rom 
around 140 ^iScm"' to 90 fxScm"' with increasing depth (Figure 48). Again this discrepancy 
is understandable if one considers that the rift marine ice starts consolidating much d o s e r to 
the surface, i.e. under much stronger température gradients, and therefore much faster 
freezing rates. Since, as shown by Burton et al. (1953), the efficiency of impurity 
fractionation at the ice-water interface on freezing is inversely proportional to the freezing 
rate, higher freezing rates (doser to the surface) will resuit in saltier ice (see also section 
3.4). 

(d) Another salient feature of the conductivity profile in Figure 48, is that severe higher salinity 
"accidents" are superimposed to the baseline, over a few meters of depth. This is to be 
expected if the original stratigraphy has been disturbed by large scale folding processes, 
bringing lower strata at higher levels (Figure 49). Although thèse are difficult to track in a 
7.5 cm diameter core, we take the observed small scale folding and the local dynamical 
context as indirect proofs of their existence. 

As for the crack metamorphism process at grounding Unes described in section 3.2.1., there was no 
trace whatsoever in the NIS 1 core of columnar-congelation ice that might have developed under direct 
freezing on the sidewalls of the rift. Although that process might have happened locally, it is in fact 
difficult to conceive that a whole rift, generally several hundreds of meters wide and deep, could be filled 
with ice by such a process. Direct freezing of surface water downwards, as occurs for sea ice, could be 
responsible for a few meters thickness, not several tens of meters. Furthermore, we have just 
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demonstrated that the overall properties of our NISl core are much d o s e r to those of marine ice 
generated in a Deep Thermohaline Circulation cell than to sea ice properties. 

In that context, Khazendar (2000) has developed a numerical model simulating a rift (or a basai 
crevasse) already wide open with a turbulent water plume active inside. Ice formation is mainly through 
the création of frazil ice crystals, in addition to direct freezing on the portion of the wall of the cavity, 
where the water in the plume begins to be supercooled. In a gênerai way, the model can be considered as 
another application of an ice pump mechanism: the process by which ice in contact with sea water is 
melted at depth and deposited higher in the water column. A detailed mechanism by which the transfer of 
ice through the water column takes place is however needed. The simulation of melting and freezing 
processes at the ice/ocean interface is therefore provided by a plume model (Jenkins, 1991; Jenkins and 
Bombosch, 1995; Bombosch and Jenkins, 1995), which is a central feature of Khazendar 's (2000) rift 
model. 

An important advantage of Khazendar 's (2000) rift model is that it can easily be extended to ail 
kinds of rifts opening in ice shelves, be it in the vicinity of ice rises, ice islands, on the side of large 
embayments or in the frontal zone of ice shelves where rifts often précède calving events. We will see the 
potential importance of this in section 4. 

Table 3: Total thickness of ice accumulated at the end of 100-year runs covering four experiments: Ronne rift with Ice 
Shelf Water (ISW) initially filling the cavity; Ronne rift with Modified Weddell Deep Water (MWDW) initially filling the 
cavity; and both thèse experiments repeated with a periodic, 12-months cycle, renewal ofambient water. 

w*.* ...v.,» ^ 
Experiment 
description 

Initial ambient 
température 

(°C) 

Initial ambient 
salinity 

(psu) 

Total ice 
accumulation (m) 

with 
no renewalof 

ambient water 

Total ice 
accumulation (m) 

with 
renewal of 

ambient water 

Ronne rift 
with ISW 

-2.0800 34.6800 61 .9516 129.7831 

Ronne rift 
with MCDW 

-1 .5000 34.5000 56 .0303 0.0425 

Probably the major output of Khazendar 's (2000) set of simulations applied to several documented 
real cases in the Antarctic, is that considérable amounts of marine ice will form in rifts only when they 
are filled by plumes of Ice Shelf Water, and even more so if thèse plumes are replenished on a regular 
base. This is illustrated in Table 3, for the case study of a rift located some 30 km inland f rom the front of 
the northwest corner of the Ronne Ice Shelf. The ice thickness in the rift has been roughly estimated to be 
more than 200 meters by seismic methods (King, 1994). Four runs of 100 years have been performed, 
two by initially filling the cavity with Ice Shelf Water (ISW) or with warmer and fresher Modified 
Circum Deep Water (MCDW), and two others by re-filling the cavity with thèse same initial waters every 
12 months. The results are self-explaining: although comparable total ice thickness are observed when 
the water in the cavity is not renewed, the more realistic case where renewal occurs results in maximum 
marine ice thickness in the ISW case, and hardly no filling at ail in the M C D W case. 

3.3. What can we learn from landfast sea ice studies? 

In section 1.3., we have pointed out that the relative scarcity of marine ice related work in the 
literature is partly due to its restricted accessibility for field studies. W e have then shown that the Terra 
Nova Bay area environment provides a unique opportunity to increase our knowledge on the spatial 
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variability and diversity of genetic mechanisms for marine ice. In this section we will demonstrate, with 
two case studies, how landfast sea ice'* can also be used as a short-term archive for ice-ocean interactions. 

3.3.1. The Georges VI Ice Shelf case (Antarctic Peninsula) 

Our first example illustrâtes the production of marine ice in an open rift close to the border of the 
southem George VI Ice Shelf in the Antarctic Peninsula (Figure 50). Landfast sea ice was sampled in 
March 1988 in a heavily rifted area located some 15 kilomètres of the actively calving front of the 
southem George VI Ice Shelf. Figure 51 summarizes the textural, bulk salinity (of which Na 
concentration is used as a proxy) and ô'^O data set recovered from a représentatives.54 m thick ice core. 

The combined analysis of thèse three parameters has been used by Tison et al. (1991) to reconstruct 
the growth history of the ice cover and to decipher the processes underlying its buid-up. After the initial 
freezing of the océan surface, the sea ice cover has grown both upward (mainly snow accumulation as 
indicated by the negligible salinity and the low ô'^O values) and downward. The shape of the ô'^O curve 
in the upper snow layer (suggesting a full annual cycle) and the récurrence of a transitional profile in the 
500-554 cm depth range similar to the one observed in the 100-170 cm range are two major arguments to 
suggest that the ice is actually second-year ice^. The fact that the salinity (Na) and the ô'^O curves show 
sympathetic behaviour can be interpreted as the signature of the parent water for the ice, as opposed to 

" Landfast sea ice commonly stands for a part of the sea ice cover that is fasten to the land, be it a bedrock coastland or a 
f loat ing ice body of continental origin (ice shelve or ice longue). 
' Second year ice commonly stands for a sea ice cover that has survived one ful l s u m m e r period 
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the effect of a decreasing freezing rate with depth that would resuit in the two curves going in opposite 
directions^. 

Figure 51: Schematic diagram summarizing the data set interprétation from Tison et al. (1991) study of a 
landfast sea ice core sampled in the rift area close to the southern front of the George VI Ice Shelf The time 
scale is hypothetical and based on the data interprétation. Hydrostatic rebound has been neglected in the 
drawing. 

Half of the core consists of ice formed during the winter 1987. Although during that period, the 
parent water is close to normal sea water, the ô'^O and Na curves show a few sympathetic fluctuations, 
indicating dilution events. Tison et al. (1991) compared the samples distribution in a ô '^O/Na diagram 
with various mixing Unes of pure sea water with either meltwater of surface snow or meltwater f rom the 
ice shelf walls, in an attempt to détermine the freshwater source for the dilution process. For the winter 
accretion both sources where equally plausible. However, since surface melting is obviously precluded 
during the winter, the source must be found in the melting of the ice shelf walls. The nearly 3.5 meters of 
winter granular/frazil ice accumulation must therefore resuit f rom an active ice pump mechanism similar 
to the one modelled in the Khazendar 's (2000) rift plume model. Another évidence that this process has 
been active is the occurrence, during 3 of the 5 dilution épisodes, of platelet ice layers. We know f rom the 
available descriptions in the literature that this peculiar textural profile is always associated to ice 
production in thermohaline convection processes. 

The summer 1988 has seen a strong dilution of the parent water for the ice accretion. Water 
properties actually retumed to those prevailing during the initial build-up of the ice cover, the previous 
year. Comparison with the mixing lines mentioned above indicate, this time, that at least one third of the 
samples must have formed from a parent sea water diluted by melting of the ice shelf walls, with 
increased dilution intensity as compared to the winter. Ice formation in this brackish water has resulted in 
a polygonal granular ice faciès. The very bottom of the ice cover typically reproduces the trend observed 
during the previous autumn. 

^ Decreasing the freezing rate will indeed improve the efficiency of the observed fractionation at the ice-water interface, i.e. 
building new ice that will be enriched in heavy isotopes and depleted in salts, hence the expected opposite trends in the Na and 
ô'^O curves. 
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This study shows that the landfast sea ice forming in the south George VI Ice Shelf rifts is actually 
predominantly marine ice, demonstrating the efficiency of the process of rift fiUing through ice-ocean 
interactions, where ice melted at depth is redistributed at the océan surface. This is a process very 
différent from the classically invoked mechanism where the ice cover mainly builds up from the top, with 
concurrent participation of direct sea water freezing under heat conduction and drift ing snow déposition. 
Although we do not know the detailed oceanography under the ice shelf at that location (and therefore if 
the water contributing to the plume filling the rift is Ice Shelf Water, Circumpolar Deep Water or even, 
though less likely, High Salinity Shelf Water), it is interesting to note that the net marine ice 
accumulation observed here during the first year of existence of the ice cover is compatible with the 3 to 
5 meters obtained in Khazendar ' s (2000) simulations. 
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Figure 52: The data set from Tison et aL (199S) study of landfast 
sea ice cor es sampled in January 1994 and October 1995 in Evans 
Cove at the front of Hells Gâte Ice Shelf (see Figure 16 for ice 
cores location) 
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3.3.2. Evans Cove (Hells Gâte Ice Shelf, Victoria Land) 

Figure 53: Textures and fabrics in Hole 1 (October 1995). Rectangular photographs are vertical thin sections 
and circular photographs show horizontal thin sections at équivalent depths. The scale is valid for ail 
pictures. C-axes are shown in the horizontal plane and plotted in the lower hémisphère of a Schmidt net and 
the number of c-axes measured is specified. Legendfor ice types is as in Figure 52 (Tison et aL, 1998). 
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This second example shows how landfast sea ice forming in front of ice shelves allows us to 
improve our understanding of ice-ocean interaction processes actually occurring below the ice shelves. 
Figures 52 and 53 summarize the results of Tison et al. 's (1998) study of landfast sea ice cores in Evans 
Cove, the small embayment in front of Hells Gâte Ice Shelf (see Figure 16 for ice cores location). Figure 
52 combines results from a spring (October 1995) transect, roughly perpendicular (North-South, Holes A 
to C in Figure 16) to the ice shelf front, with those f rom a summer (January 1994) transect, roughly 
parallel to it (East-West, Cores SA to SH in Figure 16). Figure 53 illustrate textures and fabrics in Hole 1. 

Consolidation of wind- and wave-induced frazil ice produced in highly agitated surface sea water 
(strong katabatic winds), showing dilution effects by continental meltwaters (lower salinity, lower Ô^^O), 
generally forms the initial sea ice cover in the beginning of the winter. This is indicated by the granular 
ice faciès, the richness in air/brine inclusions and the random c-axes fabric (Figure 53). 

In more than half of the cores, the surface layer is underlain by a platelet or a draped faciès (Figures 
52 and 53). Then, a lower granular faciès develops, eventually in altemation with the draped faciès. The 
crystallographic and textural contrasts between the granular faciès forming the surface layer and the one 
occurring further below suggest différent origins (Tison et al., 1998). The latter shows a slight elongation 
of the crystals in the vertical plane, denoting partial influence of a downward congélation process. 
However, instead of the usual concentration of c-axes in the horizontal plane typical of congélation sea 
ice, it displays a strong clustering along the vertical (Figure 53). This suggests that most of the winter 
accretion in front of HGIS consists of small individual dises of frazil ice crystals (with c-axes 
perpendicular to the dise), gently settling upward at the base of the existing sea ice cover in a calm 
environment, allowing orderly packing. Sweeping of wind- and wave- induced frazil ice crystals formed 
in the Terra Nova Bay polynya down to a maximum 1.70 m undemeath the already existing fast ice cover 
in Evans Cove is improbable because of the steady south-eastward blowing katabatic winds. Thèse are 
constantly "skimming" away the thin superficial buoyant layer of newly formed frazil. Moreover, the 
thickness of this granular faciès tends to increase towards the ice shelf front in the 1995 cores (Figure 
52). Dynamical thickening through rafting^ is equally precluded given the maximum depth observed for 
this faciès and the absence of typical signatures of the process (see, for example, Eicken, 1998). The most 
plausible source for thèse frazil ice crystals is, therefore, the active supercooling in the Deep Ice Shelf 
Water adiabatically rising below HGIS during the winter, that is also responsible for the granular marine 
ice faciès described before. As shown below (p. 84-88), the structure of the water column in front of 
HGIS confirms the présence of large amounts of Deep Ice Shelf Water (DISW). Further, relatively fast 
consolidation of the host water leads to a slight elongation of the crystals, which, however, retain their 
original crystallographic signature. 

The end of the winter season is dominated by platelet accretion (Hole 1 to 3 and SA to SC). This 
faciès is nearly absent in the eastem cores, where the winter accretion is thinner. It is not clear, however, 
if the lack of platelet ice in the eastem cores results from a lower accretion of platelet ice compared to the 
western zone, or increased bottom melting in the beginning of the summer season. 

Bottom accretion still occurs during the summer as a banded faciès. This faciès does not exist in 
front of the western sector (west of the western medial moraine) and forms between 44% and 54% of ail 
Consolidated ice cores in front of the central and eastem sector. There also, a thick layer (several meters) 
of unconsolidated loose rectangular frazil ice crystals exists at the base of the sea ice cover from the end 
of the winter through most of the summer. This banded rectangular faciès is thus actively building 
preferentially in the eastem sector in the first half of the summer. The Ô'^O signal increases slightly in the 
second half of the core, as the banded faciès starts to build up (Figure 52). This last observation is 
consistent with the suggestion made in section 3.2.3. that warm surface water is forced under HGIS by 
tidal action and partially melts marine ice previously accreted at the bottom. The meltwater produced is 

"Raf t ing" descr ibes the dynamical process by which individual "pancakes" (consolidated aggrega tes of wind-and wave-
induced frazil ice crystals), typically a few décimètres thick, thrust each other under heavy swell . It contr ibutes to the 
thickening of the sea ice cover to a max imum of 50-60 centimètres, and generally results in obl ique discontinuities in the 
cores. 
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Figure 54: ^^O versus salinity for samples 
of the granular and banded faciès in the 
landfast sea ice cores at HGIS (Tison et al., 
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likely to increase the S-value of the résultant sub-ice shelf top water layer, since marine ice has a slightly 
positive signature. This water mass will be the host water (and possibly the parent water, if further 

growth or new crystal growth is allowed by adiabatic 
supercooling) for the loose crystals that will form the 
banded faciès in the landfast sea ice (actually a down-flow 
"extension" of the banded marine ice faciès), resulting in 
the higher Ô^^O values observed. Another way to visualize 
this process is to plot the granular frazil from winter 
accretion in the sea ice and the banded rectangular frazil 
from summer accretion, on a salinity-ôi^O diagram (Figure 
54). The banded rectangular frazil is clearly shifted 
towards higher salinities and higher Ô^^O values. The 
isotopic trend is similar to the one observed for co-isotopic 
values in the marine ice cores (Figure 47). However, Ô'^O 
ranges in the sea ice are, in both faciès, shifted towards less 
positive values. This can be clearly related to différences in 
freezing rates of the frazil host water during consolidation, 
which must be significantly higher below 1.50 m of first-
year sea ice than below several tens of meters of shelf ice. 
Higher salinities in the banded rectangular faciès probably 

resuit partly f rom grain sizes, shapes, and hence, porosity. 

Thèse complementary information we gathered from the landfast sea ice cores improve our insight 
into the complex ice-ocean interactions processes occurring in 
the Nansen Ice Sheet-Hells Gâte Ice Shelf System (Figure 55). 

The granular marine and landfast sea ice (set apart the 
surface wind- and wave-frazil) faciès observed at HGIS must 
resuit f rom adiabatic supercooling in Ice Shelf water produced 
in a Deep Thermohaline Circulation (DTC) as it occurs 
beneath larger ice shelves (mode-1 in Figure 10). Referring to 
hydrological measurements during three Italian summer 
cruises in the Ross Sea (1995/95, 1995/1996 and 1997/1998) 
Budillon and Spezie (2000) describe summer water masses in 
the Terra Nova Bay polynya as relatively simple. A warmer 
and fresher (because of sea ice melt) Summer Surface Water 
(SSW) occupies the surface layer, that extends between 50 and 
150 meters depth. Below this layer, High Salinity Shelf Water 
(HSSW) is found ail the way down to the bottom, with a 
potential température close to surface freezing point and 
salinity > 34.7 %c. This HSSW is inherited from the surface 
production of cold and saltier sub-surface water during sea ice 
freezing (mostly in the winter, hence its name of Winter 
Water). In this quasi isothermal layer of HSSW, an Ice Shelf 
Water (TISW, Terra Nova Bay Ice Shelf Water), showing 
températures below the surface freezing point (a signature for 
ice-ocean interaction below the ice shelf) is widely detected in 
the whole of Terra Nova Bay, as shown by the distribution of 
maximum température anomaly between the in-situ 

température and the surface freezing point (Figure 56). It is 
clear f rom the isotherm pattems in Figure 56 that the NIS-
HGIS System is the central area of production for this ISW. 

Figure 56: Distribution of the maximum 
anomaly (°C) between the in-situ potential 
température and the surface freezing point 
(S=34.85) for the Dec. 1997 and Feb. 1998 
CLIMA cruises (Budillon and Spezie. 2000) 
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Figure 55: Schematic diagram illustrating the links between marine ice and landfast sea ice 
déposition processes, and how thèse potentially relate to océan circulation and ice-ocean 
interaction patterns on a yearly time scale. Landfast sea ice déposition has been deliberately 
vertically exaggerated for readability. The drawing has to be perceived in 3-D, in- and out-flows 
not beine meant to alwavs occur on the same vertical (see détails in text). 



ICE-OCEAN INTERACTIONS IN ANTARCTICA: The Marine Ice Perspective 87 

The only oceanic profile presently available in Evans Cove (Fabiano et al., 1991), shows Ice Shelf 
Water from 100 m deep to about 100 m above the sea floor, which consists of a narrow trough 700 m 
deep in the central part of Evans Cove, with depth increasing inland (Figure 56 top). The maximum ice 
thickness at HGIS as far as half way to the northem tip of Végétation Island (Figure 16) is only 250 m, 
which implies a larger-scale circulation pattem in which HSSW produced in the Terra Nova Bay 
polynya, can access the Nansen Ice Sheet grounding Unes (grey arrows in Figure 55), for example 
beneath Reeves and Priestley Glaciers (see section 3.2.4). Part of the Ice Shelf Water produced in those 
locations could recirculate along the eastem and western flanks of Végétation Island, carrying with it 
loose frazil ice crystals formed by adiabatic supercooling. Thèse crystals would accumulate in the 
dépression formed at the southem tip of Végétation Island, between the two merging flows as suggested 
previously. 

Remnants of frazil ice crystals formed in this manner (hereafter DTC-granular faciès) escape at the 
front of the ice shelf, where they accrete under the sea ice during the winter to form the granular faciès 
with vertical c-axes fabrics (Figure 55). In ail first-year sea ice cores that are thought to have retained the 
whole of the winter accretion (Hole 1, 2 and 3; SA, SB, SC in Figure 52), platelet ice bounds the lower 
limit of this winter accretion, while the upper limit (boundary with the initial wind- and wave- frazil ice 
accretion where it exists) consists of either the platelet (SA, SC) or the draped mixed congelation/platelet 
faciès (Hole 1, 2 and 3 in Figure 52). We postulate that thèse observations can be interpreted as the 
expression of variable intensities of the DTC. Bombosch and Jenkins [1995], show that the large size of 
crystals in the platelet faciès reflects slower frazil ice crystal growth rates in the Ice Shelf Water as it 
levels off and eventually escapes at depth in front of the ice shelf. Transition from a small-grained DTC-
granular faciès to a platelet or a draped faciès in the landfast first-year sea ice could thus reflect variations 
in the degree of supercooling of the ISW where thèse crystals were formed. In early winter (Figure 55-1), 
enhanced freezing at the polynya surface is likely to increase HSSW production and speed up the DTC. 
At that time, the density contrast between ISW and HSSW should be moderate and supercooling weak. 
This would favor formation of the platelet faciès or, probably more often, the draped mixed platelet-
congelation faciès, since congélation ice growth rates would still be compétitive with the platelet crystal 
accretion rates beneath a thin sea ice cover. 

In the mid-winter (Figure 55-3), the DTC may accelerate, resulting in higher density contrasts 
between ISW and HSSW and stronger supercooling producing the fine-grained matrix of the DTC-
granular sea ice faciès. At the end of the winter (Figure 55-4), a slower DTC would again favor larger 
crystal growth. The heat sink through the sea ice cover is also reduced, along with the consolidation rate. 
The latter part of this proposed cycle would resuit in the platelet ice faciès observed at the bottom of the 
winter accretion of the cores where summer melting at the base of the ice was less important. In addition, 
large-scale fluctuations in the H S S W production related to katabatic wind activity during the winter could 
explain the altemations of the draped and the DTC-granular faciès (Figure 55-2 and 55-3). 

Several hypothèses can be formulated for the genesis of the banded marine and sea ice faciès: 

(a) Post-depositional déformation processes leading to recrystallization of the original granular 
textures and fabrics. This is unlikely, as the marine banded faciès is spatially confined to the 
frontal zone, and not developed in cores XXI and VI, where surface morphology and 
foliation show that the déformation is quite active. Also, dises or plates are seen to accrete 
in the water column below the sea ice cover and thin sections of thèse half frozen bottom 
deposits are identical to the banded faciès observed at the base of the solid level sea ice 
cover above, where no évidence of déformation was found. 

(b) Expression of a spatially changing environment for the granular frazil ice crystals formed 
in the DTC, as the geometry of the base of the ice shelf switches from highly irregular (with 
transverse inverted dépressions between individual f lows close to the grounding line or 
around pinning points) towards a smoother interface d o s e r to the front. In the first case, 
rapid latéral ascension of frazil crystals along steep slopes would favor the production of 
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Figure 56: Results from preliminary CTD casts in front of Hells Gâte Ice Shelf with location map. Also shown is the 
bathymetry in meters. Exemplative température and salinity profiles for Station 40 (close ta the central part of the ice 
shelf front) and Station A4 (further seaward) are plotted together with the surface (solid line) and "in situ" (dotted line) 
calculated freezing point température Unes. 

small crystals accreting in a random fashion at the base of the ice shelf. In the latter case, 
slower ascension further away from the initial production site would favor slower growth of 
larger crystals, accreting in an orderly fashion at the bottom of the ice shelf. The lower 
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growth rates would resuit in higher isotopic values because of the higher fractionation 
efficiency. However, granular marine ice is observed up to several hundred meters 
downstream of the surface contact line between meteoric ice and marine ice (Figure 39). 
Moreover, if this hypothesis is correct, only the banded faciès should be found in the first-
year landfast sea ice in front of the ice shelf. Finally, Budillon and Spezie (2000), although 
they do not preclude functioning of the polynya during the summer with a small rate of 
surface wind- and wave-induced frazil ice production, reckon that owing to this modest rate 
and the absence of the preconditioning phase due to summer vertical stratification, it is not 
reasonable to suppose a HSSW formation in the strict sensé for this period, which therefore 
remains a typical winter process. For those reasons, we favour the next hypothesis. 

(c) Expression of a temporally changing environment. The seasonal character of the banded 
faciès accretion (summer only) suggests that it is linked to seasonal processes in the water 
column in front of or below the ice shelf. We have seen that the lower salinity and enhanced 
Chemical fractionation in the granular marine ice consolidating d o s e r to the ice shelf front 
(top of core IV, Figures 43 and 44) suggest tidal forcing of warm surface waters below 
HGIS during the summer (Figure 55-5). Thèse waters would favor partial melting of the 
loose granular frazil and produce a water mass at local pressure melting point showing 
lower salinities and higher isotopic signatures. This water mass, perhaps mixed with water 
carrying DTC-granular frazil, would eventually exit at the front. The marine and sea ice 
banded faciès, then represent either transformed granular frazil ice crystals initially formed 
in the DTC, or new crystals formed by adiabatic supercooling, or both. 

Figure 56 shows preliminary results from CTD casts in front of Hells Gâte Ice Shelf along its 
centreline (Tison et al., 1997b). Station 40 is located close to the ice front, whilst Station A4 is further 
seaward in Evans Cove. Both profiles show (1) a warmer and fresher surface sea water layer of thickness 
varying from 20 to 80 meters, (2) the top of the Deep Ice Shelf Water (below surface freezing point) layer 
between 120 and 140 meters and (3) altemation of two colder (close to surface freezing point) and two 
warmer (although less than the surface water) layers that we believe are reflecting the ice-ocean 
interactions of mode 3 (Figures 10 and 55-5). Thèse results clearly corne in support to the existence of 
both a Deep and a Shallow Thermohaline Circulation associated respectively with océan circulation 
mode-1 and mode-3 at HGIS, as hypothesized from the ice studies. 

3.4. A peculiar property of marine ice: its very low salinity as compared to sea ice 

The occurrence of marine ice bodies in such a wide range of locations, most of it corresponding to 
weak points of ice shelves, suggests it might play a significant mechanical rôle, as a welding agent, 
contributing to ice shelf stability. The bulk salinity of marine ice (as low as 0.03%o) is an important factor 
in this regard, since it is known to considerably affect the rheological properties of the ice (e.g. Hooke et 
al., 1988; Thorsteinsson et al., 1999). It is indeed an order of magnitude higher than that of meteoric ice, 
but 2 orders of magnitude lower than those observed in granular sea ice (a few %o) which, with the 
exception of snow ice, also results f rom frazil ice formation and consolidation in sea water. The reasons 
for such a stark contrast in bulk salinity between marine ice and granular sea ice are still a subject of 
debate in the literature. Eicken et al. (1994) have clearly demonstrated that none of the postgenetic 
desalination processes, summarized by Weeks and Ackley (1986) for sea ice, is strong or fast enough to 
explain the relative purity of marine ice. The anomalous low salinity in the marine ice can thus only be 
explained by the low initial salinity of newly Consolidated ice layers. 

Eicken et al. (1994), while noting the decreasing salinity with depth in the B13 core, exclude 
consolidation under the advancement of a freezing front as an explanation for the salinity profile and 
gênerai salinity level arguing that conductive heat fluxes are too low in the central Ronne Ice Shelf and 
that an "anomalously" low sait distribution coefficient would be needed at the interface to explain the 
observed salinities. Thèse authors suggested that consolidation under the deviatoric buoyancy stress 
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associated with the ten of meters of crystals accumulating beneath would lead to densification and 
expulsion of brine through fragmentation and settling 
of individual platelet crystals. 

To test the plausibility of thèse alternative 
processes, we (Tison et al., 2001) have developed a 
simple model to attempt the reconstruction of the 
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ô O/salinity relationship observed at NISl and in 
other deep marine ice cores (Figure 57). Predicting the 
salinity and isotopic composition of marine ice as 
defined here is complicated by the fact that thèse 
properties reflect the contribution of two main 
processes (Figure 58): 

(a) The first process, which we 
refer to as the 'Jrazil ice phase", consists 
of the formation of individual frazil ice 
crystals in the oceanic sub-ice shelf 
cavity, as a resuit of supercooling. The 
"parent" water of thèse crystals (ice shelf 
water - ISW) is a mixture of High 
Salinity Shelf Water (HSSW) with 
glacial meltwater f rom the base of the 
ice shelf. As they are transported in the 
density-driven rising ISW plume, the 
crystals float upward due to their 
buoyancy and accumulate at the base of 
the ice shelf further downstream. 

(b) The second process, to which we refer to 
as the ''consolidation phase", is less well 
understood. As crystals rise under 
buoyancy and accumulate, they are 
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Figure 57: The ^^o relationship for 99 samples 
in the NISl 45-m ice core from the Nansen Ice 
Shelf (dotted circles). Also plotted are the 
marine ice data from the BI3 core (solid 
triangles, Filchner Ice Shelf, courtesy of H. 
Oerter and W. Graff, Alfred Wegener Institute) 
and the Gl core (black circles, Amery Ice Shelf, 
y 12 mon of V. Morgan, Australian Antarctic 
Division) 

surrounded by a water body that we call 
the "host" water. The proportion of water volume to the total volume of the ice/water 
mixture {"porosity") varies depending on the local conditions. The porosity of loose frazil 
ice mixtures derived f rom laboratory experiments and field measurements, both for 

Figure 58: Marine ice...the "Making o f 
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Figure 59: Cumulated Consolidated ice thickness for 
varions constant porosity values as a function of time 
in the case of the B13 ice core (Filchner Ice Shelf), 
calculated using a simple heat conduction model. 
Initial thickness is 153 m of meteoric ice, as observed 
at BIS. Total ice thickness at 813 and estimated travel 
time front initiation of marine ice accretion to the BIS 
site (Oerter et al, 1992) are plotted as a star (see text). 

freshwater ice and sea ice, ranges between 40% and 
67% (Andersson and Daly, 1992; Daly, 1984; White, 
1991). However, as suggested by Eicken et al. (1994), 
the deviatoric buoyancy stress exerted by the 
accumulation of tens of meters of loose frazil ice 
crystals could greatly increase the packing density. 
Similarly, the latéral compressive stresses induced by 
the converging flow of individual ice streams as they 
merge to form the ice shelf (or "reconstitute" it, around 
pinning points), as was observed at Hells Gâte Ice 
Shelf (Tison et al., 1997a, 1998) and Nansen Ice Shelf 
(Khazendar et al., 2001), can also quite significantly 
reduce the porosity of the marine ice that has already 
accumulated. Obviously, for accumulated ice crystals 
to be "squeezed" by latéral compression, its mechanical 
behavior should have developed solid-like 
characteristics so it is no longer merely an aggregate of 
loose crystals in suspension. Experiments by Martin 
and Kauffman (1981) demonstrate that this is indeed 
already the case for slush of 30 to 40% ice 
concentrations. This packing process will contribute to 
the réduction of the bulk salinity (host water being 

expelled f rom the mixture) and is a first step in the consolidation process. 
Two major mechanisms could then be invoked to explain further consolidation of the 
marine ice body: (1) heat conduction across the ice shelf leading to the freezing of the 
interstitial water (either in a process of coarsening and joining of existing grains, or by the 
nucleation of new grains) and (2) local melt-regelation processes at contact points between 
grains in the compacting aggregate. The first mechanism has the potential to further reduce 
the impurity content of the ice by sait rejection and its subséquent diffusion toward the bulk 
sea water réservoir. The second mechanism will eventually alter the small-scale chemical 
properties of marine ice. Figure 59 shows the cumulated Consolidated ice thickness for 
various constant porosity values as a function of time 
in the case of the B13 ice core (Filchner Ice Shelf). 
Consolidated ice thickness is calculated using a simple 
heat conduction model, based on the assumption that 
the heat conducted through the ice results solely in the 
freezing of the interstitial water. Plotting the total ice 
thickness at B13 (239 m - Oerter et al. 1992) versus the 
estimated travel time f rom initiation of marine ice 
accretion to B13 (450 years - Oerter et al., 1992) shows 
that consolidation through heat conduction is a 
plausible process (with a mean constant porosity 
slightiy lower than 20%). 

The discussion above shows a level of complexity difficult to 
simulate in the présent state of knowledge. However, considérable 
insight can be gained into the processes at work by using a 
simplified approach where the final ô'^O-salinity signal is modeled 
by combining the following two steps: (1) the formation of individual frazil crystals in the parent water 
and, (2) the freezing of interstitial host water (Figure 60). It is reasonable to assume, in the case of marine 
ice or granular sea ice, that the salinity of single ice crystals is negligible (see, e.g. Eicken, 1998; Tison et 
al., 1993). The isotopic signal of single frazil crystals (frazil ice phase), the isotopic and salinity signal of 
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Figure 60: Sketch illustrating the 
model concept (see text for détails) 
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the "frozen" host water (consolidation phase) are obtained using a "boundary layer" model approach 
(Tison et al., 1998): 

As freezing progresses in a water réservoir, physico-chemical changes occur at the ice-water 
interface, which resuit in a differentiation of the chemical signais between ice and water. Depending on 
whether the chemical species under considération is retained within microscopic inclusions in the host 
phase (e.g., sea-salt ions) or occurs as a true solid solution (e.g., water isotopes in ice) the differentiation 
process is called "ségrégation" or "fractionation", respectively. The proportion of heavy isotopes (or 
salts) incorporated from the liquid into the solid at the interface is constant for a given température. For 
the stable isotopes it is described by the equilibrium fractionation factor: 

fleq — , (3) 
Rl 

where Rs and Ri are the isotopic ratios ' *0 / ' ^0 (or D/H) in the solid and liquid phases at the 
interface, under thermodynamic equilibrium conditions 

For salinity, one similarly uses the equilibrium ségrégation factor: 

where Cs and Ci are the impurity concentration in the solid and the liquid, respectively, at the 
interface. 

As a resuit of this process, concentration on the liquid side of the interface differs f rom that of the 
bulk of the réservoir. Species transport therefore occurs, through molecular diffusion, convecto-diffusive 
fluxes and turbulent mixing in the melt. Thèse processes 
are commonly integrated into a "boundary layer" concept 
(Figure 61), such that the concentration in the liquid takes 
on the réservoir value (in the case of a semi-infinite 
réservoir, e.g., for sea water) at a finite distance Zbi from 
the interface. Within this boundary layer, transport occurs 
by diffusion processes only. Depending on the freezing 
rate, the gradient in the boundary layer will vary and 
therefore so will the concentration in the liquid at the 
interface. As a resuit, cCeff, the effective (apparent) 
fractionation factor (or ̂ eff, the effective ségrégation 
factor) will differ f rom the equilibrium fractionation 
factor oceq (^eq) that would be observed either in the case 
of near-zero growth rate or during forced convection 
(zw=0). 

For a given freezing rate, in the case of a semi-
infinite réservoir, after a short "initial transient" the 
concentration in the ice remains constant since a steady 
State régime arises, where the flux of a given species into 
the ice is exactly compensated by the one at the base of the boundary layer. The effective fractionation 
factor for that steady state is given by Burton et al. (1953): 

Figure 61: sketch illustrating the boundary layer 
concept in the case of columnar sea ice (Eicken, 
1998) 

Oeff-
«eq (5) 

Oeq- ( a e q - l ) ^ ° 

where v is the growth rate and D is the diffusion coefficient. A similar relationship is valid for the 
effective ségrégation factor, with Â̂eff and k^q instead of Oeff and cXeq in (5). The initial transient marks the 
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transition f rom the equiHbrium fractionation recorded in the initial ice incrément toward the steady state 
value. It clearly must not be neglected in the case of growing individual frazil ice dises that are typically 
of the size of the order of a millimètre (Tison et al., 1998). 

Souchez et al. (1987, 1988) used a box diffusion model to apply the boundary layer concept to 
isotopic fractionation in sea ice. In their approach the simulation of the stable-isotope distribution in the 
ice was performed in two steps: (1) freezing of an ice thickness during a time incrément depending on the 
freezing rate, with associated fractionation, and (2) diffusion in the boundary layer and homogenization 
in the bulk of the réservoir during the appropriate time lapse. In nature, freezing and diffusion are 
simultaneous. Using an axis moving with the ice front, both processes can be described by the same 
partial differential équation: 

^ = D ^ + V^, (6) 
dt dx^ dx 

(where c is the concentration, jc is the space coordinate measured normal to the ice/water interface 
and V is the velocity of the ice front) applying the appropriate boundary conditions and using the 
equilibrium fractionation (3) or ségrégation (4) coefficients to calculate the concentrations on both sides 
of the interface. The model used by Tison et al. (1998) solves (6) numerically using the Crank-Nicolson 
method. At each time step, the solution of the resulting set of linear équations is obtained by Gaussian 
élimination using a simple algorithm for tridiagonal Systems. Thèse adjustments reduce the exécution 
time considerably and improve the précision of the results. 

Once the chemical signature of both the single frazil ice crystals and the frozen host water are 
known, the resulting mixed signal to be compared to observations is obtained as follows: 

Model led signal = {[signal of single frazil crystal x (1-porosity)] + [signal of frozen host water x (porosity)]} (7) 

Différent combinations of porosity and freezing rates could occur in nature. For example, a high 
freezing rate would be associated with high porosity at the top of the water column in an open rift where 
sufficient frazil dises had yet to accumulate and produce significant compaction. Lower in the water 
column, where accumulation is perhaps progressing faster than freezing, high compaction would produce 
a low-porosity slush subjected to a very slow freezing rate due to the insulating effect of overlying ice. 
The latéral stresses associated with converging ice streams or a closing rift would produce a situation 
were low porosity is combined with a large range of freezing rates depending on depth. We have taken 
this variety into account in our simulations by considering each porosity level for a range of plausible 
freezing rates. 

Figure 62 summarizes the most interesting simulation results f rom Tison et al. (2001). Simulations 
parameters are indicated on top of each graph. A typical Ross Sea ISW ô'^O value of -0.61%o (Jacobs et 
al., 1985) has been used both for the parent water and the host water in thèse examples. The following 
important conclusions can be drawn: 

(a) Initial transient characteristics have to be considered while estimating the ô '^O signature of the 
small individual crystals forming in the "frazil ice phase." For a realistic range of growth rates, the 
ô'^O signature of thèse frazil ice crystals (ô'^Ofrazii in Figure 62) will indeed be higher compared 
to parent water when the initial transient is considered, 

(b) Applying a boundary layer model concept to the "consolidation phase," with the parameter values 
used for sea ice or columnar/congelation marine ice (Figure 62 a), cannot explain the observed 
ô'^O/salinity relationship, even for porosity close to the permeability limit (5% [Cox and Weeks, 
1975; Golden étal, 1998; Weeks andAckley, 1986]), 
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(c) In the framework of the boundary layer concept 
used as an approximation for the consolidation 
process, the simulations compare well with the 
measured properties only when using a 
ségrégation factor value of k*eq= 0.005 (Figure 
62b). This value is an order of magnitude lower 
than the lowest observed value in columnar ice 
growing f rom sea water at équivalent depth. It 
reflects the fact that the actual process of 
consolidation does not allow the development 
of intracrystalline substructures, impurities 
being confmed to intercrystalline location after 
saturation of the crystal lattice. Figure 63 
proposes a schematic depiction of how 
processes that combine melting under 
compaction and refreezing under heat 
conduction might work. Starting at a stage 
where the aggregate of loose crystals begins to 
develop solid-like characteristics 
(approximately 30-40% porosity, see above) 
under latéral compression and deviatoric 
buoyancy stress, neighboring grains (solid line) 
will partially melt at contact points and feed 
fresh meltwater into the interstitial host water. 
This will (1) reduce the porosity (dotted Unes) 
and (2) lower the salinity and enrich the ô'^O of 
the interstitial water. Subséquent freezing of the 
host water under heat conduction will enrich the 
ice phase in ô'^O, impoverish the remaining 
liquid in ô'^O, increase its salinity and drive sait 
and isotopic diffusion through the 
interconnected interstitial water network. The 
process is likely to continue until the 5% 
porosity threshold is reached and closed System 
freezing occurs. The resulting texture is in 
accordance with that observed, lacking the 
intracrystalline cellular inclusions, and sait 
impurities remain located at grain boundaries 
once the ice lattice is saturated, 

(d) Since no intracrystalline substructure is 
developed in marine ice, one might wonder if 
différent boundary layer thickness still apply to 
salinity and ô'^O. Figure 62c is identical to 
Figure 62b, with the exception that the Zhm and 
Zbii,'*o values are both set to 2.9 mm. Results 
f rom the model now better cover the range of 
the observed ô'^O values, taking error bars into 
account. A major uncertainty nevertheless 
persists in the actual value of Zhi- However, 
Tison et al. (1998, simulation not included here) 
show that changing the value of Zhi to 1 mm 

porosity 
• 5% A ion « 20% • 30% V 40% * S0% ^ 0K • 70% -4 80% 

Figure 62: Représentative results of ^^O/Salinity 
relationship simulations with Tison et al. (2001) 
model, as compared to observed values at NISl. 
Parameters for each set of simulations are 
described at the top of each eravh (see text). 
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does not alter the location of the simulation 
curves in the graph. The only change is that 
lower salinity and higher ô'^O values are 
obtained for the same freezing rates and 
porosity, 

(e) It is obviously unrealistic to cover the 
isotope/salinity signal of ail the observed data 
points in a single simulation with decreasing 
growth rate and a constant set of parameters. 
Porosity and water characteristics are also 
susceptible to change in the course of the 
process. For example, the small group of 
samples with the highest salinity could have 
resulted f rom a consolidation process at low 
porosity and relatively high freezing rates as a 
resuit of closure under high latéral compressive 
stresses, occurring relatively close to the 
surface. Choosing boundary layers of 
équivalent size (Figure 62c) and/or changing 
the isotopic signal of the individual frazil ice 
crystals (in accordance with the growth rates 
range in the water column. Figure 62d) would 
account for the extrêmes in the ô'^O 
distribution in the Consolidated marine ice. 
However, closed System refreezing in the pores at low freezing rates and low porosity (i.e. in the 
low salinity range), in a process such as the one sketched in Figure 63, would also increase the 
small-scale isotopic variability, allowing both enrichment of the first refrozen layers and 
entrapment of depleted residual waters, as observed for our data points in Figures 57 and 62, 

(f) Although spanning a différent range of salinity, because of their différent depth location, the NIS 
and B13 cores show nearly identical ô'^O ranges and a similar trend to increased ô'^O variability 
at low salinity (Figure 57). This suggests that the same processes are controlling the 
isotope/salinity signature of the marine ice at both locations. As a first approximation, we might 
consider that the ô'^O signature is mainly controlled by the one of the individual frazil ice 
crystals. Dispersion occurs through dissociation of the host water freezing products at lower 
freezing rates and porosity. Salinity is mainly controlled by the freezing rate (and thus the freezing 
depth) of the host water and by the porosity réduction in the consolidating médium. 

Obviously, the model described here is only a crude description of the real world situation. 
Processes such as coarsening and sintering of dises, which are known to occur in bodies of consolidating 
frazil (e.g., Martin and Kauffman, 1981), are not explicitly included. However , sensitivity tests have 
allowed us to define several important variable settings, différent f rom those used in sea ice growth 
models, that will have to be considered in future more sophisticated models for marine ice formation. 

Figure 63: Simplified sketch Ulustrating (a) the 
assumed process of porosity réduction in a 
compressed frazil ice crystals aggregate, and (b) 
the further consolidation by freezing of the 
diluted interstitiel water. The lutter process will 
resuit in sait diffusion towards the bulk of the 
réservoir as long as the porosity threshold (5%) 
is not attained. The whole process prevents the 
development of intra-crystalline sub-structures. 
Numéral refer to 1, crystal before compaction; 2, 
crystal after compaction; 3, meltwater from 
pressure-melting; 4, interstitial water space 
before compaction; 5, interstitial water space 
after compaction; 6, refrozen interstitial 
meltwater. 
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A B S T R A C T . Résulta from a detailed profile in a 5.54 m multi-year sea-ice core 
from the rift surea in the southem part of George VI Ice Shelf are presented. Strati
graphy, stable isotopes and Na content are used to investigate the growth processea 
of the ice cover and to relate them to melting processes at the bottom of the ice 
shelf. 

The thickest multi-year sea ice in the sampling area appears to be second-year 
sea ice that has survived one meit season. Combined salinity/stable-isotope anal
yses show large-scale sympathetic fluctuations that can be related to the origin of 
the parent water. Winter accretion représenta half of the core length and mainly 
consists of frazil ice of normal aea-water origin. However, five major dilution events 
of sea water, with fresh-water input from the melting base of the ice shelf reach-
ing 20% on two occasions, punctuate this winter accretion. Two of them corres
pond to platelet-ice production, which is often related to the freezing of ascending 
supercooled water from the bottom of the ice^shelf. 

Brttckish ice occurs between 450 and 530 cm in the core. It is demonstrated that 
this results from the freezing of brackish water (JefiFries and others, 1989) formed by 
mixing of normal sea water with melted bas2J shelf ice, with dilution percentagea 
of maximum 80% fresh water. 

INTRODUCTION 

Stratigraphy and salinity profiles in multi-year aea ice 
have been measured by several authors in the last décade, 
both in the Arctic (mainly the northern EUesmere laland 
area, Fram Strait and the Beaufort Sea; Schwarzacher, 
1959; Cherepanov, 1966; Weeks and Ackley, 1986; Gow 
and others, 1987b; Meese, 1989) and the Antarctic 
(mmnly in the McMurdo Sound area and in the Weddell 
Sea; Weeks and Ackley, 1986; Gow and others, 1987a; 
Lange and others, 1989). However, thèse studies were 
mwnly focused on drifting pack ice, the properties and 

formation mecluinisms of which are often quite différent 
from land-fast sea ice. 

Combined salinity/stable-isotope analyses are less ex-
tensive in the literature but have also been undertaken in 
both polar régions. One major advantage of the method 
ta that it {dlows the discrimination of différent parent-
water sources for the ice growth, as has been clearly 
demonstrated by previous authors (Friedman and others, 
1961; Lyons and others, 1971; Gow and Epstein, 1972). 
Recently, a study by Jeffries and others (1989) has pro-
vided the first attempt to use the stable-isotope ratio 
" 0 / ' * 0 as a tracer to detect fresh, brackish and sea-
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Fîy. I. Landsat image o/ soutiiem Gcoiye VI Ice Shtlf (9 JaTiuary 1913). 

vvater origin» in multi-ycar land-fiist sca ice from the Arc-
tic (north Ellcsinere Island, Caniidian Arctic). Bracki.sh 
ice wfis found there in significant amounts. 

This papcr gives the rcsults of a detailed textural, 
isotopic and chemical analysis performed on multi-year 
land-fast sca ice from the Antarctic Pcninsula. The prop-
ertics of the ice samples from the large rifts affecting the 
soiithern part of George VI Icc Shclf are related to the 
melting processes at the surfiice and at the bottom of the 
icc shclf. 

SAMPLING SITE AND ANALYTICAL 
PROCEDURE 

Ten sea-ice cores and two surface icc-shelf corca wcrc ret-
rieved from the major rift closest to the southern active 
border of George VI Icc Shclf (Fig. 1) as part of a joint 

Belgian/British project in the 1987 -88 British Antarctic 
Survey fiold programme. 

Two major sets of large surface waves afïect the 
George VI Ice Shelf aurffice whcrc it thins in the south-
western piut and whcre the main outlet flow of the ice 
shelf from the northcast meets the local southeasterly 
flow from the Plateau. One of thèse wave sets happcns to 
be roughly parallcl to the actively calving Ice-shelf cdge 
and so the troughs are preferred sites for the opcning of 
major rifts wherc sca wutcr rcaches the surface. During 
the summer, open-watcr areas are located where troughs 
from each wave System meet. The remaining bottom sur
face of the rift is covercd with sea icc of variable thickness 
(1 -5.5 m). Away from the transverse dépression, the rift 
bordcrs turn into sharp cliffs about 20 m high. First-
year .sca ice starte<l to cover the open water close to the 
sampling site at the end of February 1988. 

35» 
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Fig. 2. Sketch ahowing the location of the corea 
in the sampling area. 

trimmed off with a bemd saw to avoid contamination 
which may have occurred during sampling in the field 
and during transport. A 1cm thick vertical slice was 
then eut through samples of 0.5 cm width using standard 
methods to reduce contamination to the noise level of the 
Perkin-Elmer atomic absorption spectrophotometry. A 
total of 1120 samples, regularly spaced throughout the 
core, have been measured for their Na content. Sodium 
will be used hère aa a "proxy" for the global salin-
ity, bearing in mind that the ratio Na/global salinity 
is 0.3074 in the océans and is independent of the salinity 
level for a large range of salinities (Riley and Skirrow, 
1965), and that the saone ratio is valid for sea ice as 
indicated by the dilution curves and statiatical analyses 
performed by Meese (1989) on sea-ice samples'from the 
Beaufort Sea. 

Isotopic profiles: a second 1cm thick vertical slice of 
each individual part of the core was sampled in selected 
spots for co-isotopic smalysis of deuterium and oxygen-18 
(120 samples). The small amounts of ice necessary for 
the mass-spectrometer measurements (0.3 ml) were col-
lected using a microtome, allowing précise location of the 
samples and detailed profiling where required. The mass-
spectrometer analyses were performed at the Laboratoire 
de Géochimie Isotopique, Centre d'Etudes Nucléaires de 
Saclay, EVance. 

HDO concentrations will be given hereafter in S units 
calculated with respect to VSMOW (Vienna Standard 
Mean Océan Water) expressed in parts per thousand 
(ppt), e.g. 

5D = 1000 Rp atrople ~ VSMOW 

Rd VSMOW 

Two différent sets of sea-ice cores were retrieved in 
the sampling area (Fig. 2). One set was collected along 
a longitudinal profile south of the open water where the 
sea-ice tbicknesses varied from 0.97 to 2.57 m (cores J 
to N) and the other set along a transverse profile a few 
kilomètres to the north, where ice thicknesses fluctuated 
between 3.49 and 5.54 m (cores F to I). In addition, one 
core was sampled in the multi-year sea ice from the trans
verse dépression (B) and another in the freshly formed 
first-year sea ice (K). Finally, the surface ice shelf was 
seimpled in two différent locations (cores A and C). As 
the main focus was to study multi-year sea ice, the thick-
est core (H) has been selected for detailed analyses. 

The cores were sampled with a PICO drill, trans-
ferred to plastic bags and stored below - 2 0 ° C in a small 
"sledge-fitting" freezer until transport by aircraft to 
Rothera base. At Rothera and aboard RRS Bransfield 
on the journey to the U.K., the cores were again stored 
in freezers at -20°C. The foUowing analytical techniques 
were performed in the cold laboratory ( -25°C) in Brus-
sels: 

Ice teiture: vertical thin sections were taken along the 
whole profile to estimate the proportion of the différent 
sea-ice crystal types and to guide the isotopic sampling. 

Sodium profile: for each individual part of the core, the 
entire outside part of the cylindrical core sample was 

where Hosampie and -RDVSMOW bib the isotopic ratios of 
the sample and of the VSMOW, respectively. The accur-
acy of the measurments is ±0.57» in and ±ld7oo in 
5'«0. 

R E S U L T S A N D D I S C U S S I O N 

ÔA' 

General features of the core 
Figures 3 and 4 summarize the textural, isotopic and 
chemical characteristics of the core. An example of the 
différent types of ice observed in the core, together with 
a brief description of their characteristics is shown in 
Figure 3. Figure 4 présents the combined sodium/5'*0 
profile with depth. The symbols used for the différent 
types of ice in this figure are defined in Figure 3. Na 
values have been smoothed with a running mean on 11 
values to dampen high-frequency fluctuations and ob-
tain a resolution simil2u- to that of the 5'*0 values. Two 
major observations can be made: 

a. The core consista mainly of granular ice, which is 
esentially frazil ice, as will be discussed below. If 
we discard 100 cm of porous granular ice at the top, 
which is certainly, as will be shown later, not the 
resuit of water freezing, granular ice occurs in 74% 
of the core, columnar ice in 19.4% and needle-like 
ice (platelet ice as described by Lange and others 
(1989)) in 6.6%. 

359 
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b. The core présents a Wide range of salinity and iso-
topic values. Na ranges from 0.00019 to 1.6%o (e.g. 
global salinity ranging from 0.00062 to 5.27oo), SY) 
from -162 .5 to 8.27oo, and 5'*0 from -20 .8 to 
LlS'/oo- Thèse ranges are comptable to those ob-
served by Jeffries and others (1989, table II) for 
salinity and S^^O, in land-fast multi-year sea ice 
from the Arctic, although the variability in each 
individued core tends to be less important in their 
study. 

Growth processes of the multi-year sea-ice 
cover 
Dominance o/ parent-iuater effecta 
A careful examination of Figure 4 reveals a fair pos
itive corrélation between the salinity and isotope profiles 
which ia expressed by a régression coefficient of 0.78 in 
the tf'*0/Na diagram of Figure 5a. This value ia prob-
ably a low estimate of the strength of the corrélation for 
two main reasons: (1) the diagram includes the samples 
from the top 130 cm of the core, which forms a specitil 
unit where the salinities are negligible and resuit from 
différent genetic processes, and (2) the dispersion of the 
salinities for the samples displaying high isotopic values 
is probably due to the combined effect of a slight shift 
between isotopic and chemical values related to the sam
pling techniques, and of a higher sensitivity of the salin
ity signal to the inclusions of sea-water brines between 
frazil-ice grains, as will be discussed later. 

The behaviour of 5'*0 and 6D is very similar, as 
shown by the excellent linecu' régression of Figure 6a. 

The two main factors which can influence the isotopic 

and chemical signais during a water/ice phase change in 
an open semi-infinite réservoir (e.g. the formation of sea 
ice) are: (i) the characteristics of the parent water (a 
"meteoric ice-sea water" mixture confined to the surface 
layer, in this case), and (ii) the rate of freezing. Two 
major sources muat be considered for the fresh-water in-
put to sea water at the sampling site: either melting of 
desalinated sea ice formed at a previous stage (low salin
ity, high S values) or melting of snow and shelf ice (low 
salinity, low S values). In the first case, progressive dil
ution of sea water will produce a pturent water showing 
decreased salinities and slightly increased'A values, since 
sea ice is enriched in heavy isotopes with regard to sea 
water, and since no fractionation occurs during melting 
(FViedman &ad others, 1964; Moser and Stîchler, 1980). 
During growth of new sea ice from this diluted parent 
water, a réduction in the growth rate will further enhance 
sait rejection from the ice and incorporation of heavy iso
topes into the ice. Salinity and isotopic profiles fiuctu-
ating in opposite ways will thus be the signature of such 
a process. A decreasing freezing rate during growth of 
sea ice from undiluted sea water will give similar results, 
but the salinity drop will be less important. In the sec
ond case, the parent water will show decreasing salinit
ies and decreeaing S veJues with increasing dilution. The 
freezing-rate effect will, in this case, enhance sait rejec
tion from the new sea ice and impede the decrease of 6 
values. In the latter case, the maximum possible positive 
shifts,occurring at very low freezing rates, are S"/» in 
fi'*0 and 20.8%, in SD. Thus, for dilution events higher 
than 10% (and this is a worst case), this process will res
uit in salinity and isotopic profiles in sea ice fluctuating 
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in the same way. The large-scale strong positive corrél
ation between the two curves in our core thiia suggests 
that there were major fluctuations in the composition of 
the parent water during the sea-ice growth, and that this 
parent water résulta from dilution of sea water by meit 
from either snow or siuface/basal shelf ice. 

The dominance of parent-water effects over freezing-
rate effects can be deduced from exiimination of the 
6D/6^^0 diagram in Figure 6a, where ail the samples 
lie on a line witb a slope of 7.6 (corrélation coefficient of 
0.999) and 6 ranges of 1 7 0 7 o o in deuterium and 2 3 7 o o in 
axygen-18. If we plot, on such a diagram, ail the pos
sible samples resulting from mixing of pure sea water 
(VSMOW) with glacial or snow meltwaters from the 
local environment, the points will lie on a straight line, 
the slope of which will be slightly lower tban the value of 
8.0 chareicteristic of the Meteoric Water Line (MWL). 
Using the seasonal range of co-isotopic values of the 
snowfaUa in the rift area, typical slopes between 7.5 and 
7.9 would be expected. If freezing effects are dominant, 
the samples could also lie on a straight line, provided 
that the parent water remained unchanged while the 
freezing rate changed significantly. The "freezing slope" 
would correspond to the differential fractionation during 
the water/ice phase changes (Jouzel and Souchez, 1982; 
Souchez and Jouzel, 1984). However, a much shorter 
range in the isotopic composition of the ice would be ob-
tained in this case. Thus, the slope of 7.6, eind the high 
S ranges observed in Figure 6a, must mainly reflect the 
présence of a parent water with an isotopic composition 
evolving through time because of mixing between normal 
sea water and fresh meltwaters. 

The marked parallelism between the salinity and iso
topic curves is also an indication that flushing out of 
the brine by downward percolation of surface meltwaters 
has been very limited, because of the absence of sum-
mer melt at the top surface. In addition, the limited 
amount of columnar ice, which, when présent, is small-
grained and lacks a brine-layer/ice-plate sub-structure, 
must strongly inhibit any brine-drainage process. Small-
scale négative corrélations between Na and £D have been 
observed in congélation ice layers from the first half of 
the core, possibly indicating fluctuations in the freezing 
rate. 

Origin of the différent units 
Five différent units can be distinguished in the core, each 
corresponding to a distinct process of formation. The 

proposed limits between the différent units are marked 
In Figure 4 by the vertical straight Unes associated with 
the position of a sample. To ease the comparison with 
data previously mentioned in the literature, we choose to 
use S^^O values m the discussion when only one isotope 
is considered. 

U n i t I (0-98 cm; Figs 5b and 6b) resembles the sur
face layers of the ice shelf (Fig. 3a). It is a low-density 
porous médium cheu'acterized by small polygonal crys-
tals with maay voids between them and it shows two 
localized layers of recrysttdlization (type 1). The salin
ity is negligible (0.19-4.29 ppm) and the tf**0 values are 
low (-11.8 to -20.87oo)- This unit most probably cor
responds to the snow accumulation during part of the 
year that foUowed the sea-ice-cover formation (from mid-
winter 1987 to the end of the 1987-88 summer, when 
sampling occurred). The insignifîcant proportion of ice 
in the unit and the préservation of the high porosity of 
the mediimi is further évidence of the restricted surface 
melting in the area during the summer. It should be 
noted that the slope of the régression line on the SD/S^^O 
diagram of Figure 6b corresponds to the MWL (8.07). 

Un i t I I (98-130 cm; Figs 5c and 6c) still displays 
a very low salinity (2.01-7.83 ppm Na) whereas the iso
topic values steadily increase with depth from -20 to 
-lOVoo. Small-grained columnar ice is présent (the con-
torted fibrous-like crystals of Figure 3b) probably indic
ating congélation effects. However, thèse congélation ef
fects must be highly localized in the profile since the 
slope of 7.9 (corrélation coefUcient of 0.998) shown in 
the diagram of Figure 6c is too high to be a 
freezing slop>e related to the decreasing freezing rate in 
a semi-infinite water médium with a constant isotopic 
value and a low salinity. The increasing isotopic values 
in the ice cannot be explained by an increasing sluire of 
normal sea water in the parent water, given the negligible 
salinities observed. Therefore, the most likely hypothesis 
is that this unit formed prior to unit I, and resulted from 
snow accumulation during the period that immediately 
followed the initial formation of the sea-icè cover (end of 
gunmier 1986-87 to mid-winter 1987). 

The C-shaped profile of the isotopic values from thèse 
two upper units caa therefore be considered as cover-
ing the net annual snow accumulation from summer to 
summer, between 1.00 and l.SOmyejff"', with 5'*0 val
ues fluctuating between —11 and —20.8%o' Thèse values 
correspond reasonably well to those observed by Potter 
and others (1984) at Monteverdi Peninsula, not far from 

Monteverdi Peninsula (72°30' S, 72'50- W) 

3 4 .5 6 7 
«nowd«plh (mettra of water équivalent) 

Fig. 7. Oxygen-18 profile in a 10 m core /rom Monteverdi Peninsula (data /rom J. G. Paren, 
British. Antarctic Survey). The arroius marfc the yeara and the horizontal dashed line is the mean 
value in 5 '*0 . 
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the rift area, in a 10 m ice core (Fig. 7; data from J. Païen 
(personal commiuiication)) with a mean annual accumul
ation of 0.95myear"* and a range of —12 to —22%o in 
5'*0. The préservation of the whole year's accumulat
ion cycle in our core gives weight to the assertion that 
summer melting is very limited in the area. 

A sharp transition from a 5 '*0 value of —13%o to 
a value of 0%o marks the beginning of un i t I II (130-
175 cm; Figs 5d and 6d). The linear régressions for 
« D / « ' * 0 (slope of 7.7 with = 1.0) and «^«0/Na 
(r^ = 0.85) clearly indicate the dominance of parent-
water eifects over freezing-rate effects. 

Three main sources of fresh water to dilute the normal 
sea water can be proposed: 

a. Melting of first-year sea ice from the previous year. 
b. Melting of snow falling on the siurface of the ice 

shelf and in the open sea water during the summer. 
c. Melting of bottom shelf ice. 

Extensive melting of first-year sea ice from the prev
ious year is highly improbable since most of the rift is 
covered with thick multi-year ice, with the exception of 
the restricted areas where dépressions cross tind open sea 
water forms during the sunmier. Also, mixing of melted 
sea ice with sea water would resuit in salinity and iso-
topic profiles fluctuating opposite ways in the new sea 
ice formed, as discussed above. 

Surface melt on the ice shelf during the summer 
is a possible source of fresh water. However, as dis
cussed previously and as attested by summer aerial 
photogiaphs, by annual mean températures estimated 
on Monteverdi Peninsula or Spaatz Island (Peel and 
Clausen, 1982) and by British Antarctic Survey travel
ling reports, surface melting is probably much more lim
ited here thtm In the northem part of the ice shelf (bet-
ween 70''30' and 72° S; Potter and others, 1984). Never-
theless, if the hypothesis proposed for the formation of 
u n i t I I is valid, partial dilution of surfeice sea water by 
snow falling in open waters should be considered. Pot
ter and others (1984) calculated a mean 5**0 value of 
—15.0 ± 0.9"/oo for ice-shelf accumulation in the south-
ern part of George VI Sound. This corresponds fairly 
well with the values of —15.10 and —15.207oo measured 
in fresh snow from two difiFerent précipitation events on 
the sampling site at the end of the summer (March 1988). 
Surface melting will only occur during the summer sea-
son and will meiinly aSect the more positive values of 
the annual accumulation cycle, as shown by the flatness 
of the summer peaks (above the mean) in the isotopic 
records of Figure 7. The meltwater that will eventually 
reach the sea-ice/sea-water interface will thus display iso
topic values ranging between —12 £md —16%o in 5'*0. A 
value of — 15%o wiU therefore be considered as typical of 
the melt either from the accumulation occurring at the 
surface of the ice shelf or from the snow falling in the 
open waters in the area. 

The isotopic value of the melt from the base of the 
ice shelf is much more difiBcult to estimate. Potter and 
others (1984) used a mean * '*0 value of - 2 2 . 5 ± 0.47o<, 
for the ice flux into the southern part of the ice shelf from 
the inland ice sheet, estimated from an equilibrium mass 
and isotope balance partly using the temperature/5' '0 

relationship established by Peel and Clausen (1982) for 
the Antarctic Peninsula. We shall assume that this value 
can be used as the average ^'^O for ice at the base of the 
ice shelf. 

Using the salinity value of 34.727oo (10.6r/oo in Na) 
and the 5 '*0 value of +0.167oo proposed by Potter and 
others (1984) for Warm Deep Water (WDW), the two 
mixing Unes respectively of sur/ace and basai meltwaters 
with W D W can be calculated. In both cases, we can dis-
criminate between fresh (<0.5%a global salinity), brack-
ish (0.5-177oo) and sea water (>177oo) M proposed by 
Jeffries and others (1989). 

Reconstruction of the N a / 5 ' * 0 profile in the ice 
formed by freezing of thèse waters is complicated by non-
equilibrium processes connected with fluctuations of the 
growth rates and by possible inclusion of liquid in the 
growing ice (Souchez and Jouzel, 1984; Bouchez and oth
ers, 1987, 1988). However, by using a method similar 
to that of Jeffries emd others (1989), a broàd envelope 
of possible values can be obtained by applying minimum 
and maximum apparent fràctionation coefficients for Na 
and 5'*0. For 5'*0, extremely low freezing rates will 
allow the maximum equilibrium fràctionation to occur 
with a positive shift of 37„o ( a = 1000 -I- «j/lOOO + 60 = 
1.003, where ̂ , and 80 are the 8 values for ice and water 
respectively (O'Neil, 1968)), and fast freezing will not 
yield any apparent fràctionation. The effect of sea-water 
inclusions on the isotopic signal of sea ice can be consid
ered as negligible, as shown by Tison and Haren (198i9). 
Na-incorporation factors {Si/So, where Si and So are the 
salinity for ice and water, respectively) as low as 0.04-
0.05 have been observed at the bottom of first-year sea 
ice by Souchez and others (1988) and a maximum value 
of about 0.15, as observed in our core, should cover most 
of the observations quoted in the literature. This wide 
range of salinity-fractionation factors is also thought to 
cover any altération of the signal by sea-water inclusions 
in the ice. 

Figure 8 shows the four mixing lines obtained in the 
ice by applying the extrême values of the fràctionation 
coefiicients in Na {S\/So) and in axygen-18 (a) to the 
two water-mixing lines calculated aboyé. The sample 
values are displayed in the backgrotmd. The percent-
age of W D W vfuries from 100 to 0% along each mixing 
line. Curves 1 and 2 correspond to dilution of normal sea 
water by meltwaters from the surface of the ice shelf and 
curves 3 and 4 to dilution by meltwaters from the base 
of the ice shelf. Only curves 2 and 4 have been drawn 
on Figure 5d, e tind f, since curves 1 and 3 are very close 
to the ordinate axis and are therefore not relevant in 
distinguishing the veirious parent-water sources. 

AU the points from uni t I I I lie above the two mix
ing lines in Figure 5d. This implies that thèse ice sam-
ples could either have resulted from the freezing of sea 
water diluted by surface meltwaters (with fresh-water 
proportions ranging between 10 and 90%) and/or from 
the freezing of sea water diluted by meltwaters from the 
base of the ice shelf (between 10 and 50% of fresh water). 

U n i t I V (175-452 cm; Figs 5e and 6e) is the thick-
est unit in the core. It is characterized by the stabUiz-
ation of Na and 5'*0 euround mean values of respectively 
0.97oo (900 ppm) and 07oo- However, it is clear in Figure 
4 that five major large-scale sympathetic fluctuations of 
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Fig. 8. Micing line» for ice formed by freezing of seo tuater diluted by freah water / rom surface • 
or bcual melttng of the ice ehelf and for extrême valuea of the fractionation coej^FicieTits. The 
percentage représenta the proportion of normal «ea tuater in the mtx. 

Na and £ " 0 chiu'acterize the unit, with minimum values 
at deptha of 223, 258, 290, 330 and 390 cm (dashed Unes 
in Figure 4). It should be noted that this sympathetic 
response between Na and fi"0 does not show up as a 
good corrélation in the 6 " 0 / N a diagram of Figure 5e. 
This is probably the expression of a différent sensitivity 
of the chemical and isotopic signais to the liquid water 
inclusions during accretion of individual &azil-ice crys-
tals at the bottom of the pre-existing ice cover. Since 
at least 85% of the salts are rejected from the sea-ice 
crystals as they form, slight fluctuations in the amount 
of parent water entrapped between the crystals as they 
accumulate at the base of the ice cover may cause im
portant variations in the measured salinity in the core. 
This effect is negligible for the isotopic signal (Tison and 
Haren, 1989), since most of the signal résulta from the 
crystal itself. Thus, at two différent locations in the core, 
similar changes in the isotopic signeJ will correspond to 
chemical changes of the same sign but of différent inten-
sity. 

Most of the SEmiples in uni t I V could resuit from 
the freezing of sea water diluted by fresh water from 
each of the two possible sources, the proportion of fresh-
water input being a few per cent (maximum 20-30% in 
two-point samples at depths of 223 and 258 cm, both 
corresix>nding to columnar ice; Fig. 4). However, two 
arguments indicate a sub-ice-shelf origin. First, uni t s I 
and II correspond to the snow accumulation of a whole 
year with limited melting during the summer and unit 
I I I results from the freezing of normal sea water which 
was less and less diluted by fresh water in the course 
of time. This last unit was therefore growing downward 
at the same time that uni t I I was piling up, at the 
beginning of the winter following the initied sea-ice-cover 

formation. This implies that unit I V formed during'the 
winter, when any surface melting is precluded. Seconfily, 
one of the two stronger dilution peaks is located bélow 
the two mixing Unes (Fig. 5e) and therefore could dniy 
be produced by fresh water with a 5 " 0 value lower theui 
-22.57oo- This could only be provided by melting at the 
base of the ice shelf. 

Although dilution events are not always associated 
with textureil différences (see, for example, the event at 
390cm), it should be noted that the only occurrence of 
platelet ice (Fig. 3d) is located around two of the main 
dilution peaks (at 290 and 330 cm). Platelet ice is a 
spécial type of frazil ice usually associated with adiabatic 
expansion of sea water as it ascends from beneath ice 
shelves (see, for example, Robin, 1979; Lainge and others, 
1989). If dilution occurs at the bottom of the ice shelf, 
it is therefore not surprising to trace it in the chemistry 
of the platelet ice in the core. 

At 450 cm depth, the isotopic and chemical values 
drop sharply (from 741 to 190 ppm in Na and from -0.25 
to -15.757oo in ^"0) ; and a fifth tmit of alternate colum
nar (Fig. 3e) and granular ice (Fig. 3f) occurs (unit V 
(452-553 cm; Figs 5f and 6f)) partly showing the char-
acteristics of ice resulting from the freezing of brackish 
water. About one-third of the samples from this unit 
can only be formed by freezing of waters resulting from 
the mixing of normal sea water with meltwaters from the 
base of the ice shelf, as indicated by Figure 5f. Dilution 
percentages as high as 80% fresh water/10% sea water 
can be observed. Contacts between individual grains are 
sh£u:per and better defined than in the more saline units 
above (Fig. 3f). The higher dilutions correspond to the 
frazil-ice layers that must therefore have been formed at 
depth, not far from the production zone, thus freezing-
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va the chemical and isotopic signature of the fresh water 
before significant mixing with the normal sea water oc-
curred. However, the présence of considérable amounts 
of columnar ice in this unit seems to indicate that it 
partly forms by direct freezing of the brackish water 
layer at the bottom of the ice cover (congélation ice). 
The absence of brine-layer/ice-plate sub-structure in this 
columnar ice (Fig. 3e) might be a trademark of brackish 
congélation ice. 

Isotopic and chemical profiles of sea water, down to 
15 m (coUected through boreholes G and I (Fig. 2)), con-
fîrm the sub-shelf o r i ^ for the firesh water. The water 
samples were taken just after coring, while a considérable 
number of equigranular small frazil crystals were regul-
arly floating up to the open-water surface of the bore-
hole. Thèse frazil-ice crystals were sampled separately 
and yielded isotopic values of —4.55 to —5.90%o (5'*0) 
and - 3 3 to -467oo (*D), at sites G and I respectively. 
Under the ice cover, the isotopic and chemical values of 
the sea water are around 8000-8500 ppm of sodium, -1.1 
to -1.87oo ( * " 0 ) and - 8 to -137oo ( ^ ) - Thèse isotopic 
values are too high to be responsible for those observed 
in the frazil ice at the extrême base of the core (-2%o in 
5**0 and -19%, in ÔD), whatever the freezing rate. Sim-
ilarly, the individual frazil-ice crystals accumulating at 
the surface need a paurent water with isotopic values fluc-
tuating between -66 and -337oo- in 6D and - 9 to -47oo 
in S^*Q. Such water was not observed under the sear 
ice cover and must resuit from the mixing of normal sea 
water with meltwaters from the bfise of the ice shelf. The 
top of uni t V therefore marks an increasing production 
of meltwater at the base of the ice shelf, probably at the 
beginning of the austral summer 1987-88. 

CONCLUSION 

The major rifts developing in the southem part of George 
VI Soimd, where the ice shelf cailves into huge tabular ice
bergs, are idéal traps for the water masses ascending In 
front of the ice shelf. Thèse contribute to the accretion of 
sea ice at the open surface between the sides of the rift. 
Combined salinity and isotopic profiles of this sea ice al-
low the origin of the parent water to be traced. Results 
from a detailed profile of a 5.54 m thick ice core sam
pled in the area show that it is probably second-year sea 
ice that has survived one melt season (Weeks and Ack-
ley, 1986). Half of the core consists of sea ice, foUowing 
the Jeffries and others (1989) terminology, formed in the 
winter. Although, during this period, the parent water 
is close to nornuJ sea water, the Na and £'*0 curves 
show a few sympathetic large-scale fluctuations indic-
ating dilution events reaching 20% of fresh-water input 
that might reilect small variations in the basai melting of 
the ice shelf. A sharp transition from sea ice to brackish 
ice (450 cm depth), that must resuit from mixing with 
meltwater from basai shelf ice, indicates the importance 
of this process during the summer period, with maximum 
dilution coefiicients up to 80% of fresh water. Winter 
accretion consists almost exclusively of frazil-ice produc
tion, while summer accretion alternâtes between frazil ice 
formed at depth close to the fresh-water-input location 
(low-s8Jinity and low-isotopic signal) and congélation ice 
formed by direct progression of a freezing front under 

the sea-ice cover into a less-diluted parent water. Fur-
ther Work on the multi-year sea ice formed in the rift 
area will aim to produce a semi-quantitative estimate of 
the fresh-water output from the base of George VI Ice 
Shelf at îts southem ice front. 
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ICE COMPOSITION EVIDENCE OF MARINE ICE TRANSFER ALONG THE BOTTOM 
OF A SMALL ANTARCTIC ICE SHELF 

R. Souchez, M. Meneghel, J.-L. Tison, R. Loirain, D. Ronveaux, C Baroni, A. Lozej, L Tabacco and J. Jouzel 

Absiract. The existence of marine ice transfer along the 
undeiside of the Hell's Gâte Ice Shelf (Victoria Land), is indi-
cated by an isotopic and chcmical study of ice cores. Becausc 
of top surface ablatitm, tfae marine ice formed at the ice shelf-
ocean inteifoce, ultimalely appeais at shelf surface. A succes
sion of congélation, platelet and frazil ice is shown to occur. 
The combined study of stable isotope composition and of the 
sodium content of thèse différent ice types proves to be a 
valuable tool for specifying the ice shelf-ocean interactions in 
this aiea. Two différent fieezing zcmes separated by a melting 
zone exist; the parent water for the âazil ice is meltwater from 
congélation ice which appears in the upstream zone. 

Introduction 

Thermodynamic processes occurring at tfae base of an 
ice shelf arc determined by the température of both ice and sea 
water near the interface and the direction and velocity of the 
océan currents (Doake, 1976). Jacobs et al. (1979) proposed 
two modes for circulation near the ice front. A deep 
circulation beneath the ice shelf is driven by dense, saline 
water formed as a resuit of fireezing at the sea surface. Water 
descends at the ice shelf front, because of its density incrcasc 
due to sait rejection during sea ice formation in a polynya for 
example. The température of this water is the surface freezing 
point. After descending, this water has sensible heat available 
to cause melting of ice at depth, since increased pressure 
lowers the fieezing point, a process related to the ice pump 
mechanism defîned by Lewis and Perkin (1986). Another 
mode of circulation proposed by Jacobs et al. (1979) takcs 
place at shallower depths and involves intrusions of warmer 
water fiom beyond the continental shelf break. This warm 
water flows beneath the ice shelf and undergoes cooling, 
dilution and latéral mixing. Now, in thèse two modes, melting 
of ice at depùi can produce supercooled water since meltwater 
raises because of its lower density, and supercooling with 
respect to the in situ &eezing point occurs since the pressure is 
reduced. Jenldns and Doake (1991) indicate that this potential-
ly supercooled water can thus produce marine ice and that this 
process accounts for the majority of basai ice accumulation 
observcd beneath the Ronne Ice Shelf. The présent study will 
concentrate on thèse marine ice formation processes. 

Most Antarctic ice shelves are accumulating snow on 
their surfaces. As a conséquence, bottom ice layers cannot be 
reached unless expensive drilling programs are undertaken, 
such as the Ross Ice Shelf Drilling Program for example. In a 
few instances, nx>sdy as a resuit of the action of katabatic 
winds, the surface of the ice shelf is snow-free and is losing 
ice by sublimation or melting. In such situations whcre sur-
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face ablation is important, an upward vertical velocity compo-
nent exists and ice initially at depth is transfcrred along an 
inclined surface towards the ice-atmosphere interface. Bottom 
ice layers previously at depth now constitute surface layers 
and the seaward edge of such an ice shelf can be composed 
exclusively of marine ice accreted at the bottom. In such a 
case, a longitudinal line of shallow ice core drillings can ad-
vantageously replace a single vertical profile thiough the ice. 

Sampling procédure and sample analyses 

Twenty fïve ice cores, 1 to l.S m long, were retrieved 
from the Hell's Gâte Ice Shelf, a part of Nansen Ice Sheet, 
and transferred frozen to Brussels. The iirst 50 cm of each 
ice core was discarded to avoid contamination problems. 
Isotopic analyses were perfonned in the Nuclear Research 
Ccntcr of Saclay in France. HDO and H2'*0 concentration 
will be denoted hereafter in ô units versus V.S.M.O.W. 
(Vienna Standard Mean Océan Water) expressed in per œil. 
Accuracy of SD measuremcnts is 0.5%o and of S^^o measu-
rements 0.1%o. Sea ice samples containing more than 150 
ppm Na were distilled under vacuum prior to isotopic 
analysis, by a procédure tested to avoid isotc^ic changes 
during the process. The Na content of the ice samples was 
determined by atomic absorption spectrophotometry with a 
Varian-SpectrAA 300 spectrometer, using standard 
procédures. Crystallographic investigations were madc on 
vertical thin sections of the ice cores eut at -25°C in a cold 
room in Brussels. In selected cases, the distribution of c-axes 
of the ice crystals was determined to substantiate the origin of 
the ice layer under considération. 

The Hell's Gâte Ice Shelf 

This Antarctic ice shelf is located near Terra Nova Bay 
in the coastal zone of the Transantarctic Mountains (lat 
±74''50'S, long. llôS^SO^E). It is nourished by différent 
affluents of the Priestley oudet glacier. A small rock outcrop, 
called Végétation Island, acts as a pinning point for the ice 
shelf. Very strong katabatic winds fh>m the polar plateau are 
fréquent in this area ; hence the name of this ice shelf and the 
existence of a polynya along its edge. The Hell's Gâte Ice 
Shelf consists of thtcc différent sectors separated by ridges of 
débris cônes. Only the western and central sectors will be 
considered here (Figure 1). They are separated from each 
other by a major shear zone including two ridges of débris 
cônes containing rock fragments, shells and worm tubes 
incoiporated into the ice by bottom fieezing of sea water at the 
level of Végétation Island. Baroni (1988) gave an uncalibrated 
i^C âge of 2495 ±160 years BP (Gx-14084) for tiie oldest 
shells appearing at the surface of the ice shelf as a resuit of 
ablation which has becn estimated to be about 10 cm per year. 
Marine ice is known to occur at the outer edge of the ice shelf 
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and replaces progrcssively and completely glacier ice in that 
région. Such a situation indicated by a shift from largely 
négative to positive values (Baron! et al, in press) is very 
similar to the one described in 1972 by Gow and Epstein for 
the Koettlitz Ice Tongue in McMuido Sound, Antarctica. 

Radio-ccho sounding of the Hell's Gâte Ice Shelf 
shows a strildng contrast between the western and central 
sectors. In the western secttv, a principal rtflectcH' supposed 
to be, bec au se of its stiength, the interface between floating 
ice and sea water, can easily be identified but a complète 
disappearance of this reflector occurs at the level of the shear 
zone where the dip of the ice layers is subvcrtical. In this 
sector the ice shelf has an estimated thickness of about 60m 
and a relatively flat interface with sea water except an 
iiregularity close to Inexpressible Island where it is 
dcforming. With an ice surface at about 9m a.s.1., this is not 
far from hydrostatic equilibrium. By contrast, the central 
sector of the ice shelf displays an undulating interface at a 
depth between 2Sm and 50m, though it is occasionally 
shallower than 20m. This reflector is characterized by an 
energy contrast maikedly lower than that found m the western 
part The différence in reflecting energy with the western 
sector could be duc to a change in the physical charactcristics 
of the ice, the electromagnetic energy being absorbed because 
of the conductivity of a lower ice unit. The détection of the 
ice-water interface is thcreby inhibited. 

The contact zone between glacial and marine ice at the 
surface of the ice shelf is clearly seen on Spot imagery be
cause of contrasting signatures of thèse two ice types. No de-
bris is found at that limit. This seems to indicate that sea water 
freczing does not occur at the grounding line in contrast with 
the situation around Végétation Island. For ice flowing into 
the western and central sectors of the Hell's Gâte Ice Shelf, 
the grounding line is much farther northwest than Végétation 
Island so that différent interface conditions can prevail. 

Ice types of the Hell's Gâte Ice Shelf 

Glacier ice, originating as snow of continental origiii, 
can easily be distinguished in thin section by its structure 
consisting in polyhedric crystals (size : 1 to 2 cm) containing 
numerous air bubbles. Its Na content is very low, less than 
0.001 ppt (part per thousand). Its isotopic composition is cha
racterized by a low content in heavy stable isot(^>es, the 5D 
values ranging between -160%o and -245%o, the 5^80 values 
between -23%o and -31%o. The rclationship between the two 
sets of values is 5D = 8.13 (corrélation coefficient 
of 0.992), which can be considered as the resuit of a precipi-
ution effect The large altitudinal range of the source areas is 
sufScient to explain the large range of 5 values observed. 

Marine ice which is substantially bubble-Cree by 
comparison with glacier ice, can be subdivided in the ice cores 
into columnar, granular and platelet ice. 

Columnar ice consists of columnar crystals (length 
>2cm) with cell structure and brine layers. In ±c thin secti(Mis 
examined, the elongated crystals are only roughly paiallel to 
each other indicating that undershelf currents were able to 
disturb the alignement and that pockets of sea water could be 
incorporated into the layer during growth and subsequently 
frozen. This columnar ice is thought to be congélation ice due 
to the progression of a fireezing front in sea water. Its Na 
content is between 0.5 and 0.8 ppt The isotopic composition 
of the samples analysed is indicated in Figure 2. The positive 
values inçly frcezing of sea water close to V.S.M.O.W. 

Granular ice is composed of small rectangular crystals 
Oength <lcm), more or less aligned horizontally. It is thought 
to be frazil ice generated in the sea water itself as a consé
quence of a double diffusion mechanism, heat diffusivity 
being one order of magnitude higher than sait diffusion 
(Weeks and Ackley, 1986). It has a Na content lower than 
0.15 ppt. Thcrc is even a low salinity population with a Na 
content less than 0.025 ppL This population is represented in 
the central sector of the ice shelf where it constitutes the main 
portion of the marine ice sqppearing at the surface. The isotopic 
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composition of frazil ice is more positive than that of 
congélation ice, both in SD and S'^O. Frazil ice thus 
originated fiom sea water and not fiom glacial ice meltwater. 

Platelet ice is characterized, as described by Lange 
(1988) by large clongated grains Ocngth >2cm), sometimcs 
acicular, pointing in différent directions and often interspersed 
with régions of small grains. Therc is also a near absence of 
any substnictuie within the large grains, although in our thin 
sections brine pockets are somctimes seen, indicating proba-
bly a contribution of disagrcgated columnar ice in the forma
tion of the platelet ice. Platelet ice is considered as a variety of 
frazil ice, a\so gencrated within the watcr column. Platelet ice 
growth is very often associated with supercooling of water 
under an ice shelf (Lange et al., 1989). The Na content of the 
platelet ice samples is intcrmediate between that of congélation 
and frazil ice: from 0.075 to 0.15 ppt Its isotopic composi
tion is not significantly d i f fœnt fiom that of frazil ice. 

Evidence for marine ice transfer along the bottom of the ice 
shelf 

Sea water was sampled near the edge of the Hell's Gâte 
Ice Shelf between 0 and 200 m depth. S^^O values of thèse 
waters are close to ISW (Jacobs et aL, 1985). 

Sea water samples, congélation, platelet and frazil ice 
samples are aligned, on a 5D-5'^0 diagram (Figure 2), on a 
slopc of 6.6 (corrélation coefficient of 0.93). This slope can 
be considered as a fieezing slope. Indeed, the freezing slope 
on which ice samples due to water freezing are aligned on a 
S > 5 ' ^ 0 diagram can be calculated using the équation 

S = X [ lOOO-hSiD I (Souchez and Jouzel, 1984) 
\1000 + 8ii8O/ 

where a and P are the respective equilibrium fracdonation 
coefficients for deuterium and oxygen 18 (taken usually as 
a = 1.0208 and P = 1.003), SjD and ài^^O are the 

respective 5 values for the initial water at the beginning of 
freezing. Taking SjD = - 4%o and Si^^O = - 0.6%o (mean 
values of sea watcr at ice shelf s edge), the calculated slope is 
6.9, which is fairly close to the measured value. The 
différence between the 5 values of most of frazil ice samples 
and sea watcr sangles is bighcr than the maximum possible 
shift which can be obtained by a single freezing event, thus 
precluding this sea water as the parent water for frazil ice. 
This would still be true if a 2%o higher a value is considered, 
a possibility that might exist for deuterium but only for sea 
water of high salinity (Beck and Munnich, 1988). 

The parent watcr for frazil ice must be a water of 
relatively low salinity compared with sca water. Indccd, watcr 
salinity of the parent water can be calculated if the frazil ice 
salinity and the distribution coefficient are known. Antarctic 
sea ice salinities given in the literature (Gow et al., 1987; 
Lange, 1988) usually range between 3 and 6 ppt for frazil ice, 
with very low values at 2 ppt or very high values around 15 
ppt in freshly Consolidated pancake ice (Eicken and Lange, 
1989). Since this sea ice was formed from antarctic surface 
sea water, deduced distribution coefficients (sca ice 
salinity/sea water salinity) will range between 0.09 and 0.17 
with extrême values of 0.06 and 0.44. It can be assumed that 

the rado Na/salinity is 0.3074 in the océan and independent of 
the salinity level for a large range of salinities (Riley and 
Skirrow, 1965) and that the same ratio is valid for sea ice 
(Meese, 1989). Using a Na content typical of the low salinity 
frazil population (0.025 ppt), a maximum salinity of less than 
1.35 ppt is obtained for the parent water of the frazil ice 
sampled at Hell's Gâte. 

Can water of such a low salinity be surface meltwater 
from marine ice percolating through tide cracks to the under-
side of the ice shelf, such as Gow and Epstein (1972) consi
dered for the Koetditz Glacier Tonguc near die Dailey Islands, 
McMurdo Sound, Antarctica? Meltwater ponds effectively 
exist at the surface of the Hell's Gâte Ice Shelf near its fhmt 
Several arguments can however be given which tend to indi-
cate that this possibility is excluded here. First, not a single 
open crevasse has been encountered at the surface of the ice 
shelf where meltwater ponds are présent and no islands with 
their attendent tide cracks exist in the ablation zone. Second, 
the zone of low salinity frazil ice appearing at the ice shelf 
surface is quite extensive <md not restricted to the pioximity of 
an eventual break-through percolation System. The zone <rf 
frazil ice at the shelf surface is in fact more extensive upstream 
than the zone where meltwater ponds are developed. Rnally, 
there is no upper layer of water with low salinity in front of 
the ice shelf. Measurements in the top 0-200 m show that the 
Na content of sca watcr fluctuâtes between 10.5 and 10.8 ppt 

Thus, as shown by 5 values as well as salinity 
measurements, only meltwater of marine ice fiom the bottom 
of the ice shelf can serve as the source of frazil ice. Such 
water originates from congélation ice, the melting of which 
occurs without isotopic or chemical fiactionation (Rriedman et 
al., 1964; Moser and Stichler, 1980). 

The decrease in salinity and the increase in 5 values 
from congélation to platelet and frazil ice, and the 
development of frazil ice downstream from congélation and 
platelet ice (Figure 3), indicate marine ice transfer along the 
bottom of the ice shelf. The meltwater produced by the 
melting of congélation ice is less dense than surrounding 
water because, at températures close to the fieezing point, the 
density of sea water is primarily a function of salinity 
(Dietrich et aL, 1980). As developed by Jenkins and Doake 
(1991), turbulent entrainment can provide a mechanism which 
supplies the beat required to warm the ascending cuirent and 
sustain basai melting further downstream. This process 
becomes less efficient as the water reaches shallower depths, 
since the température contiast decreases. Then, supercooling, 
frazil ice formation and basai accrerion will resuit. The 
development of frazil ice within the watcr column as a resuit 
of supercooling seems sufficientiy efficient to prevent the 

Congélation 

— ^ 

Platelet and Frazil 

ftteimg Water above in situ freezing point 

Fig.3 : Sketch indicating ice shelf-ocean interactions along the 
seaward part of the HeU's Gâte Ice Shelf. 
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piling up of low salinity excess meltwater at the sea surface. 
Since ttùs process not only opérâtes in a downstream direction 
but also between the western sector and central sector of the 
ice shelf, an uneven lower surface of the ice in the latter 
région is likely to exist. This could be the resuit of the 
channelling of supercooled water and of the irregular 
production of frazil ice nucleated in the water column. 

Conclusion 

We conclude that a study of the chemical and isotopic 
coiiq>osition of the ice from an ice shelf is able to specify 
ihermodynamic processes taldng place at the base. 

In the case of the Hell's date Ice Shelf, two fieezing 
zones separated tcom each other by a melting zcme have been 
shown to occur beneath its seaward margin. Frazil ice is 
formed by frcezing of low salinity water which results from 
partial meldng of congélation ice. 

Since it is known that marine ice has accumulated in this 
ice shelf for the past 2500 years, a conqilete drilling would 
enable us to idmtify periods of shifting basai situations. Such 
corings could yield records of considérable palaeoclimatic 
signifïcance. 
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Abstract: Chemical, isotopic and cry stallographic characteristics of marine ice formed at the base of the Hells Gâte 
Ice Shelf, Terra Nova Bay, allow a better understanding of the dynamics of marine ice accretion under small ice 
shelves. The observed properties of the différent types of frazil ice found in the area immediately behind the ice 
shelf front, resuit from a progressive évolution of tfie individual frazil ice crystals initially accreted at the base of 
the ice-shelf. Basai melting caused by the descending plumes of water masses at a température above their local 
freezing point, initiâtes partial melting of the frazil ice crystals. This dilutes the interstitial water and initiâtes 
Chemical sorting effects as diffusion proceeds from the normal sea water in the free water column to the diluted 
interstitial water in the loose frazil layer. Différent environmental conditions will resuit in contrasting properties. 
Where the subglacial interface is sculptured with dômes or inverted channels,- it will favour the accumulation of 
thick units of frazil ice, in a calm environment, that will be further protected from convection raixing over long 
time periods. This will resuit in the formation of orbicular frazil showing c-axes at random, strong dilution and 
important sorting effects. On the contrary, where no channel or dome exist, or where those are akeady filled with 
frazil, rectangular or wave-like banded frazil will form with properties showing interfacial streaming effects 
induced by water currents. Strong c-axes concentration at a single maximum, less dilution and weaker chemical 
sorting effects are then observed. Thèse fîndings provide a tentative explanation for the apparent contradiction 
between the very low salinity levels detected in marine ice at the base of ice shelves and the comparatively minor 
salinity fluctuations in sea water profiles near ice shelves. 

Key words: Hells Gâte Ice Shel^ ice-ocean interface, frazil ice, cationic content, isotopic characteristics, ice 
crystallography 
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Introduction 

Récent studies of marine ice (continental ice/ocean interface) 
from the base of Antarctic ice shelves, have indicated very low 
salinity levels compared to sea ice (atmosphere/ocean interface) : 
for example at the Filchner-Ronne Ice Shelf (Oerter et al 1991) 
and Hells Gâte Ice Shelf (Souchez et al. 1991), In the latter 
paper, it has been shown on isotopic and chemical grounds that 
frazil ice fomiing under the seaward part of the Hells Gâte Ice 
Shelf (HGIS) is produced by the freezing of meltwater from 
marine ice located upstream. This frazil ice has a very low 
salinity, probably resulting from the freezing of water with 
salinity levels of an order of magnitude less than undiluted sea 
water. However, such low salinities have never been detected 
by large scale océanographie measurements. We need a better 
understanding of the processes occurring at the ice-ocean 
interface, from the production of the parent water to the 
solidification of the frazil ice. This paper describes detailed 
isotopic and chemical characteristics of the différent frazil ice 
types accreted at the base of the HGIS and suggests mechanisms 
to accoimt for the low salinity of this frazil ice. 

Site description 

The Hells Gâte Ice Shelf is a part of the Nansen Ice Sheet 
reaching the sea in Terra Nova Bay near Cape Russell (Fig. 1). 
It extends from north to south for 16,6 km with a maximum 
width of 9,8 km between 74" 44^4° 53'S and 163° SmeS" 
57 E. It is composed of three main sections (westem, central, 
eastem) separated by two medial moraines stretching from 
north to south. Echo sounding profiles, performed about 1.5 km 
inland from the ice front, showed a maximum ice shelf thickness 
between 60 and 70 m (Souchez et al. 1991). Between the 
westem and central parts (the eastem part will not be considered 
here) there is a major shear zone characterized by two ridges of 
débris cônes containing rock fragments, shells and worm tubes. 
As pointed out by Baroni (1988), the débris was incorporated 
into the ice by bottom freezing of sea water around Végétation 
Island. This small rock outcrop acts as a pinnmg point of the ice 
shelf and is situated near its upstream boundary (slightly to the 
north of the upper limit of Fig. 1), Baroni (1988) gave an 
uncalibrated "Cage of2495 ± 160yearsBP(GX-14084) for the 
older shells reaching the surface of the HGIS. This allowed him 
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Fig. 1. Vertical aerial photograph of the area of Hells Gâte Ice Shelf examined in the présent study. The dots show the location of the ice 
cores analysed (Photo 1-063 11-6-85 Tetra Nova Bay H2 8000 FL 152-27 TMA 2851-V). 

to propose an ablation rate of about 10 cm y ' due to very strong 
and fréquent katabatic winds blowing across the ice from the 
polar plateau. As a resuit of this ablation, marine ice progressively 
replaces glacier ice downstream of Végétation Island as confirmed 
by a ô " 0 shift f rom strongly négative to positive values (Baroni 
et al. 1991, Souchez et al. 1991).The boundary between 
continental and marine ice also appears clearly at the surface of 
HGIS( seeF ig . l ) b e c a u s e o f t h e i r respective clear-cut tonesin 
the photograph, i.e., light-grey for continental ice and dark-grey 
for marine ice. 

T w o Italian océanographie expéditions (1987-1988 and 
1990) collected température and salinity data in the Terra Nova 
Bay area (Boldrin & Stocchino 1990). Thèse data show the 
water of the Bay mostly consists of High Salinity Shelf Water 

overlain by Antarctic Surface Water. The latter layer, less than 
100 m deep, is generally warmer, fresher and more variable with 
respect to thermal and compositional properties. During the 
brief summer, this water will interact with the front and 
undersideof HGIS, with températures reaching -0.5°C between 
20 and 50 m depth. 

Sampling procédure and analytical treatment 

As dcscribed above, marine ice initially a cae t ed at the base of 
the HGIS now appears at its surface. This transfer occurred 
along an inclined surface due to an upward vertical velocity 
component derived from the surface ablation caused by the 
katabatic winds. To examine this situation a séries of shallow 
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ice cotes, distributed along two longitudinallines (in thê yestem 
and central sectors respectively), firom the continental ice limit 
to the ice shelf edge, was taken in place of a complète vertical 
drilling to the bottom at a single location. Besides the fact that 
it is obviously easier to handle logistically, this sampling 
technique allows a better perception of the "cross-stream" 
spatial variability without losing the main spatio-temporal 
variability obtainable by drilling to thebottom at a given location 
(at least in the peculiar flow régime described above and if the 
samples are adequately chosen). However, it does not provide 
informations on the vertical variability of physical parameters 
suchastheice température, throughtheentireice shelf thickness. 

Twenty fîve ice cores, 1-1.5 m long, were retrieved from the 
HGIS (Fig. 1) with a CRREL 3 in. ice auger, transfened to 
plastic bags and stored below -20°C until they were used in 
Brussels. The upper 50 cm of each ice core was discarded in 
order to avoid surficial effects. Vertical thin sections were made 
along the total length of each core to observe the différent ice 
textures and to guide the isotopic sampling. After removing 
0.5cm of the outside surface of each ice core, a 1 cm thick vertical 
slice was eut with a clean band saw (tested as not contaminated 
by the major cations of interest) from along the entire length of 
each core, and each vertical slice was then subdivided into 
horizontalpiecesat0,5cmintervals. Thesewereallowedtomelt 
in polyethylene tubes and were analysed for Na, K, Mg and Ca 
with a Varian-SpectrAA 300 atomic absorption specti:o-
photometer.Samples also were taken from the ice cores for 
co-isotopic analyses of deuterium (ÔD) and oxygen-18 (ô'*0), 
TTie sampling spots were selected after a careful examination of 
the thin sections between crossed polarizers and on the basis of 
the concentrations of dissolved solutés obtained by the chemical 
analyses. Collecting the small amounts of ice needed for the 
mass spectrometer measurements (0.3 ml) was f acili tated by use 
of a microtome. Where the Na content of the ice was above 150 
ppm, the samples were distilled under vacuum prior to isotopic 
analysis by a procédure proven to conserve tiie isotopic signal. 
TTiirty samples of artificial sea water, produced by adding sait 
to distilled water of known isotopic composition, were run 
tiirough the distillation apparatus, and tiie isotopic composition 
of the distillate was found to be identical in the limits of the 
précision of the mass-spectrometer measurements to the initial 
value. The measurements were performed at the Nuclear 
Research Center of Saclay (France). HDO and Hj"0 
concenti-ations are given in ôunits versus V.S.M.O.W. (Vienna 
Standard Mean Océan Water) expressed in per mil, The 
accuracy of the measurements is + 0.57 in ÔD and ±0.17 in 

Results and discussion 

Frazil ice characteristics 

Fig. 2 summarizes tiie overall characteristics of the various 
marine ice types from HGIS. Most of the data used for making 
Fig. 2 are listed in Ronveaux (1992). Continental ice from 

inland and fast sea ice from the front of the ice shelf are also 
briefly described for comparison. Ail marme ice samples from 
the 25 cores fall into four major textural catégories, with 
conti:asted frequencies of occurrence: columnar ice represents 
2.5% of the total lengtii of marine ice, 4.8% is plateletice, 49.4% 
is orbicular granular ice, and 43.3% banded granular ice. 

Columnar ice (a texture typical of congélation ice formed by 
the progression of a freezing front in a liquid water réservoir) 
and platelet ice are easily recognized by distinctive différences 
in their textural characteristics (Weeks & Ackley 1986, Lange 
1988). They areaminorcomponentof theHells GatelceShelf's 
environment. Tliese two ice types, as underlined by Souchez 
et al. (1991), are intimately associated and spatially located at 
theboundaryofthecontinentalglacierice(core6onFig. 1). The 
same authors presented the isotopic values of marine ice from 
HGIS on a 6D/Ô"0 diagram (thek fig. 2) where congélation ice 
is situated in an intermediate position between sea water 
samples from the front of tiie ice-shelf (20-200m deptii) and 
frazil ice samples. Platelet ice does not differ signifîcanfly from 
the otiier frazil ice types in this environment. This is illustrated 
by the isotopic ranges given in Fig. 2. Botii ice types show mean 
salinity values just below 15°/^ comparable to the lower values 
observed at the base of a first-year sea ice cover in Breid Bay 
(Tison & Haren 1989) and slightiy lower tiian the minimum 
values (Gow et al. 1987) in the Weddell Sea ice floes. Low 
salinity values are to be expected when marine congélation ice 
forms under a thick continental ice cover at very slow freezing 
rates, andwithamaximumsaltrejectionby thegrowingice. TTie 
tliree last Unes of Fig. 2 give the value of tiie K/Mg ratio (K and 
Mg being expressed in meq 1' for charge and weight 
compatibility). TTiis ratio has been chosen since it is unlikely to 
be affected by sait précipitation in the HGIS environment. 
Indeed, Richardson (1976), in his study of the phase relations in 
sea ice as a function of température, indicates that CaCOj.ôHjO 
isthefirstsalttoprecipitatefromsea water atatemperature close 
to the freezing point and tiiat Nâ SÔ . lOHjO and CaS0 .̂2H20 
soon foUow, at températures of -8°C and -10°C respectively. 
Marine ice subjected to such a range of températures, as is 
probably the case for the HGIS when it is progressi vely brought 
up to the surface by ablation, is likely to show a greater variability 
in tiie ratios of éléments forming salts under freezing conditions. 
Following Richardson (1976), concentrations in K and Mg ions 
in sea water at sub-freezing températures, under quasi-
equilibrium conditions, do not change until tiie température 
falls to -34°C. This is confirmed by the observations of Qagin 
et al. (1986) in brine layers infilti-ating the McMurdo Ice Shelf 
and progressively submitted to lower températures where, for 
Na/Mg as well as for Na/K, there is a good agreement between 
thèse ratios in sea water and in the ice samples. However, Meese 
(1989, 1990) showed from dilution curves for sea ice from 
southem Beauf ort Sea that Mg is slighdy enriched (1-2%) witii 
regards to sea water and K slightiy depleted (1-2%). Thèse 
slight fluctuations, attributed to précipitation of Mg and to 
diffcrential mobility (with regard to Cl) of K, will possibly 
explain a slight decrease in the K/Mg ratio. This ratio in 



ICEtoCEAN INTERACTIONS IN ANTARCTICA: The Marine Ice Perspective 117 

312 J-LTISON efa/. 

ICE TYPES GLACIER 

ICE 

FASTICE 
ICE TYPES GLACIER 

ICE 
CONGE 
-LATION 

• 
F R A Z I L 

O 
CONGELATION 

k 
PLATELET 

A 
CORE # (Fig. 1) 5,12,13,21,22,6 Top 7,9 7,9 6-Mlddlc 6-Bottom 

CRYSTAL SEE 1-2 cm 1 • 2-3 cm 
w • O.S-lem 0.2-0.5 cm 1 - 4-5 cm 

w - 1.5-2 cm 
1 - 2-4 cm 
w - 0.5-1 cm 

T 
E 

y 1 cm 
R 
E f 

^ ' H 
^ - j 

m ; . •" 

w m à 
1 
C 
E 

F (vertical 
A plane) 
D 
R 
1 
C 

1 strong maximum near 
the shear zone (cote 5) 
to small gtrdie or weaker 
maximum away Irom the 
sliearzone (12, 21, 22) 

— 

1 
N 
c 
L Bubbles 
U 
S 
1 

. 0 . . . . 

YES : mainly spherical 
(0.5 mm in diameter), 
somelimes tutxilar 
according lo (IOVK. 
Intracrystalline and al 
grain boundaries. 

YES: 
associated 
with 
brines 
inclusions 

YES YES : associated 
with brines 
inclusions 

YES : lew spherical 

Q ranicuiais 
^ matter NO NO NO NO NO 

^ # of samples 
0 S D max 
T (%•) min 
î 18 
P 5 0 ma» 
E ( % . ) min 
S 

8 

• 150.9 
- 245.0 
- 19.76 
-31.71 

3 
11 6 
11̂ 0 

1.74 
1.14 

1 

10.5 

1.45 

4 
16.0 
9.8 

2.02 
1.14 

3 

23.3 
16,1 

2.51 
2.08 

# of samples 
mean salinlty (%.) 

11 
1.33 

19 

1.19 

27 

1.35 
31 

1.42 

ria 
(PP"") m>an 

508.50 
273.50 
407.99 

523.00 
202.10 
366.69 

589.50 
197.60 
415.94 

618.00 
281.10 
43543 

C i' max 
H , . min 

17.32 
878 

12.91 

14.72 
8.41 

11.63 

24.08 
6.77 

17.95 

24.23 
10.38 
17.29 

"M 
1 Ca 
f (pp-") : » r , 

15.95 
6.74 

11.24 

16.29 
6.02 

11.38 
21.76 
8.15 

17^9 
70.80 
18.60 
51.32 

20.41 
3.89 

15̂ 98 
81.05 
27.70 
48.60 IPP"̂ ) mean 

52.10 
25.55 
37.85 

45.65 
22.60 
34.32 

21.76 
8.15 

17^9 
70.80 
18.60 
51.32 

20.41 
3.89 

15̂ 98 
81.05 
27.70 
48.60 

, , . 1 , min 
27.64 
14.56 
21.75 

27.41 
11.66 
19.64 

30.77 
14.87 
26.16 

31.71 
22.37 
25.22 

max 
K/Mg min 

mean 

0.109 
0 102 
0.106 

0.116 
0.100 
0.106 

i 0.130 
0.099 
0.110 

0.111 
0.089 
0.099 

Fig. 2. Textural, ice fabric, isotopic and chemical charactcristics of the différent ice types studied. The symbols reprcscnting thc différent 
ice types in the top row of the figure are also used in Fig. 3. 24 is used for the sum of the four cations in meq 1' (24 = [Na] + [K] + [Ca] -h 
[Mg]) . 



ICE-OCEAN INTERACTIONS IN ANTARCTICA: The Marine Ice Perspective 118 

FRAZIL ICE GENERATION 313 

YES :(ew 

NO 

23 
19.9 
16.7 

2.76 
1.86 

176 

0.19 

NO 

YES FOR CORE 4 : 
- sponge tesls 
- echinoderm spicules 
- crustaceous faeces 
showing peritrophic 
membrane 

YES FOR CORE 18 : 
cir core 4 
+ worm tubes 

fragments 

NO 

25 
22.1 
15.0 

3.02 
1.64 

13 

24.5 
16.0 

3.26 
1.82 

10 

21.9 
15.5 

3.19 
1.90 

24.3 
15.7 

2.92 
2.12 

173 

0.36 
95 
0.03 

136 

0.03 
163 

0.14 
235.80 

7.34 
57.13 

801.00 
17.50 

109.79 

35.42 
5.35 

10.69 

52.85 
2.76 
8.81 

229.50 
1.74 

41.65 
9.33 
0.17 
2.24 

26.64 
0.60 
3.85 

1.20 
0.17 
0.34 

3.61 
0.05 
0.34 

5.39 
0.10 
1.60 

4.34 
0.15 
1.70 

21,21 
0.58 
2.66 

1.50 
0.06 
0.51 

2.48 
0.01 
0.41 

6.77 
0.01 
1.41 

19.52 
0.24 
6.29 

72.10 
1.07 

10.79 

4.38 
0.27 
0.86 

8.68 
0.03 
0.74 

15.84 
0.03 
4.93 

9.68 
0.36 
2.79 

36.35 
0.91 
4.20 

1.80 
0.11 
0.54 

3.22 
0.13 
0.49 

11.19 
0.09 
2.35 

0.289 
0.056 
0.119 

0.256 
0.046 
0.114 

0.259 
0.063 
0.162 

0.628 
0.064 
0.316 

1.287 
0.058 
0.324 

Fig. 2. 



ICE-OCEAN INTERACTIONS IN ANTARCTICA: The Marine Ice Perspective 119 

314 J-LTISONefa/. 

congélation ice (0.110) and platelet ice (0.099) from HGIS is 
close to the one in standard sea water (0.096), thereby conf irming 
the absence of significant fractionation with regard to sea water 
for thèse ice types. This is also the case for the congélation 
(0.106) and frazil ice (0.106) in f ast ice formed in front of the ice 
shelf.The contrast between orbicular and banded granulai ice 
(Fig. 2) is based on textural characteristics following the 
terminology proposed respectively by Lange (1990) and Gow 
et al. (1987) (Appendix 1). According to préviens studies 
(Weeks & Ackley 1986, Gow etalA987) a granular ice texture 
may either resuit from the transformation of the snow cover at 
the sea-ice surface, or from the acaetion of loose ice aystals 
initially formed in the water column by varions processes and 
subsequentiy floating up to aggregate at the ocean-atmosphere 
interface or under a pre-existing ice-water interface. Since the 
f irst geneticprocess is precluded, for obvious reasons in the case 
of marine ice, we will use in the following the genetic term of 
frazil ice for the granular ice at HGIS. Orbicular frazil consists 
of crystals, roughly isometric and convex, with rounded grain 
boundaries. It occurs in three major size classes at HGIS (fine 
= 0.1-0.2 cm, médium = 0.2-0.7 cm and coarse = 0.7-2 cm). 
Banded frazil shows small rectangular crystals 0.2-0.4 cm in 
length and 0.05-0.2 cm m width, more or less aligned parallel 
to the local ice-water interface. Under crossed polarizers, some 
samples display a "wave-like" texture underlined by areas of 
uniform colours indicating a strong c-axes concentration in a 
single maximum. Occasionally, the crystals are arranged in a 
vortex fashion (the alignment parallel to the ice-water interface 
is locally disturbed by crystals organized in a circular 
arrangement). Generally, the textural contrastbetween orbicular 
and banded frazil ice is reinforced by the ice-fabric, the dirt 
content, and the major ions chemistry. The peculiar case of the 
fine orbicular frazil (e.g. core 4) will be discussed later. Banded 
frazil shows strong c-axes concentrations while in orbicular 
frazil c-axes are random. Particulate matter, mainly organic, 
only occurs in the orbicular frazil, and the mean chemical 
content in major cations of this ice type is lower than for the 
banded frazil. Finally, while the K/Mg ratio in both the banded 
and the orbicular frazil show évidence of chemical sorting 
effects, thèse obviously are stronger in the latter ice type. 

Evidence for dilution at the ice-ocean interface 

In interpreting the chemical and isotopic results from frazil ice, 
one must keep in mind that they are in fact the intégration of a 
séquence of three processes : 

1) formation of individual ice crystals in the water column 
under favourable temperature/salinity conditions 

2) acaetion of loose frazil crystals at the base of the ice shelf 

3) consolidation of the accreted loose frazil tof orm a solidbody 
of ice, under a température gradient. 

During thèse three processes, the isotopic and chemical signais 
will be more or less affected, depending on variables such as the 

characteristics of the paient water for the mdividual frazil ice 
crystals, the growth rate of the individual crystals, the 
characteristics of the host watê rs where the ice crystals acaete, 
the porosity of the loose frazil (porosity is used here in the 
meaningof White (1991), i.e., the % of waterpresentinavolume 
of saturated frazil ice), the freezing rate of the acaeted loose 
frazil and the possible post- or syn-genetic desalination. 
Uncertainties on the values of thèse parameters make it difficult 
to infer the characteristics of the parent and host waters from the 
observed chemical and isotopic signais of the Consolidated frazil 
ice. However, hypothèses can be suggested for some of thèse 
parameters: 

a) Desalination processes in sea ice have been extensively 
described by several authors (Weeks & Ackley 1986, Cox & 
Weeks 1986, Cox & Weeks 1988). Formulations have been 
proposed to estimate desalination rates through either of the 
three major mechanisms involved; brine pocket migration, 
brine expulsion and brine drainage. Since thèse équations 
require the knowledge of parameters such as the température 
profile along the ice shelf thickness or the brine volume and 
salinity in the marine ice, the quantification of similar 
processes was not possible at HGIS. However, such an 
attempt has recently been made for the marine ice observed 
at the base of the Filchner-Ronne Ice Shelf where thèse data 
were available (Eicken et al, personnal communication 
1992), and it can be shown by thèse authors that the 
calculated desalinationrates are several orders of magnitude 
too low to explain the salinity values of the marine ice they 
observed. Although the Filchner-Ronne Ice Shelf is 
considerably thicker than HGIS at the B13 sampling site 
(239 m ; Oerter et al. 1992), thèse results seem to indicate 
that the active desalination processes described in sea ice 
must be of minor importance for marine ice several tens of 
meters thick. Furthermore, the tight packing of the ice 
crystals in frazil ice from HGIS (thin sections of Fig. 2) and 
the lack of any visible gaseous or liquid mclusions (brine 
layers, brine pockets) or of aacking disruption, do not 
support the existence of an efficient process of brine pocket 
migration or brine expulsion. A process similar to brine 
drainage must however probably occur during the 
consolidation phase of the acaeted loose frazil. The 
rejection of salts asfrazil consolidâtes in the upper layers will 
produce denser interstitial waters, possibly initiating a 
convective process that will bring the low salinity water from 
the basai layers (where it originates) to the interior parts 
where ice growth takes place. 

b) Ananow range of values for the porosity of aloose frazil ice 
mixture at or near the water surface can be obtained from 
various sources. Laboratory investigations on freshwater 
frazil ice (White 1991, Andersson & Daly 1992), where 
porosities were calculated from the measured weight of a 
knownvolumeof saturated frazilicefor20samplesmeasuring 
0.3dm', gave average values of 67±13% (Andersson & 
Daly 1992). Similar measurements in natural frazil ice 
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ranged between 43% and 48% and were close to those 
deduced from borehole dilution tests (43.6±3.2%; White 
1991). Salinity can also be used as an indirect method to 
détermine frazil ice porosity. For the simple experiments 
described in the next section, individual dry distilled ice 
crystals of varions sizes where poured into an expérimental 
réservoir of natural seawater until saturation was achieved. 
Since the individual ice crystals can be considered as pure 
ice, the ratio between the salinity of the sea water and the 
salinity of the mixture provides an estimate of the porosity 
of the latter. Porosity valuesbetween 43% (fine submillimetre 
sized crystals) and 52% (coarse centimete sized aystals) 
were obtained. A similar approach can be used with natural 
samples: freshly formed pancake ice from the Weddell Sea 
studied by Eicken & Lange (1989) show maximum salinities 
of about 157„which, if compared to a normal sea water 
salinity of 34.87^, gives a minimum porosity of 43,1%. 
However, some buoyancy pressure related effect should be 
considered in the case of frazil occurring under the ice shelf 
at some depth, the upper layers being mechanically 
"squeezed" by the lower layers. Since this effect is difficult 
to quantify, especially if the total thickness of frazil ice 
accreted is not known, a value of 40% porosity will be used, 
bearing in mind that this value might eventually prove to be 
an overestimate. 

c) The freezing rate of the acaeted loose frazil must be quite 
similar to that of congélation ice formed under comparable 
ice shelf thicknesses. Since it is very slow, isotopic and 
Chemical fractionation in the freezing host water must occur 
very close to equilibrium. The equilibrium fractionation 
coefficients for ÔD and Ô̂ 'O are well documented, and 
usually taken as a=l .0208and p=l .003respectively, although 
the possibility of a 2°/oohigher a value might exist for platelet 
ice formed in high salinity sea water (Beck & Munnich 
1988). Values for the effective chemical distribution 
coefficient (k^ = concentration in the ice/concentration in 
the liquid away from the interface) are found in the Antarctic 
literature on sea ice (Gow et al. 1987, Souchez et al 1988, 
Lange 1988). The lowest one (k^ = 0.04) was observed 
(Souchez et al. 1988) in congélation ice at the bottom of a 
first year sea ice cover in Breid Bay (Princess Ragnhild 
Coast) and can thusbe considered as the closest value to the 
thermodynamic equilibrium coefficient. Using the mean 
salinity of our congélation ice at the base of HGIS 
(S^=1.357^, an effective distribution coefficient of 0.04 
can be calculated. However, as discussed below, it should 
be noted that thèse values of k are only valid for congélation 
ice formed in undiluted sea water since, as indicated by 
Gross (1968), the value of kg (equilibrium distribution 
coefficient) can differ strongly from dilute solution to sea 
water due to différent interface morphologies. 

d) The freezing rate of individual frazil ice crystals is much 
more difficult to estimate. Indeed, the validity of isotopic 
equilibrium fractionation for stable isotopes of oxygen and 

hydrogen is probably strongly dépendent on the degree of 
supercooling. To our knowledge, no expérimental or field 
data are available on this subject for frazil formed by double 
diffusion or supercooling due to adiabatic upward movement 
of sea water. However, the situation is différent for the major 
cations since individual crystals growing from a liquid 
réservoir are believed to be made of pure ice, impurities 
being concentrated at grain boundaries (Souchez & Lorrain 
1991). Thus, one may consider that the chemical signal in 
the resulting unconsolidated frazil ice is independent of the 
chemical characteristics of the parent water in which the 
individual crystals originate, and exclusively reflects the 
characteristics of the host water where the crystals acaete. 

Using a porosity of 40%, an equilibrium chemical distribution 
coefficient (k^ of 0.04, and the observed frazil ice salinities 
of Hells Gâte, it is possible to reconstruct the salinity of the 
host water by studying the salinity of the différent frazil ice 
types [S^ = S ^ ^ ( k , „ x porosity)]. This salinity 
increases from 1.97^ for the host water derived from the 
mean salinity of fine and médium orbicular frazil ice to 8.87^ 
for the coarse orbicular, 127„ for the banded rectangular and 
22.57^ for the banded wave-like fra?il. Such salinities have 
never been observed in large scale océanographie salinity 
measurements below or in front of ice-shelves in the Terra 
Nova Bay (Boldrin & Stocchino 1990). Thermodynamic 
considérations suggest that the salinity values for the interstitial 
water in the loose orbicular frazil are already underestimated. 
Indeed, if, following Doake (1976), we consider the phase 
diagram relating température to sait concentration of a 
System consisting of sait, water and ice, and if we also 
consider that the system is allowed to reach equilibrium, a 
salinity of 1.9'/^for the solution in contact with the ice is only 
possible for water températures of the order of -0.1 "C. As 
indicated before, the maximum water températures observed 
in front of the ice shelf, at depths compatible with its base, are 
-0.5°C. In the phase diagram, such a température value 
corresponds to a salinity of about 9°/^ on the liquidus. 
Reducing drastically the porosity of the loose frazil to half its 
value, to emphasize the potential squeezing effect at depth, 
would still underestimate by 50% the minimum possible 
salinity for the host water of the fine and médium grained 
orbicular frazil. On the other hand, to obtain a salinity of 9°/^ 
for this host water, using a porosity of 40%, one must use a 
\ value of 0.008 m the calculations. This lower value of k, 
is comparable to the one obtained by Gross et al. (1977) in 
experiments to détermine soluté distribution at the ice-water 
phase boundary. Indeed, a k̂ ^ of 0.004 was observed in a 
monosaline solution of NaCl with a concentration of about 
107„ (1.8 lO 'M). The underestimation of the host water 
salinity for the orbicular frazil is thus most probably due to the 
combination of two factors: a possible lower porosity due to 
frazil ice compaction (at least in its higher levels) and the 
dependency of the k̂  value on the global salinity of the 
freezing solution. Chemical sorting effects, that cannot be 
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Fig. 3. Relationship between the K/Mg ratio (calculated in meq 1-̂ ) and the sum of the four cations in meq l̂ ' (24 = [Na] + [K] + [Cà] + 
[Mg] ) for différent ice types from Hells Gâte Ice Shelf. 

explained by simple mechanical means, faveur the latter 
process. 

The scientific rationale used to détermine the host water 
properties from the chemical signal cannot be followed using the 
isotopic characteris tics of frazil ice since, with a porosity of 40%, 
the observed values vwll be a combination of fractionation 
processes both during the genesis of individual crystal (poorly 
knovra) and during the consolidation of the loose matrix. A 
considérable amount of frazil samples show isotopic values 
which are higher than the one obtained by applying the maximum 
possible fractionation shift of 37„ (Souchez et al. 1991) in ô"0 
to the local parent sea water value of -0.6°/̂ . Indeed, as seen in 
Fig. 2, the maximum values in 0̂ *0 for ail frazil ice types are 
higher than 2.4''/„. This implies that, at least for the samples 
showing values higher than 2.4°/ , dilution by marine ice melt 

water, with an isotopic signal more positive than normal sea 
water, hasoccuned. Moreover,evenforthesampleswithaô'*0 
lower than 2.4°/ , dilution by melt water from marine ice must 
be the more fréquent case. The large dilution factors of sea water 
by meltwater, deduced from the salinity data discussed above, 
preclude glacier ice as a source since the very négative ô"0 
values of the latter would resuit in much lower Ô̂ 'O values in 
frazil ice than those observed (see Fig. 2). 

Behaviour ofthe K/Mg ratio 

The apparent contradiction between the chemical 
characteristics of frazil ice and the results of large scale 
océanographie profiles suggests that syn- or post-genetic 
processes affect the characteristics of the frazil ice. The 
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behaviour of the K/Mg ratio is worth considering in more 
détail to assess this. 

Fig. 3 shows K/Mg - 24 (sum of the four major cations in 
meq 1'̂ ) diagrams for the différent ice types from Hells Gâte. 
Fast ice (Fig. 3a) and congélation ice and platelet ice (Fig. 3b), 
with 24>10 meq 1"\ show sea water ratios and thusno significant 
fractionation. BandedfrazUice(Fig.3c),withmostof24<10 meq 
1"\ shows a basic population with ratios dose to sea water, 
combmed with an increasing proportion of samples with K/Mg 
values between 0.100 and 0.300, as the total salinity (24) 
deaeases. Finally,orbicularfrazil(Fig.3d),with24<10 meql"', 
shows the same trend as banded frazil for the "fine" size 
population. Some of the "médium" and "coarse" size frazil ice 
show much higher K/Mg values for the low salinity (S4) 
samples, with the high ratios (>0.300) are attributable to the 
homogeneous cores (core 18 for the médium frazU and core 23 
for the coarse frazil). When orbicular frazil occurs as disaete 
layers, a few cm thick, in altemation with the banded frazil, it 
shows higher salinities (24) and lower K/Mg ratios. In one of 
thèse homogeneous cores (core 23) there seem to be a depth 
dependency of K/Mg, with higher values of the ratio occurring 
higher in the core (Fig. 4).Cansuch characteristicsbe understood 
in terms of the melting events that produce the host water or in 
terms of the freezing processes that consolidate the frazil? 
Eléments of answers to thèse questions can be gained from the 
f ollowing two sets of simple experiments. 

Melting fresh-water ice in a sea water réservoir above its 
freezing point. Four experiments were performed in a cold 
room with thermostatic equipment controUing the ambient 
température to ±0.2°C. For each experiment, an insulated 
Plexiglass cylinder 13 cm high and with an internai diameter of 
30 cm was partially filled with natural sea water at a négative 
température above its freezing point. The wall of the cylinder 
is equipped with a séries of sampling holes designed to prevent 
water losses from the réservoir during sample extraction with 
narrow syringes and to allow a vertical resolution of about 0.5 
cm. A cylindrical ice sample, 30 cm in diameter and about 4 cm 
thick, made from distilled water and brought to the same 
température as the sea water was placed in this water and 
allowed to melt. Prior to this, an inverted channel 2 cm deep had 
been eut along the diameter of the sample. During the 28 h from 
the begiiming of the experiment, water sampling was performed 
at différent time intervais. Results from a typical run are given 
in Table I for a sea water température of-0.5°C (a value observed 
in the summer at the level of the base of the HGIS) and an initial 
salinity of30.76°/^ (calculatedfromconductivity measurements). 
The values correspond to four représentative time intervais: 
30 min, 4, 24 and 28 h. Dilution obviously occurs near the 
interface and reaches salinity values of about 22°/ ,̂ which are 
comparable to those predicted for the host water of the wave-like 
banded frazil. Initially the values show the convergence of 
diluted waters in the inverted channel eut at the ice-water 
interface. Later, the dilution front pénétrâtes further down in the 
réservoir, more rapidly below the inverted channel than under 
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Fig. 4. Evolution of the K/Mg ratio with depth in two 
homogeneous ice cores oontaining only médium frazil (core 18) 
and coarse frazil (core 23). 

the flat interface and then, given the small size of this 
experimcntally closed system, gradually fades out. Fig. 5 shows 
the évolution of the K/Mg ratio with depth for the same time 
intervais. In the channel (Fig. 5b) the value increases steadily 
in the zone affected by dilution, reaching 125% of its initial 
value in the sea water. This enhancement of the K/Mg ratio is 
the resuit of sélective diffusion from normal sea water to the 
melted ice, which faveurs K enrichment with regards to Mg. 
The process has previously been demonstrated by Ben-Yaakov 
(1972) in a specially designed expérimental device. Ions from 
sea water were allowed to diffuse into a dilute solution through 

Table I. Salinity versus depth at différent time intervais in a typical 
expérimental nm of melting a fresh-waler ice sample in a sea water réservoir 
above its freezing point 

Depth 0h30 4h 00 24 h 00 28 h00 
(cm) Inor Alonga Inor Alonga Inor Alonga Inor Alonga 

just vertical just vertical jiut vertical just vertical 
below outof belcw outof below outof below outof 

tbe the the the the the tfae the 
channel channel channel channel channel channel channel channel 

+ 3.45 24.77 - 21.77 - 23.27 - 22.77 

+ 4.00 Interbce position (ont of the channel) 
at the begiiming of the experiment 

+ 4.42 28.63 29.76 26.42 27.86 24.91 25.17 25.39 25.77 
+ 4.93 30.66 30.06 28.86 28.72 25.77 26.43 26.77 26.99 
+ 6.08 30.71 30.76 29.85 30.66 28.38 29.26 28.86 29.76 
+ 7.13 30.76 30.76 30.76 30.72 30.76 30.10 30.76 30.32 
+ 7.95 30.76 30.76 30.76 30.76 30.76 30.76 30.76 
+ 8.53 30.76 30.76 30.76 30.76 30.76 30.76 30.76 
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Fig. 5. Evolution of the K/Mg ratio with depth during the experiment of the melting fresh water "iceberg" floating on sea water (sce text 

for explanation) : a. profile out of the inverted channel; b. profile in and just below the inverted channel. 

a porous glass diaphragm and after three days K/Mg ratio could 
attain more than 200% of its original value in sea water.It is 
worth noting that, outside the channel in the experiment shown 
in Fig. Sa, there is an initial lowering of the K/Mg ratio as 
diffusion occurs from the flat interface area to the inverted 
channel. Later on, diffusion from the bottom of the réservoir 
inaeases the K/Mg ratio close to the flat interface above the 
standard sea water value. 

Freezing of a loose frazil ice matrix. Another set of four 
experiments were performed, in the same cold room, where 
individual freshwater ice crystals were poured to saturation 
into a sea water réservoir at négative température. The 
mixture was then frozen from top to bottom, using a metallic 
plate cooled with the aid of an ethanol température bath. The 
results of two of thèse experiments are shown in Fig. 6a & b, 
respec t ive ly , for f i n e grained (submil l imeter s ized 
crystals—porosity 43%) and coarse grained (centimètre sized 
crysta l s—poros i ty 51 .6%) artificial frazil. In both 
experiments, ice crystals, sea water and the cold room were 
a t - l ' C . Global salinities and K/Mg ratios are shown in each 
diagram. Freezing rates varied between 2.810"* m sec ' and 
0.5 10 * m s e c ' for the fine grained experiment and between 
4 .2 10* m sec ' and 0.7 10"* m sec-1 for the coarse grained. 
Both experiments give similar results. Three zones are 
clearly seen along the vertical (1=0-110"^ m; 11=1-5 or 610" 
^ m; III=below 5 or 610"' m). In the top 1 cm, salinity abruptly 
decreases from values a f e w °/^ lower than the initial sea 
water to values between 5 7 ^ and 8°/^, depending on the grain 
size. This is probably the expression of the extremely rapid 
freezing rate allowing poor cationic expulsion from the 
solidifying loose ice matrix. The K/Mgratio falls from values 

nearly 50% higher than its value in sea water to values 
slightly lower than those in sea water. The probable 
explanation for this is the existence of a melting stage when 
the ice crystals were poured into the sea water, which was 
about 0.9''C above its freezing point. This would have 
rcsulted in sélective diffusion of K and Mg from the main part 
of the réservoir to the top, where less dense water accumulâtes. 
Between 1 and 6 cm, salinity stabilizes around 9.5°/^ in the 
fine grained matrix and 6°/^ in the coarse grained. It can be 
seen in Fig. 6a & b that, for freezing rates lower than 2.810' 
*m sec"', the K/Mg ratio drops slightly below the one of the 
host sea water. Since the cold wave did not reach depths 
greater than 6 cm at the end of the experiment, the matrix was 
still rather loose and, therefore, the K/Mg ratio retums to its 
initial value at the bottom of the reservoir.These experiments 
have shown that sélective diffusion from normal sea water to 
fresh meltwater produced at the interface will favour an 
increase of the K/Mg ratio near this interface. Diluted waters 
may converge in inverted dépressions at the ice-ocean interface. 
In the case where such irregularities affect the interface, flat 
undisturbed areas could temporarily show K/Mg ratios lower 
than standard sea water, providing an alternative explanation 
to the précipitation sorting e f fect discussed earlier. 
Expérimental observations in a closed System, and after 
periods of a few days, indicate a maximum increase of the 
ratio of about 200%. On the contrary, freezing of a loose 
matrix of individual ice crystals in sea water will not favour 
the increase of the K/Mg ratio and will even lower it slightly 
for freezing rates below 210"* m sec '. This probably reflects 
the progressively overwhelming effect of the faster diffusion 
of K, from the enriched boundary layer at the interface to the 
bulk réservoir, as the freezing rate decreases. 

http://water.It
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"Orbicular" versus "banded"frazil 

Careful examination of Fig. 2 demonstrates the obvious textural 
contrastbetween orbicular frazil and bandedfrazil acœmpanicd 
by a contrast of the ice fabric, débris content and chemistry. It 
is therefore tempting to see if thèse characteristics signal 
différent génération and évolution processes. 

Banded frazil ice show strong c-axes concentrations at a 
maximum perpendicular to the aystal elongation, which is 
subhorizontal in the core. This suggests crystal growth in 
interface flowing conditions where differential shear favours 
rotation of the crystals parallel to the local ice-ocean interface. 
Local vortex structures in the wave-like frazil also suggest a 
transition from laminar to turbulent flow on some occasions. On 
isotopic grounds, the hostwater where the frazil acaetes must 
resuit from partial dilution of normal sea water by marine ice 
melt. Souchez e/a/. (1991) show that the percolationof surface 
meltwater through tide cracks to the underside of the ice shelf 
(a mechanism invoked by Gow & Epstein (1972) for the 
Koettlitz Glacier longue in McMurdo Sound) is precluded for 
HGIS, and they suggest that the source in this case is the melting 
of congélation ice formed upstream of the zone of influence of 
descending"warm" (abovelocalfreezingpoint)waters. However, 
another possibility, compatible with the isotopic results, is that 
the "source" marine ice for the melt could have been frazil that 
was also formed upstream of the zone of influence of thèse warm 
water plumes. As congélation or frazil ice accumulated at the 
base of the ice shelf and made its way downstream it would 
possibly corne into contact with seawater above itslocal freezing 
point (Souchez et al. 1991). Given the order of magnitude of 
différence between beat and sait diffusion, meltwater from 
either congélation or frazil ice itself will form and find its way 
downstream through (or with) the loose frazil ice matrix, 
progressively diluting the interstitial sea water. The salinity 
contrast with the normal sea water at the frazil/ocean interface 
will set up differential diffusion of K and Mg, raising the K/Mg 
ratio of this interstitial water. This transformation process of a 
pre-existing loose frazil lay er will resuit in considérable inhibition 
of the mixing by convection between the fresh interstitial water 
and the normal sea water below, thus allowing the sélective 
diffusion process to occur on a larger time scale. It would also 
make it easier to understand why no low salinity values were 
observed by the oceanographers in the free water column. 
Furthermore, when comparing banded rectangular to banded 
wave-like frazil, the latter shows stronger c-axis concentration, 
higher salinities, a lower K/Mg ratio and limited occurrence of 
vortices. Ail thèse observations converge to demonstrate 
enhanced interface flow conditions resulting in stronger mixing 
between the loose frazil and the underlyingfreeoce an water.The 
c-axes pattern in médium and coarse orbicular frazil isstrikingly 
différent from the one of the banded frazil (Fig. 2), The obvious 
lack of preferential orientation in orbicular frazil suggests an 
acCTetion process in calm conditions with no effect of any 
interfacial flow or/and an increasing effect of recrystallization 
after déposition, as one would inf er from the larger size of the 
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Fig. 6. Evolution of salinity and K/Mg latio with depth during a 
typical expcriment of freezing loose artificial frazil firam top to 
bottom (see text for explanation): a. fine-grained frazil 
b. coarse-grained frazil. 

crystals in thèse frazil ice types compared to other ice types. The 
case of the fine orbicular frazil in core 4, shown in thin section 
and ice fabric in Fig. 2, is peculiar. It is, in fact, an intermediate 
case between the banded and orbicular type, since, at the bottom 
of the core the small crystals tend to show a slight elongation 
along the vertical. It also shows a strong concentration of c-axes 
as the banded frazil does, but rotated by nearly 90°. The spatial 
location of core 4 easily explains thèse features. It is at the fringe 
of the shear zone where the western and central sector meet. 
There, ice layers are brought into a sub-vertical position, and 
initially horizontal layering can be rotated close to the 
vertical.When the orbicular frazil a few cm thick occurs 
sandwiched between two banded frazil layers, the chemical 
characteristics of the two types of frazil are similar, thereby 
indicating that thèse are the expression of the host water, while 
the texture reflects différent interfacial flow conditions. On the 
other hand, when the orbicular frazil occurs as médium to coarse 
grained in thicker homogeneous séquences it shows minimum 
salinity values and maximum K/Mg ratios. Orbicular frazil is 
also the only kind of frazil ice from the HGIS that eventually 
contains particulate matter inclusions. Thèse mainly consist of 
sponge tests and crustaceous faeces, sometimes showing 
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peritrophic membrane, and occasionally echinodem spicules 
and worm tubes fragments (G. Houvenaghel, personal 
communication, 1992). One eut of 15 samples also contained 
two diatom fragments, The dominance of fragments of benthic 
origin indicates the proximity of the sea floor for the waters 
where the frazil ice formed, It also confirms the efficiency of the 
scavenging effect of rising frazil ice aystals on suspended 
matter, as was experimentally demonstrated by Reimnitz et al. 
(1990). Particulate matter in orbicular frazil ice has also been 
observed in larger ice-shelves such as the Filchner-Ronne 
(Oerter et al. 1992) and the Amery ice samples (provided by 
N.'W.Young),especially close to the interfacebetween continental 
and marine ice.The shifts in the K/Mg ratio observed in médium 
and coarse grained orbicular frazil are much higher than those 
observed experimentally in closed Systems. This calls for an 
open System process, where successive melting events can occur 
in a strongly individualized frazil ice body. The subglacial 
topographyoftheiceshelf provides shelteredinverteddepressions 
where frazil ice will accumulate and remain protected from 
mixing with océan waters for a longer period of time. Radio-
echo sounding and aerial photographs both show évidence of 
such channels or dômes, possibly filled with marine ice at HGIS. 
The central sector of the ice shelf exhibits a transversely 
undulating interface at a depth between 25 and 50 m, though it 
is occasionally more shallow than 20 m (Souchez et al. 1991). 
This reflector is characterized by an energy contrast markedly 
lower than that found in the western part. Détection of the ice-
water interface is thereby inhibited. Nevertheless, if the contrast 
is one between continental and marine ice, this undulatmg 
interface mustrepresent a "fossil"ice-water interface. InFig. 1, 
where marine ice is clearly identified by its dark tone, it is ciear 
that lenses of marine ice penetrate into the glacier ice. Thèse can 
be considered as the surface expression of the discontinuity 
observed in radio echo-sounding profiles. Several processes can 
be held responsible for the genesis of the inverted channels or 
dômes at the base of the ice shelf: groove-type scarring at the 
grounding line (Musil 1989), merging of différent floating ice 
streams with différent discharges, folding where a minor ice 
stream is buttressed by a major one etc. Thanks to the sheltering 
rôle of thèse inverted channels and dômes, and because of the 
strong mechanical damping effect of the significant thickness of 
loose frazil ice that accumulate into them, successive inputs of 
warm océan water at the frazil/open océan water interface will 

Table U. Proportion of the différent ice types in the five ocres of the 
longitudinal transect in the central sector of HGIS. 

Ice types 
Glacier ice Orbicular frazil Banded frazil 

Icecore Fine Médium Coarse Rectangular Wave-like 

21 100% 
22 100% 
23 100% 
24 25% 11.5% 7.7% 53.9% 1.9% 
25 5.1% 91% 3.9% 

repeat the melting events. Enhanced dilution and migration of 
low salinity waters in the highest parts of the inverted dépressions 
will increase the shifts in the K/Mg ratio. In some cases (Fig. 4, 
core 23), the profile of the K/Mg ratio shows decreasing values 
with depth, suggesting that the chemical sorting is stronger in 
older frazil, further away from the ice-ocean interface. Table II 
compares the proportion (%) of the différent ice types in the 
cores sampled on a longitudinal transect in the central sector, 
where the situation is tectonically less disturbed (cores 21-25). 
It is clear that orbicular frazil is more typical of the upstream 
zone of marine ice while the banded frazil is dominant doser to 
the ice-shelf front. In the western sector, where the séquence is 
complicated by shearing and folding, there is évidence that the 
orbicular frazil was formed further upstream (doser to the 
grounding line or to the pinning point of Végétation Island), 
since it is rich in benthic particulate matter, while banded frazil 
is devoid of any solid inclusions. This spatial distribution 
pattem is another favorable factor, inaeasing the period for 
diffusion processes in the case of the orbicular frazil.Finally, the 
resultsoftiiemeltingexperimentsprovideapossibleexplanation 
for the minor population of frazil ice showing K/Mg ratios lower 
than 0.099 (Fig. 3c & d) that could represent the freezing-in of 
loose frazil layers close to the free water interface being 
submitted to preferential K/Mg depletion. 

Condusions 

Comparison of the textural, isotopic and chemical characteristics 
of frazil ice at the base of HGIS provide us with new insights in 
the dynamics of marine ice accretion under small ice shelves. 

Médium- to coarse-grained orbicul ar frazil accretes upstream 
in arelatively calm environment and eventually piles up as thick 
units in inverted channels or dômes where the subgladal 
topographyisfavourable. As thèse frazil ice bodiesorcongelation 
ice, formed via conduction of beat through the ice shelf, enter 
the zone of influence of warm oceanic waters, they are subjected 
to melting. This produces isotopically heavy waters that 
progressively dilute the interstitial sea water of the loose frazil, 
initiating chemical differentiation that is preserved in the frazil 
matrix. Thèse diluted waters will converge in the highest parts 
of the inverted dépressions, where they are further proteded 
from mixing by mechanical convection. Farther downstream, 
where the ice shelf is thinning under the effect of katabatic 
winds, the remaining ice will recrystallize resulting in the final 
crystal sizes and fabrics of médium and coarse grained solid 
frazil.In places where no channel or dome exists, or where those 
are abeady filled with frazil, the effed of interfacial streaming 
will increase where water currents exist. Individual frazil 
crystals will align more or less parallel to the ice/ocean interface 
showing strong c-axesfabrics with a single maximum. In places 
non-laminar flow will create vortices that will be frozen-in later 
on. In this type of frazil the chemical sorting is "single-step" and 
total salinity is higher, though less than in typical congélation 
or frazil in fast ice.It is not clear yet if the individual frazil ice 
crystals are generated by a double-diffusion process in a small 
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scalc diluted layer at the ice-sea water interface, or as the resuit 
ofsupercooIingintherisingwatercolumn.Further investigations 
on the isotopic fractionation in individual frazil ice crystals 
should allow a better understanding of the fîrst step in thebuild-
up séquence of marine ice at the base of this ice-shelf. 
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Appendix L Simplified organigram for sea ice tenninology. 
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Abstract. A better knowledge of boundary conditions near a grounding line is critical 
for understanding the behavior of ice shelves and fioating glaciers. We show here that 
significant information can be gained from a high-resolution isotopic and textural study 
of marine ice accreted at the bottom of a fioating glacier near its grounding line. Two 
différent types of marine ice have been found. Type 1 is bubble- and debris-free ice 
with properties which, we believe, can be explained by intrusion of brackish water in 
open basai fissures. Closing of the fissures by progression of a freezing front from the 
sides is precluded, and fiUing by frazil ice is favored. Type 2 is made of thin, clear ice 
and débris layers which are thought to have formed when a subglacial water-filled 
sédiment enters into contact with seawater and is subjected to freezing under a double-
difiTusion process. The paper also stresses that in a SD-5'*0 diagram the alignment of 
marine ice samples on a mixing line does not necessarily imply a mixture of continental 
water and seawater in varying proportions. 

Introduction 
Thermodynamic processes occurring at the base of an ice 

shelf control basai melting or accretion of marine ice. Thèse 
thermodynamic processes are determined by the tempéra
ture of both ice and seawater near the interface and by the 
speed of the océan currents. 

Small Antarctic ice shelves or ice tongues, with an ice 
thickness at their front of approximately 100 m or less, are 
likely to react more rapidly than thicker shelves to a tem
pérature change because their base can be affected by a 
température increasc of oceanic waters. One critical area for 
the stability of the whole fioating glacier is the grounding 
line. 

It is generally assumed that if the melting point is reached 
at the glacier base in the coastal région, subglacial meltwater 
loaded with sédiments discharges into the sea at the ground
ing line. Zotikov [1986] has pointed out that if this subglacial 
meltwater reaches the sea, a layer of relatively fresh water 
will exist above normal seawater beneath the ice shelf. Since 
the freezing point of fresh water is higher than the freezing 
point of seawater, bottom freezing will probably occur and 
be responsible for a thickening of the ice shelf at or near the 
grounding line. However, the only drilling made today of an 
ice shelf through its entire thickness (ice core J9 on the Ross 
Ice ShelO showed no évidence of fresh water in accretion, 
but rather, adfreezing of sea ice [Zotikov et al., 1980]. J9 is 
located along a flow line that connects with an ice stream. 
Accordingly, any fresh water flowing beneath the ice stream 
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at the grounding line could potentially accrete as freshwater 
ice to the base of the Ross Ice Shelf. This, in fact, is not 
observed in the J9 core. 

In order to préserve a body of relatively fresh water, the 
water column must be relatively calm and not influenced by 
tidal mixing which MacAyeal [1984] thinks should be efB-
cient near a grounding line. The présence of an inverted 
topography such as crevasses, dômes, or channels at the 
ice-ocean contact [OrAei'm, 19%6, Hellmer and Jacobs, 1992; 
Tison et al., 1993] is a way to achieve this sheltering effect. 

Marine ice of substantial thickness has been found at the 
base of some ice shelves [Oerter et al., 1992] and ice tongues 
[Gow and Epstein, 1972] or at coastal ice margins under an 
ice cap [Goodwin, 1993]. In order to better understand phase 
changes at the ice shelf-ocean interface, différent modes of 
water circulation have been described and various models of 
ice shelf-ocean interactions have been proposed in the 
literature [Jacobs et al., 1979; Lewis and Perkin, 1986; 
Jenkins andDoake, 199\; Nicholls et al., 1991; Hellmer and 
Jacobs, 1992]. 

An insight into the problem of determining the conditions 
necessary for freezing at the ice shelf-ocean interface can be 
gained by studying the isotopic properties of the marine ice, 
both in SD and ô'*0. With this last perspective in mind a 
field program was conducted in Terra Nova Bay area within 
the 1989-1990 Italian Antarctic Program in order to study 
outcropping sites of marine ice which has been accreted at 
the base of ice shelves or ice tongues. Two such sites have 
been sampled, one at Hell's Gâte Ice Shelf in the south of 
Terra Nova Bay [Souchez et al., 1991] and the other at the 
Campbell Glacier Tongue in the north. The ice cores col-
lected at thèse sites were kept frozen at -25°C, transferred 
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Figure 1. Location map of the Terra Nova Bay area. 

to Brussels, and studied for their crystallographic and isoto-
pic properties. The isotopic analyses were done at the 
Centre d'Etudes Nucléaires de Saclay in France with an 
accuracy of 0.5%o for ÔD and of 0.1%o for ô'^O on 2-mL 
samples. 

Site Description 
The Terra Nova Bay area is located in northem Victoria 

Land, along the western margin of the Ross Sea. It extends 
from Cape Washington in the north to the Drygalski Ice 
Tongue in the south. 

Campbell Glacier has its accumulation zone in the Tran-
santarctic Mountains; it flows in a N N W - S S E dépression 
carved into the Precambrian and Paleozoic basement rocks 
[Carmignani et ai, 1987]. Being deviated by Mount Mel
bourne which is a Cenozoic volcano, it acquires a more or 
less north-south direction and shows a steeper gradient. The 
présence of small rock outcrops at this level indicates that 
the base of the glacier is above sea level. Then, Campbell 
Glacier reaches the sea, where it terminâtes as a protruding 
glacier tongue (Figure 1). 

The grounding line, usually defined as a line across the 
glacier where it first goes afloat, is thought to be located just 
south of the zone with the steeper gradient [Frezzoti, 1993]. 
Radio echo sounding fails to detect it. The reflector is 
characterized by a weak energy contrast. This could be due 
to a change in the physical characteristics of the ice, the 
electromagnetic energy being absorbed because of the con-
ductivity of a lower ice unit. Précise radio echo sounding is 
moreover difficult to perform in this crevassed area. Al-
though the précise depth of the grounding line is not known, 
an approximate value can be given. A bathymétrie survey in 
front of the ice tongue [Angrisano, 1989] gives a depth of 
about 160 m for the sea bottom. Overdeepening under the 

Campbell Glacier Tongue is a possibility, but the grounding 
line depth should be around this value. The sampling site is 
about 3 km downglacier from the presumed position of the 
grounding line. 

In the présent paper an extended définition of the ground
ing line is considered. In such a définition a grounding line is 
the limit between grounded ice and floating ice, either if the 
glacier goes afloat or becomes grounded again, as, for 
example, in the case of a pinning point. 

Strong katabatic winds from the polar plateau characterize 
both the Reeves and Priestley glacial troughs, hence the 
name Hell's Gâte Ice Shelf. As a resuit, extensive blue ice 
areas are developed at the surface of thèse glaciers, and 
extensive ice-free areas such as the southem part of the 
northem foothills and Inexpressible Island exist nearby. 
Because of the action of thèse katabatic winds, the surface of 
the Hell's Gâte Ice Shelf is snow free and is losing ice, 
mostly by sublimation. Since top surface ablation is préva
lent, an upward vertical velocity component exists and ice 
initially at depth is transferred along an inclined surface 
toward the ice-atmosphere interface in the downglacier part 
of the ice shelf. The marine ice formed at the ice shelf-ocean 
interface uhimately appears at the surface. The Hell's Gâte 
Ice Shelf has been studied by Baroni [1988], Baroni et al. 
[1991], Souchez et al. [1991], and Tison et al. [1993]. In the 
Souchez et al. and Tison et al. papers, ice composition 
studies have shown that marine ice transfer occurs along the 
bottom of this ice shelf and that the frazil ice accreted at its 
base refiects contrasting depositional environments. 

By contrast, the rôle of katabatic winds in the Campbell 
Glacier trough is much reduced. The winds are relatively 
weak so that the entire glacier is accumulating snow on its 
surface, and, even at the terminus of the floating tongue, a 
substantial part of the ice cliff is made of ice derived from 
snow deposited on the tongue. As a resuit, there is no 
upward movement of ice, and therefore marine ice, if 
présent at the bottom, is not likely to outcrop at the terminus 
of the floating tongue. However, the southwestem part of 
the ice tongue near Gondwana Station has impinged on 
bedrock promontories or protubérances. Consequently, 
basai ice containing débris layers is visible and can be 
sampled. At the sampling site (Figure 1) a stacked séquence, 
a few meters thick, dipping 60° toward the center of the 
glacier tongue shows two distinctive types of ice interbedded 
with bubbly glacier ice. A first type, located in the upper part 
of the basai séquence, consists of bands of bubble-free ice 
with a thickness of the order of a few centimeters. The 
second type, located in the lower part of the basai séquence, 
shows bands of thin, clear, ice layers and layers of fine 
débris sometimes appearing folded with a few occasional 
pebbles. The proportion of bubbly glacier ice layers is much 
lower in this case. Débris consists mainly of quartz grains 
with rounded shapes and smooth edges (60%), volcanic 
glasses with elongated bubbles (30%), and lithic fragments. 
A few sponge spicules and shell fragments are also présent. 
The heavy minerais mainly consist of pyroxenes (80%), 
indicating a megor volcanic component and a few olivine, 
garnet, and epidote minerais. The scanning électron micro
scope (X ray energy dispersion probe) analysis of the volca
nic glass gives a dispersion in a S i02 versus alkali diagram 
similar to that of rocks from the nearby Shield Nunatak 
complex [Warner et al., 1989], thus suggesting a local origin. 
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The SD-S^^O Characteristics of Basai Ice 
An insight into the problem of the formation of thèse two 

ice types can be gained by a combined isotopic study of the 
ice, both in 8D and S'*0 . Indeed, if only a single isotopic 
ratio is considered, the efifects of freezing, isotopic exchange 
with clay minerais, or mixing cannot be distinguished. 

Bubbly glacier ice derived from snow of coastal origin and 
snow fallen in the Terra N o v a Bay area have SD values more 
négative than -130%ei and ô ' * 0 values more négative than 
- n%o. Together with bubbly glacier ice from the continental 
interior with lower 5 values, they are aligned, in a 5 D - S " 0 
diagram, on a précipitation line with the équation SD = 7.92 
S ' * 0 + 2.76; corrélation coefiflcient r = 0 .997 (« = 41 
samples). 

Basai ice with an isotopic composition less négative than 
-130%o in ôD and -17%o in S ' * 0 cannot be considered as 
unmodifîed glacier ice. Basai ice samples have been plotted 
as open symbols on Figure 2. They fit quite well a straight 
line with équation ÔD = 7.86 ô'^O + 0.29; r = 0 .998 (n = 
71 samples). The large range of isotopic values reaching 
values c lose to those obtained by freezing normal seawater 
and the slope of the line preclude a simple freezing process. 
Indeed, iîJouzel and Souchez [1982, équation (1)] is used to 
compute the S range between 1 and 99% freezing of a closed 
water réservoir, the range obtained is much less than the 
observed one. For an open réservoir the range in S values in 
the ice would be even smaller. Enrichment by isotopic 
exchange with clay minerais is able to produce important 
isotopic shifts but on a much lower slope [Souchez et al., 
1990] and is therefore also precluded in this case. 

A simulation has been conducted in order to test if this 
alignment of data of basai ice from the Campbell Glacier 
Tongue could correspond to a mixing line. The local seawa
ter has been sampled at 30 m depth; its SD value is -3.23%o, 
and its S ' * 0 value is -0.69%(i. In the simulation (solid 

symbols in Figure 2) this local seawater is mixed in varying 
proportions with the melt of each glacier ice sample col-
lected in the area. It is assumed that no fractionation occurs 
during melting of ice. Three mixing ratios have been used as 
foUows: 99% seawater (solid squares), 50% seawater (solid 
triangles), and 1% seawater (solid circles), The S values of 
the ice resulting from freezing of the mixtures have been 
calculated for deuterium and for oxygen 18, using the 
équation Ô5 = a (1000 + S„) - 1000 where a is the 
equilibrium fractionation coefficient and 8^ is the S value of 
the mixed water. The equilibrium fractionation coefficient 
for deuterium is taken as 1.0208 [Arnason, 1969], and for 
oxygen 18, as 1.003 [O'Neil, 1968]. The points representing 
thèse various computations have a distribution which is very 
close to the points representing the samples of basai ice. 
Therefore the straight line on which the basai ice samples are 
aligned can be considered as a mixing line and, conse-
quently, the basai ice samples as marine ice. Let us note here 
that if a 2%o higher equilibrium fractionation coefficient for 
deuterium is considered for seawater, a possibility that might 
exist [Beck and Munnich, 1988], the fit would be even better. 
As discussed below, the présence of a mixing line does not, 
however, necessarily imply a mixture of continental water 
and seawater in varying proportions beneath the floating 
glacier. 

Texture-Isotope Relationships in the 
]Vlarine Ice 

Common features to ail marine ice samples in this study 
can be deduced from a careful examination of Figure 3. Clear 
ice layers always display the less négative S values, and a 
graduai change to values typical of glacier ice occurs as one 
proceeds toward the boundaries of thèse layers. Very often, 
transitional S values occur within a single crystal layer which 
is bubble free in its inner part and contains bubbles in its 
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Figure 3. Detailed textural properties and SD profiles in selected ice cores from the (a)-(c) upper part, 
type 1, and ( d M e ) lower part, type 2, of the basai ice of Campbell Glacier Tongue. 
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outer part (Figure 3). The crystal size in this layer is similar 
to the one for unmodified glacier ice. M^or différences, 
however, exist between the marine ice in the upper part of 
the basai séquence (type 1) and that occurring in the lower 
part (type 2). 

In the upper part the center of the clear ice layers consists 
of very small crystals (sometimes with a thin line of tiny 
particles) where the maximum ÔD values vary between 
-30%o and +6%o, thus approaching values observed in 
frozen seawater (Figures 3a-3c). They form the group of 
marine ice samples in the top right corner of Figure 2. As 
developed below, thèse characteristics can be understood if 
intrusion of brackish water has taken place in fissures freshly 
open at the base of the floating glacier, with subséquent ice 
formation. 

The area at the bottom of a floating glacier or ice shelf 
close to the grounding line is a favorable site for the 
formation and opening of basai crevasses. Bottom crevasses 
have been recorded by Orheim [1986] on the Riiser-
Larsenisen by radio echo sounding. Hellmer and Jacobs 
[1992] indicate that bottom crevasses are common near 
grounding Unes where tidal bending occurs. They also ex-
plain the Ming of bottom crevasses with marine ice by an ice 
pump mechanism driven by the pressure dependence of the 
freezing point. This ice pump mechanism could readily lill a 
200-m-high crevasse with marine ice, a probable reason for 
the rapid disappearance of bottom crevasses. Jezek and 
Bentley [1983] believe that most bottom crevasse fields are 
associated with rapid grounding or ungrounding of ice. The 
crevasses reported by all thèse authors have dimensions of 
meters. The type 1 marine ice inclusions studied in this paper 
are only centimeters wide. Possibly, thèse fissures could 
exist in the same situations but remain undetected by radio 
echo sounding. They might have formed at a larger scale and 
subsequently been subjected to strain thinning. 

Strain thinning could explain the présence of very small 
crystals in the center of the fissure as a conséquence of grain 
fracturation. However, the 8 values in the center of the 
fissure are so weakly négative that an overwhelming contri
bution of seawater is required. If présent, the grain fractur
ation must thus have occurred after the formation of marine 
ice in the fissure. 

This raises the possibility that larger crystals might have 
originally filled the fissure. Such large crystals could have 
been congélation ice due to ice growth from the sides of the 
fissure. Migration of a freezing front from the sides of the 
fissure toward its center as a conséquence of the heat sink 
provided by the cold ice surrounding the crack must thus be 
investigated. There is no indication, in the large crystals 
présent in the fissure, of the occurrence of brine layers which 
are a diagnostic feature for congélation ice. On the other 
hand, géométrie sélection of crystals during growth in the 
liquid phase cannot be detected in the thin sections exam-
ined. More importantly the isotopic distribution of 8 values 
in the fissure is a strong argument against such a process. 
Indeed, if a freezing front is progressing into water, the first 
ice formed (in this case, the ice closest to the sides of the 
fissure) will have the less négative 5 values since the maxi
mum enrichment of heavy isotopes in the ice compared to 
the initial water is produced there. With the development of 
freezing the residual water becomes impoverished in heavy 
isotopes [Souchez and Jouzel, 1984]. The successive frozen 
layers will thus be more and more négative. Such an isotopic 

distribution is not présent; a reverse distribution is displayed 
with less négative 5 values in the center of the fissure an4 
more négative S values toward the sides. 

Frazil ice formation processes yield other ways to produce 
ice crystals from brackish water {Weeks and Ackley, 1986]. 
Frazil ice can be produced by turbulence, but such a process 
is not likely to occur here in the confined space of the fissure. 
Frazil ice can also be produced by a mechanism of double 
diffusion (heat and sait) involving the existence of two water 
masses with contrasted températures and salinities, both at 
their pressure melting point. Clearly, this is not possible 
here. Finally, frazil ice crystals could be formed ip adiabat-
ically raising water as a conséquence of the pressure depen
dence of the freezing point. Although we cannot prove that 
this process is effective here, we consider that the filling of 
the fissure by frazil ice is the best explanation with the 
information at hand. 

The frazil ice crystals were perhaps originally bigger and 
their size reduced by grain fracturation. Figure 4a is a sketch 
illustrating the processes involved. Recrystallization must 
have occurred as indicated by the présence of ice crystals 
which are bubble free in their inner part and bubbly in their 
outer part at the glacier ice-frazil ice contact, Difiuision of 
isotopes along the pathway represented by water films at the 
ice crystal limits during recrystallization must certainly be 
taken into account. It probably explains the graduai decrease 
in ô values from the center of the fissure toward the sides in 
this type of marine ice. Clearly, in this case the alignmcnt of 
the samples on a mixing line does not reflect the mixing of 
two water masses. 

In the lower part of the basai sequeqce the type 2 marine 
ice with thin clear ice and débris layers (Figurés 3d and 3e) 
exhibit a range in 5P values pf - 110%o to -30%«, indicating 
a greater influence of continental meltwater. Thèse charac
teristics can be explained if a water-filled sédiment at the 
glacier-ocean-rock contact is subjected to freezing because 
of the différence in freezing points between continental 
meltwater and seawater. In this process, thermal diffiisivity 
being higher than sait diffusion, the water-filled sçdiment 
loses heat more rapidly than it gains sait. Moreover, heat can 
diffuse through both liquid and solid fractions, but sait can 
only through the liquid. The water within the sédiment will 
have an isotopic composition dépendent on the variable 
contribution of continental meltwater versus seawater. This 
is reflected in the shift in 8 values of type 2 marine ice on the 
mixing line. Diffusion effects must also be considered for the 
transitional 8 values between adjacent layers. 

The présence bf thèse thin clear ice layers between the 
débris layers with such a spécifie isotopic signature requires 
basai freezing. If basai freezing is tp occur, the seawater 
must itself be at the freezing point which is not the case for 
surface waters reaching the bottom of ice shelyes [Lewis and 
Perkin, 1986]. This implies melting and the removal pf basai 
ice in other régions. Although we have no measurements of 
water températures and salinities near the groupding line, 
the complexity of this contact zone in three dimensions 
makes the process plausible. In the case of type 2 marine ice 
at Campbell Glacier, it is clear that it forms where the glacier 
runs aground farther downstream at shallower depths. Fig
ure 4b is a sketch showing the processes involved. Mechan-
ical incorporation of the ice and débris layers into the ice 
shelf is certainly a possibility at this location. An investiga
tion of the marine ice properties, like the one conducted in 
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Figure 4. Sketches illustrating the processes involved in the formation of (a) type 1 marine ice and (b) 
type 2 marine ice. The scale of the features is enlarged for clarity. 

this study, is able to give some d u e s to the formation 
processes but gives no indication of the transfer mecha-
nisms. As shown in Figures 3d and 3e, small-scale folding 
can be inyoked to explain the multiple-layered structure. 

It is not known if the continental meltwater component 
has been produced at the glacier bed by melting due to 
geothermal and frictional heat or if it has been able to find its 
way to the bed from the surface. The geothermal heat flux 
does not seem to be abnormally high: geothermal anomalies 
have only been found in the top peut of the Mount Melbourne 
volcanic édifice but not in the lower Campbell Glacier area 
[Rossi, 1991]. 

As the ice was raised to the surface when it impinged on 
bedrock promontories or protubérances, the possibility that 
pressure melting and regelation occurred should be dis-
cussed. Although it is not possible to prove that this process 
has not taken place, the type of débris included in the ice 
makes it unlikely as the initial accretion mechanism. It could 
have occurred as a postdepositional process. However, it 
has been shown earlier [Souchez et al., 1988] that pressure 
melting and regelation does not significantly modify the 
isotopic properties of the ice submitted to this process. 

The présence of shell fragments and sponge spicules in the 
débris layers raises the possibility that the débris originated 
from the Terra Nova drift which mantles the eastern flank of 
the northern foothills in the coastal région from Cape Russell 
in the south to the Campbell Glacier Tongue farther north 
[Orombelli et al., 1990]. Shell fragments and worm tubes of 
mixed âges are common in Terra Nova drift but not sponge 
spicules. Near Adelie Cove (see Figure 1), this drift is 

commonly ice cored and hummocky. The ice cores are made 
of bubbly glacier ice with S'^O values reaching -35%o and 
bands of bubble-free ice reaching values of +2%o. Such 
highly différent values of S'^O characterize samples col-
lected in a vertical séquence of a few decimeters in the same 
ice core. The similarity with type 1 marine ice might indicate 
the présence of a former grounding line at proximity. In this 
hypothesis the buried ice could have been partially formed 
near a fossil grounding line of a late Wisconsin Campbell 
Glacier advancing onto the Ross Sea continental shelf. It is 
now above sea level because of isostatic rebound. The type 
2 marine ice consisting of débris and clear ice layers with its 
spécifie isotopic signature has never been found in the ice 
cores from Terra Nova drift. It is thus quite unlikely that 
reworking of Terra N o v a drift could explain the layered 
structure of type 2 marine ice at Campbell Glacier Tongue. 

With the extended définition of the grounding line in mind, 
one can thus consider that the two types of marine ice here 
studied were formed near a grounding line. Type 1 was 
probably formed d o s e r to the center line of the glacier 
tongue than type 2. Their superposition (type 1 over type 2) 
results from impingement on bedrock protubérances. Unfor-
tunately, ice fabrics of the marine ice types do not give 
additional information on their formation processes. Indeed, 
on a Schmidt diagram, ice crystal c axes form a small girdle 
indicative of horizontal compression against an obstacle. 
The ice fabrics thus reflect the impingement on bedrock 
protubérances, and no remnant of the original fabric is 
preserved. 
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Conclusions 
A combined isotopic study, both in SD and S " 0 , is a 

powerful tool for understanding the meclianisms involved in 
marine ice formation. T w o types of marine ice accreted at 
the base of a floating glacier near its grounding line have 
been distinguished. In both cases the ice samples are aligned 
in a SD-5 '*0 diagram On a mixing line. 

Freezing of brackish water in basai opén fissures condu-
cive to frazil ice production and consolidation foUowed by 
isotopic diffusion along grain boundaries is identified as the 
most plausible mechanism for formation of type 1 marine 
ice. Freezing of a water-filled sédiment at the ice-ocean-
bedrock contact as a conséquence of double-diffusion effects 
is Gonsidered as the most likely process for formation of type 
2 marine ice. 
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INTRODUCTION 

Marine ice accretion at the bottom of ice shelves is a process of major interest in the context of 
ice sheet stability under climatic changes. Ice shelves and the ice streams they collect are the 
pathways through which ice sheets discharge into the océan. However, mass balance of ice shelves 
at the ice-ocean interface is still poorly known, mainly because of poor accessibility. Studies of a 
few deep ice cores through antarctic ice shelves (Morgan, 1972; Engelhart and Determann, 1987; 
Oerter et al. 1992; Eicken et al., 1994; Oerter et al., 1994), have confirmed the occurrence of thick 
marine ice layers under meteoric ice, showing very low salinity levels with regard to sea ice (as 
low as 0.026%o). In thèse cores, marine ice occurs as isometric crystals with rounded grain 
boundaries and weak c-axis fabrics (orbicular frazil - Morgan, 1972; Wakahama, 1974; Oerter et 
al., 1994). 

Hells Gâte Ice Shelf (HGIS - Fig.l), a small ice shelf located in Terra Nova Bay (lat. 74°50'S, 
long. 163°50'E), provides a unique opportunity to study marine ice properties in shallow cores, 
since strong ablation due to katabatic winds progressively brings marine ice to the ice shelf surface. 

Stable isotope studies at Hells Gâte Ice Shelf (Souchez et al. 1991; Tison et al. 1993) have 
shown that marine ice transfer must occiu- in a downstream direction, whereas textural and chemical 
analyses revealed two main contrasted types of marine ice related to spécifie environments and 
depositional processes (Fig. 2). In addition to the common orbicular frazil (Fig. 2a) with very low 
salinity, strong chemical fractionation and weak fabrics, banded (rectangular or wave like) frazil 
was observed (Fig. 2b) in considérable amounts, with slightly higher mean salinities, less chemical 
fractionation and single maximum fabrics. Statistical counting in 5 shallow cores on a longitudinal 
transect suggested that there might be a higher proportion of banded rectangular frazil doser to 
the ice shelf front. 

NEW ICE CORES LOCATION AND MEASUREMENTS PERFORMED 
During the IX Italian Antarctic Expédition (1993-1994) extended shallow core sampling was 

performed. Sixty "2-meter" cores were retrieved from différent places where isolated marine ice 
outcrops were clearly apparent and at the nodes of a grid centered on the continental ice/marine 
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ice limit in the central sector (Fig. 1). The nodes of the grid were at 250 m intervais along the E-
W direction and 200 m intervais along the N-S direction. An additional 10 shallow cores were 
distributed along the clear limit between continental and marine ice to study the transition from 
one to the other in more détail. At the bottom of each of thèse shallow cores, thin sections were 
made and sudied in the laboratory of Terra Nova Station, in order to détermine the différent ice 
types on textural grounds. 

In addition, eleven 10-meter cores and one 45-meter core (Y) were drilled to study the vertical 
transformation processes of marine ice. Only the preliminary results from core Y (a few meters 
from core 17 in Fig. 1) will be described here. Vertical thin sections about 9cm long were made 
along the total length of this core to observe the différent ice textures. Two vertical 1cm thick 
slices were eut with a clean band saw and, corresponding to each thin section, a pièce of ice was 
taken from each slice for salinity and major cations measurements. The salinity was measured by 
electrical conductivity and major cations by atomic absorption spectrophotometry. Précision on 
salinity is ±0.01%o and on major cations ±0.05ppm. 

SPATIAL DIFFERENTIATION OF MARINE ICE 

Detailed study of marine ice at HGIS reveals différent styles of outcrops (see Roman numbers 
on Fig. 1). Systems I and II appear to resuit from marine ice accretion into inverted dépressions 
corresponding to limits between individual flows, eventually reworked later by glacier dynamics. 

Fig. 1 - Ivocation map of 1<W3-1994 ice coring sites at Hells Gatc Icc Shelf. The différent marine ice Systems (darl< grey 
arcas) arc aiso indicatcd (sec tcxt for further explanation). 
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Fig. 2 - lypical examples of orbicular (2a) and rcctangular (2b) frazil forming the marine ice of core Y. The scale bar is 
2 cm long. 

System III results from massive accretion doser to the ice shelf front. Systems IV, V, and VI 
consist of narrow marine ice injections into continental ice, running sub-parallel to local rocky 
outcrops (Végétation Island, Inexpressible Island or the Eastern Moraine). 

Results from the textural analyses of the shaliow cores clearly demonstrate spatial differentiation 
of the main marine ice types, in clo.se connection with the différent marine ice outcropping Systems 
(Fig. 3). AJthough dynamic factors might slightiy complicate the overall picture, orbicular marine 
ice is stratigraphically located above banded marine ice, which results in most of the banded 
faciès outcropping either doser to the ice shelf front or, if further upstream, at the limit of major 
glacier fluxes. Columnar ice, another minor marine ice type in this environment, occurs only in a 
few places, at the contact between continental ice and marine ice. Because of textural similarities 
with the columnar faciès in sea ice, it is thought to resuit from slow freezing at the ice-ocean 
interface through heat conduction across the ice shelf 

CHEMICAL PROPERTIES OF CORE Y 
As foreseen from the results presented in the previous section, most of the 45-meter deep core 

Y is made of banded rectangular Consolidated frazil. Orbicular frazil is also présent, but restricted 
to limited quantities in the topmost 6 meters of the core. It is worth comparing the conductivity 
profile (équivalent to salinity) to the one measured in selccted deep cores on larger ice shelves 
(Fig. 4). The profiles from Amery Ice Shelf (AIS - Morgan, 1972) and Filchner-Ronne Ice Shelves 
(FRIS/B13-B15, Oerter et al., 1994) typically show conductivities between 50 and 40()^S/cm 
(0.03 to ().24%o salinities) in the marine ice, globally decreasing and then eventually stabilizing 
with increasing depth. 
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The topmost values in core Y (100 - 300jiS/cm), where the orbicular marine ice is found, are 
in good agreement with the bottom values of cores B13 and B15 from FRIS (50 - lOO^lS/cm) and 
with those of AIS core Gl (200 - 100|XS/cm). However, as one enters the monotonous banded 
rectangular faciès, the conductivity is globally increasing with depth, from 500nS/cm (0.25%o) to 
5000jiS/cm (2 - 3%o), getting close to values commonly found in sea ice. 

The profile is also step-like (using data smoothing techniques), with a major increase at about 
32 meters deep. This level precisely corresponds to the moment where water first invaded the 
borehole during drilling. The conductivity of this water, measured in the field (C. Barbante, Per
sonal conmiunication), appeared to be more than twice the value of sea water, probably reflecting 
brine concentration during frazil ice consolidation. Regular rising of the water level in the borehole 
during the next 24 hours, up to a depth of 11 meters (équivalent to the height of the cliff in front 
of the ice shelf), is an indicator of large-scale porosity of the ice shelf in its lower part. 

In préviens studies at HGIS (Tison et al., 1993), the K/Mg ratio was also chosen as a potential 
tracer of chemical fractionation processes during marine ice buildup. This ratio is of peculiar 
interest since it is one of the least likely affected by sait précipitation in the brines at typical 
antarctic températures. It therefore reflects possible chemical fractionation during formation and 
consolidation of the frazil leading to marine ice. Figure 5 shows the K/Mg profile with depth in 
core Y, together with a plot of K/Mg against the sum of the four major cations (S4). 

Fig. 5 - K/Mg profile versus depth at core Y (left); K/Mg versus £4 (sum of four major cations) plot for core Y (top right) 
as corapared to similar graphs for the two types of marine ice sampled in 1989-1990 (bottom right - from Tison et al., 
1993). 
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The latter is compared to équivalent data from the 1989 -1990 expédition for the two main 
marine ice types. 

As expected, core Y behaves typically as banded frazil ice with limited chemical fractionation, 
in contrast with the few occurrences of orbicular frazil at the top of the core. A slight (but systematic) 
fractionation however exists above 32 meters depth, compatible with a "single step" diffusion 
process from the free océan water to the slightly diluted interstitial host water in the loose frazil 
(Tison et al., 1993). 

FOCUSING ON MARINE ICE TRANSFER PROCESSES 

The new data discussed in the previous section clearly confirm and demonstrate the strong 
contrast that exists between orbicular and banded marine ice at HGIS. Since the orbicular frazil 
appears to be the dominant component of marine ice in ail deep ice cores , it most likely results 
from the now classic "Deep Thermohaline Circulation" (see for example NichoUs et al., 1991 -
Fig. 4) where it forms by super cooling in the "Ice Shelf Water" rising "limb" of the circulation 
cell. It is therefore necessary to look for another plausible mechanism to explain the formation of 
the banded frazil outcropping doser to the ice shelf front, but also observed to pile up in a thick 2-
3 meters layer of loose crystals under the sea ice that fringes the ice shelf. 

Preliminary results from stable isotope measurements in the marine ice, together with the 
peculiar properties of the océan water in front of the ice shelf (see Tison et al., 1995 - this volume) 
suggest that a secondary circulation cell might exist doser to the front, sustaining the marine ice 
transfer in a downstream direction at the ice-ocean interface. 
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INTRODUCTION 

Ice shelves and ice streams are an essential key to the stability of ice sheets under climatic 
changes. Ice streams are high velocity components draining about 90% of inland ice from the 
Antarctic. Ice shelves play a buttressing rôle on the ice streams outflow through the backstress 
they exert from spreading and shear on ice rises and bedrock sides. 

Mass balance of ice shelves at the ice-ocean interface is still a variable difficult to appraise, 
partly because of poor accessibility. A major unknown is the process of stabilisation of the ice 
shelf by marine ice (ice formed in the water column below the ice shelf) accretion at the bottom; 
considérable amoimts are observed in place where they are not always predicted by the models 
(Helhner & Jacobs, 1992). Hells Gâte Ice Shelf (HGIS - Fig. 1), a small antarctic ice shelf located 
in Terra Nova Bay (lat. 74°50'S, long. 163°50'E), provides a unique opportimity for studying 
marine ice properties, since strong ablation due to katabatic winds progressively brings marine 
ice to the ice shelf surface, where it extensively crops out near the front. Previous work at Hells 
Gâte Ice Shelf (Souchez et al., 1991 ; Uson et al., 1993) has shown that contrasted types of 
marine ice reveal différent environments and depositional processes. Orbicular and rectangular 
frazil (see Figs. 2a and 2b in Lorrain et al., 1995 - this volume) are the two major marine ice types 
observed at HGIS. The first one is frequently described in deep ice cores reaching marine ice on 
Filchner-Ronne and Amery Ice Shelves (Oerter et al., 1992; 1994). Rectangular frazil has not 
been described elsewhere in the literature and appears to form doser to the margin (Lorrain et al., 
1995 - this volume). 

The aim of this work is to investigate the properties of the water column in front of the ice 
shelf in order to gain insight in the ongoing processes of marine ice formation. 

PHYSICAL SETTING, SAMPLING PROCEDURE AND DATA PROCESSING 

During the IX Italian Antarctic expédition (1993 -1994) 19 CTD (Conductivity-Temperature-
Depth) multiparametric océan water profiles were performed on three East-West transects across 
Evans Cove, at the front of the Hells Gâte Ice Shelf (Fig. 1). 
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Fig. 1 - Water sampling stations in front of Hells Gâte Ice Shelf. Bathymetry is from Stocchino (1991), and background 
is from Photo 1-063 11-6-85 Terra Nova Bay H2 8000 FL 152-27 TMA 2851-V. 

The first transect closely followed the limit of the annual sea ice (January 1994) and the two 
others were approximately located respectively 0.5 and 1.5 km seaward (Fig. 1). 

The profiles were performed from the ship Malippo and the stations located using the GPS 
equipment aboard (about 1(X) meters accuracy, including the most relevant component as systematic 
error). The depth of the profiles ranged between 180m and 600m depending on the depth of the 
sea floor, as estimated from the bathymétrie map of "Mare di Ross - Baia Terra Nova" (Stocchino, 
1991) and controUed by the echoradar of the ship. Additionally, 30 water samples were collected 
on the three central profiles at depths between 0 and 140m for future stable isotopes analyses, 
both in oxygen and deuterium, and to help in calibrating the CTD probe measurements. The 
rough data collected by the probe are : pressure (±0.01 dbars), in-situ température (±0.02°C) and 
conductivity (±0.01 mS/cm). The data were processed using UNESCO recommendations of 1981 
and include : practical salinity (±0.01%o), density from the équation of state of sea water (±0.1 in 
a, units) and température above freezing point (corrected for salinity and pressure foUowing 
Fujino et al., 1974). 

PRELIMINARY RESULTS 

Results are summarized here from one of the stations of line 0 (station 40 - Fig. 1). Since this 
line closely follows the residual cover of first-year sea ice, it probably gives the best proxy of the 
characteristics of water masses below the ice shelf. Figure 2 gives the various profiles at station 
40 as a function of pressure in decibars, which, in first approximation, corresponds to depth in 
meters. 

As a whole, six (four major and two minor) units can be distinguished in the water column at 
HGIS: 
• Unit A (0-20m): shows stable température and salinity in a warm and diluted surface water, far 

above the pressure melting point (pmp). It is covered by a few meters of slightly fresher and 
colder water probably due to sea ice melting 

• Unit B (20-37m): displays a strong thermocline, where température drops by about 1.6°C and 
where salinity drops about 0.1%o and then rises again. A strong pycnocline results in the lower 7 
meters of this unit where température still drops and salinity rises again 
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Fig. 2 - Water column charactenstics at station 40 - line 0. The sampling site is thc closcst to the Ice Shelf front. Shadowed 
arca undetlines unit C, which is typical of the HGIS océanographie environment (see text). 

• Unit C (37-180m): is a unit of intermediate density (shadowed in Fig. 2) that can be subdivided 
in an upper layer (Cl, 37-120m) showing a fair salinity gradient (0.09%o lO"' m) and large scale 
température fluctuations of about 0.3°C above the in-situ pmp ; and a lower layer (C2,120-180 
m) with a decreasing salinity gradient (0.05%o 10 ' m) and slowly decreasing températures 
resulting in in-situ pmp values 

• Unit D (180-560m): is characterized by a small positive salinity gradient. In the upper layer Dl 
(180-450m) the température is stable and thus slowly rises above the in-situ pmp. From 450m 
downwards, the température starts to increase, enhancing the departure from in-situ pmp 

Whilst unit A can be shown to correspond to Antarctic Surface Waters and unit D to Ice Shelf 
Waters and transition to High Salinity Shelf Waters, as described in the literature (see, for example, 
Jacobs et al., 1979; Foldvik et al., 1985; Nicholls et al., 1991), unit C appears to be a typical 
feature of the HGIS océanographie environment. It calls for an output of relatively fresher water 
from the ice shelf-ocean interface, close to the ice shelf margin. This could resuit from either: 
a) inflow of a warm core from the open sea and melting at the ice-ocean interface, as is the case 

for the eastern Me. Murdo Ice Shelf (Jacobs et al., 1979) 
b) production of surface meltwaters that join the ice-ocean interface through crevasses and fissures, 

as is the case for the Koettlitz Ice Tongue (Gow & Epstein, 1972) 
c) basai melting caused by warm water being introduced from the open sea surface by tidal 

action (Nicholls et al., 1991) 
Three-dimensional combination of ail CTD profiles, together with stable isotof)e measurements, 

can be used to détermine which of thèse sources applies. This will be the subjecl of an extended 
paper now in préparation. 

This work also allows us to suggest some refinements to the classical scheme of the deep 
thermohaline convection theory (Nicholls et al., 1991). In addition to the main and secondary 
convection cells, a third one is shown to exist close to the ice shelf front. It produces cold and 
fresh water at the in-situ pmp, which are readily entrained to the open sea by the underlying flow 
of colder and more saline Ice Shelf Waters also at in-situ pmp. Thèse conditions should be 
favourable to the production of double diffusion frazil ice between the two water masses, and it is 
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tempting to see the rectangular frazil ice outcropping close to HGIS margin (see Lorrain et al., 
1995 - this volume) as the resuit of this process. Sudden release of latent heat, as the frazil actively 
forms close to the margin, could explain the large scale température fluctuations of unit Cl . 
Further developments should help in supporting this working hypothesis. 
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LINKING LANDFAST SEA ICE VARIABILITY TO MARINE ICE ACCRETION 
AT HELLS GATE ICE SHELF, ROSS SEA. 

J.-L. Tison', R,D. Lorrain' and A. Bouzette', M. Dini^, A. Bondesan^, and M. Stiévenard^ 

Eleven first-year sea ice cores collected in the vicinity of Hells Gâte Ice Shelf 
(Terra Nova Bay, Ross Sea) are anaiyzed for their textures, ice fabrics, salinities, 
Chemical composition and oxygen-18 values. Thèse are compared to a new data 
set of four 10-45 m long marine ice cores drilled close to the ice shelf front. 
During most of the winter, granular frazil ice accretion prevails at the bottom of 
the landfast fîrst-year sea ice cover in fh>nt of Hells Gâte Ice Shelf, eventually in 
altemation with a draped faciès. At the end of the winter, platelet ice is more 
commonly found. Thèse faciès are thought to resuit from frazil ice production in 
the Ice Shelf Water outflow associated with a Deep Thermohaline Circulation 
(DTC) in which High Salinity Shelf Water (HSSW) formed in the Terra Nova 
Bay Polynya descends beneath the Nansen Ice Shelf. Bottom accretion at the 
base of the landfast first-year sea ice still occurs during the summer as a banded 
rectangular faciès. It can form up to 54% of the ice core thickness. The seasonal-
ity of this banded faciès accretion at the bottom of the landfast sea ice, the domi-
nance of the banded marine ice faciès doser to the ice shelf front and the chemi-
cal trends in the granular marine ice faciès suggest that a link must exist between 
the banded faciès' genesis and the tidal pumping of warm surface waters below 
the ice shelf during the summer. 

INTRODUCTION 

Ice shelves and ice streams are an essential key to 
the stability of ice sheets under climatic changes. Ice 
shelves play a buttressing rôle on the ice streams' out
flow, through their restricted flow over ice rises and 
rumples as well as due to latéral boundaries. A major 
issue in this regard is the process of ice shelf 
stabilization through increased thickness resulting from 
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Université de Bruxelles, Brussels,Belglum 
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Padova, Padova, Italy 
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marine ice accretion at the bottom (ice crystals formed 
in the water column below the ice shelf)- Considérable 
amounts of marine ice are sometimes observed where 
they are not predicted to occur in such quantities by 2-D 
models applied along longitudinal profiles of the ice 
shelf^sub-ice shelf cavity System [Hellmer and Jacobs, 
1992]. 

The mass balance of ice shelves at the ice-ocean in
terface is, however, a variable still difficult to appraise, 
partly because of poor accessibility. Firstly, only a few 
deep ice cores drilled through the entire ice shelf thick
ness (or nearly so) are available at présent in the 
Antarctic [Eicken et al, 1994; Morgan, 1972; Oerter et 
a l , 1994; Oerter et al, 1992; Ragle et al, 1960; 
Zotikov et al, 1980]. Secondly, spécifie climatic 
conditions, namely strong katabatic wind régimes 
inducing sustained surface ablation, sometimes allow 
marine ice to outcrop at the surface of smaller antarctic 
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ice shelves and ice longues providing sampling 
opportunities at minimal cost [Gow and Epstein, 1972; 
Souchez et ai, 1991; Tison et al., 1993]. A third 
approach consists of the study of landfast sea ice 
forming at the front of ice shelves or in the large rifts 
that often dissect the ice shelf (ice longue) area close to 
the front [Jejfries et al, 1993; Kipfstuhl, 1991; Tison et 
al, 1991]. Thèse landfast sea ice cores show spécifie 
faciès rarely described in drifting pack ice. 

The purpose of this paper is to: (1) présent a new 
data set on 10-45 m long marine ice cores from Hells 
Gâte Ice Shelf (HGIS), that will be shown to change, at 
least to some extent, the perspectives obtained from 
previous work; (2) présent two data sets on first-year 
landfast sea ice at HGIS and discuss the processes lead-
ing to the build-up of the landfast ice cover; (3) relate 
the spatial and temporal variability of the landfast first-
year sea ice faciès to the one observed in the marine ice 
cores on a larger time scale (typically several hundreds 
of years); and (4) suggest paths for future investigations 
of ice-ocean interactions in the area. 

CURRENT SEA ICE/MARINE ICE FACIES 
NOMENCLATURE 

At this stage, we feel it is useful to support our data 
with a summary of the present-day knowledge of the 
sea ice textural faciès and associated genetic processes. 
The purpose of this section is primarily to 
unambiguously illustrate the terminology used in the 
following sections. It has often been a matter of debate 
in which circumstances should textural or genetic 
terminology be used, and many authors use both 
undiscriminately. Also, the same terminology is used 
for différent faciès by différent authors and vice-versa. 
For example, as discussed below, there is a strong 
discrepancy between the textural term of "platelet ice" 
introduced by Lange [1988] and the actual texture of 
the ice described, where ail crystals appear acicular 
(needle-like) both in horizontal and vertical thin 
sections. Finally, some textural genetic equivalencies 
are still controversial or poorly known. Therefore, the 
contents of Plate 1 and Table 1 should by no means be 
considered as an exhaustive classification of sea ice 
faciès, a subject far beyond the scope of the présent 
work. Marine ice studies are fairly récent and, therefore, 
no attempt has been made until now to develop a proper 
nomenclature. Initially, textural faciès in marine ice 
cores should not significantly differ from those 
observed in sea ice given the similarity of envi-
ronments. Furthermore, as shown later in the paper, ice 
faciès described in marine ice are also showing up in 

landfast sea ice cores. For thèse reasons. Plate 1 groups_ 
the main sea- and mari ne-ice textural faciès under the 
same nomenclature. It should, however, be kept in mind 
that the marine ice accreted at the bottom of large ice 
shelves undergoes large post-depositional cumulative 
strains with time that can lead to considérable altér
ations of the original texture. Similarly, the impact of 
shearing on the ice shelf margins and/or converging 
flow in smaller ice shelves (as is the case for HGIS) can 
also partially alter the textures in the marine ice, 
producing typical faciès that should not be expected in 
sea ice (even if it is deformed at a later stage). 

In Plate 1, we have selected small illustrative sam-
ples that we believe best reflect the descriptive terms. 
Text in blue relates to the main "classical" marine or sea 
ice types from the literature. Text in red refers to more 
récent discoveries in landfast sea ice or marine ice, 
mainly in the Ross Sea area. Table 1 summarizes, in a 
few simple words, possible textural-genetic connec
tions. Both Plate 1 and Table 1 were compiled from 
multiple références in the literature [Dieckmann et al., 
1986; Eicken and Lange, 1989; Eicken et al., 1994; 
Gow et al, 1987; Jeffries et al, 1993; Kipfstuhl, 1991; 
Lange, 1988; Lange, 1990; Lorrain et al, 1997; Oerter 
et al, 1992; Tison et al, 1993; Weeks and Ackley, 
1986]. In this paper we will use the "faciès" 
terminology "sensu-lato", that is, to describe various 
textural arrangements, without any implication of their 
genesis. 

Columnar ice, made of large, vertically elongated 
crystals with intracrystalline substructures is unani-
mously recognized as the unequivocal signatiu'e of con
gélation ice resulting from direct freezing of sea water, 
at the bottom of an ice floe, for example. It is also gen-
erally agreed that the term granular applies to any sea 
(marine ice) texture with equigranular crystals. When it 
is polygonal (sharp linear crystal contours) with no in-
terlocking grains and often quite porous, it is the signa
ture of snow ice, a faciès inherited from sea water infil
tration of the surface snow layer of the sea ice cover. 
Another granular faciès closely related to the snow 
cover, but less frequently encountered, and described 
but not illustrated here, is superimposed ice [see, for ex
ample, Kawamura et al, 1997]. When granular ice is 
polygonal, but clearly shows interlocking morphology 
of grain boundaries and eventually subgrains and poly-
gonization features, it points to a considérable retextur-
ing of the initial crystals through recrystallization under 
stress. 

Frazil ice is a gênerai genetic term for individual 
ice crystals formed in the water column. Although, fol
lowing the WMO nomenclature [WMO, 1985], individ-
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Table 1. Textural-Genetic Equivalences for Sea Ice and Marine Ice 

T e x t u r a l S u b - f a c i e s Genetic term 
F a c i è s 

P r o c e s s 

Columnar Congélation sea Direct freezing of sea water 
ice 

Granular Polygonal 
(not 

interlocking, 
voids) 

Polygonal 
(interlocking, 

médium to 
coarse) 

Snow ice Infiltration of sea water in the surface snow-
cover 

Frazil ice Modifïed by dynamical recrystallization 
(cumulative strain during ice shelf spreading) 

Otbicular 

Platelet 

Diaped 

String-lined 

Banded Rectangular 

Frazil ice Individual ice crystals fomiing in the water 
column: 
• wind- and wave-induced (surface layer-
max:SO cm) 
• double diffusion between two water masses 
• thermohaline convection at the base of a 
growing congélation layer 
• adiabatic supercooling in rising water 
masses 

Frazil ice Adiabatic supercooling in rising water 
masses, and passive transport to the front of 
ice shelves 

Mixed Platelet/ 
Congélation 

Frazil ice 

Frazil ice 

Modifïed by dynamical recrystallization 
under compressive stress 
Adiabatic supercooling in lising water 
masses 

Wave-like 

ual crystals are described as "fine spicules or plates of 
ice, suspended in water", it can resuit in more diverse 
textural faciès both in sea ice and marine ice. It com-
monly occurs in sea ice as a granular orbicular texture, 
with rounded crystal boundaries both in vertical and 
horizontal thin sections. Weeks andAckley [1986] gave 
a clear synthesis of the four major processes that con-
tribute to frazil ice production in the polar océans (see 
Table 1). The wind- and wave-induced process concems 
sea ice exclusively. Thermohaline convection at the 
base of a growing congélation ice layer applies wher-
ever congélation ice forms, that is both below sea ice 
and, at least theoretically, at the bottom of ice shelves. 

Double-diffusion between two water masses occurs 
wherever a salinity gradient exists between water 
masses both at their pressure melting point. Finally, 
adiabatic supercooling in rising water masses requires 
the large thicknesses of ice shelves (marine ice), al-
though it can eventually feed the landfast sea ice cover 
with individual frazil ice crystals. 

Of particular interest is the platelet faèies. Since it 
has generally only been observed close to ice shelf 
fronts it has been attributed to unrestrained frazil ice 
nucleation and growth resulting from adiabatic 
supercooling in ascending Ice Shelf Water as part of the 
Deep Thermohaline Convection (DTC) [e.g., Eicken 
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and Lange, 1989; Kipfstuhl, 1991]. Nucleation and 
growth of plate-like frazil ice crystals directly to the 
bottom of an existing ice sheet from an adiabatically 
supercooled water mass bas also been invoked [Eicken 
and Lange, 1989; Gow et ai, this volume]. Some 
authors [Eicken et al, 1994] suggest that the platelet 
faciès is the original texture of ail marine ice formed in 
the DTC under large ice shelves, and that it is 
eventually later reduced in size and shape under 
deviatloric buoyancy stress, as thick layers of loose 
platelets accrete at the bottom. Platelet faciès are indeed 
only observed in very small amounts and in particular 
occurrences in marine ice cores [Tison et al, 1993]. 
Some debris-firee granular marine ice faciès observed at 
HGIS are, however, so fine grained that, in that case, a 
process of fragmentation under the deviatoric buoyancy 
stress is hard to envisage. Furthermore, thèse fine 
grained faciès also occur as irregular pockets 
surrounded by populations with larger crystal sizes, and 
thèse structures are more easily explained in terms of 
heterogeneity of the loose frazil as it consolidâtes, 
rather than in terms of homogeneous large scale post-
depositional déformation structures. Bombosch and 
Jenkins [1995] suggest, by modeling frazil ice 
production in Ice Shelf Water, that the platelet ice faciès 
could be associated with the évolution of ice crystals 
passively entrained in Ice Shelf Water as it levels off 
and exits at some depth in front of the ice shelf. 

Récent work has demonstrated that what is com-
monly named as the platelet faciès shows in fact a con
sidérable variability. Lange [1988], who initially intro-
duced the terminology, describes this faciès as predom-
inantly made of "elongated grains" (spicules) both in 
vertical [Lange, 1988: Figure 5û] and horizontal 
[Lange, 1988: Figure 5t] thin sections. The author 
mentions that platelet ice is, however, often interspersed 
with régions of smaller equigranular grains. Further 
observations [Jeffries and Weeks, 1993; Jeffries et al, 
1993] pointed to the fact that the platelet faciès 
generally occurs as a mixed platelet/congelation faciès 
with a wide range of proportions between the two 
components. Figure Ib illustrâtes an example of the 
platelet ice faciès comprised almost entirely of platelet 
crystals. Figiu-e la shows an example where individual 
platelet crystals are less abundant In that case, they are 
eventually less angular and show wavy uneven edges. 
This we call the draped faciès foUowing Jeffries et al 
[1993] who pointed out the draped appearance of the 
platelet crystals. Other mixed faciès like the mixed 
columnar/granular faciès were also extensively 
described in the Weddell Sea [e.g. Eicken and Lange, 
1989]. 

When granular orbicular marine ice is submitted to 
strong compressive stresses (for example between two 
coalescent continental floating ice flows) it develops 
fold structures underlined by rectangular crystals ar-
ranged in individual curved alignments. This particular 
faciès was recently described by Tison et al [1997] and 
called string-lined faciès. It is not known presently if it 
could develop in strongly deformed pressure ridges of 
landfast sea ice. 

Finally, as discussed further in this paper, a new 
marine ice faciès was discovered in the frontal area of 
Hells Gâte Ice Shelf. Typically it is composed of stacks 
of rectangular crystals of various sizes in vertical thin 
section, the limits of which are commonly underlined 
by trains of brine inclusions [Lorrain et al, 1997; Tison 
et al, 1993]. This faciès was named "banded faciès" 
and shows strong similarities with the bottom layer of 
some of the southernmost sea ice cores (52 and 54) 
described by Gow et al [1987] in the Weddell Sea. 
Thèse authors describe it as "wafer-like" crystals [Gow 
et al, 1987: Figure 14 (left) and Figure 25] and note 
that "the crystals are so loosély bonded at the very 
bottom that it was often difficult to obtain compétent 
core when drilling floes containing this kind of ice". Ice 
fabrics in thèse layers exhibited vertical c-axes and the 
authors suggested that this type of ice might represent 
underwater ice as described by Russian observers at 
Antarctic coastal locations [e.g.,Scnfa?v, 1963]. We will 
see later that this faciès is also found in the landfast sea 
ice accreting in front of HGIS. It should be noted (see 
Plate 1 and Figure 1) that the banded faciès strongly 
differs from the other frazil ice faciès associated with 
adiabatic supercooling in DTC, i.e., platelet and draped 
faciès. It shows no interstitial congélation ice, and the 
crystals appear rectangular in vertical thin sections, and 
platy (with shaded extinctions) in horizontal thin 
sections (see also Plate 3 and Figures 11 and 13). 
Furthermore, c-axes are strongly concentrated in a 
single maximum roughly perpendicular to the plates 
instead of the random arrangement found in the platelet 
faciès. As a matter of fact, this faciès would probably 
better deserve the "platelet" dénomination than the 
platelet faciès which would, in tum, be better described 
as an "acicular faciès" or "mixed acicular-congelation 
faciès". 

CURRENT STATE OF KNOWLEDGE OF SEA 
ICE VARIABILITY IN THE ROSS SEA 

Récent work by Jeffries and Weeks [1991fl; 199 lè; 
1993], Jeffries et al [1993] and Jeffries and Adolphs 
[1997], has concentrated on sea ice properties in 
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Fig. I : Comparison of the draped (a), platelet (b) and banded (c) faciès in horizontal and vertical 
thin sections. The arrow on the vertical thin sections shows the location of the horizontal thin sec
tions. Ail samples are f rom the landfast sea ice data sets at HGIS (a = core SA, depth : 212 cm; b = 
core SA, depth ; 221 cm; c = core SE, depth : 175 cm). 
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McMurdo Sound and the western Ross Sea. Jeffries and 
Weeks [1993] sampled the sea ice cover in a transect 
from the Balleny Islands (62.50° S, 158.8° E) to 
McMurdo Station, via Cape Adare, Terra Nova Bay and 
Franklin Island (their Figure 1). Eighteen ice cores be-
tween 0.53 and 1.56 m long were sampled and analysed 
for their textural faciès. Most of thèse cores were ob-
tained quite far from the coast. Their texture is domi-
nated by columnar (congélation) ice (22 to 100%) and 
frazil ice (5 to 74.4%). The latter is thought to have 
originated from a "pancake cycle" similar to the one de-
scribed by Wadhams et al. [1987] and Lange et al. 
[1989] in the Weddell Sea. Attention should be drawn, 
however, to cores RS14 to RS16, that were retrieved 
from the South side of Drygalski Ice Tongue, i.e. close 
to a coastal floating ice body. Indeed, one of them 
(RS15) is the only one displaying platelet ice, and this 
in considérable amounts (64%). The authors drew atten
tion on the fact that ISW was detected near the ice 
tongue and that the high proportion of platelet ice ob-
served in the core might reflect adiabatic supercooling 
in this low density water outflow. On the other hand, 
core RS16 shows the highest percentage of frazil ice 
(88.5%), of which it is exclusively formed, if we 
discard "deformed ice" faciès. Most recently, Jeffries 
andAdolphs [1997] have confirmed the strong contrast 
between pack ice and landfast sea ice characteristics in 
the Ross Sea, on an even wider scale. The pack ice floes 
they described were primarily built through dynamic 
processes and showed generally lesser thickness than 
the landfast ice for which thermodynamic processes are 
dominant. 

Of even greater interest for studies of ice-ocean in
teractions under ice shelves is the investigation of land
fast sea ice in McMurdo Sound (see detailed synthesis 
in Gow et al. [this volume]). Jeffries et al. [1993] de-
scribe sixteen sea ice cores between 1.26 and 2.34 m 
long sampled in the area. A typical structure of ail thèse 
cores (illustrated in their Figure 6) consists of an upper 
congélation ice layer and lower layers of mixed conge-
lation/platelet or platelet ice. Overall, the fast ice com-
prised 62.1% congélation ice, 28.3% platelet ice and 
9.3% congelation/platelet ice. However the proportion 
of platelet ice might be underestimated due to bottom 
melting earlier in the summer. Apart from two excep
tions, the basai layer of each core was platelet ice. 
However, the authors stressed clearly that the distinc
tion between platelet and mixed platelet/congelation ice 
was quite arbitrary, since the platelet faciès aiways 
showed interstitial congélation ice. The limit was arbi-
trarily taken at 50% between the "mixed" and the "pure" 

platelet faciès. Jeffries et al. [1993] and Jeffries and 
Weeks [1993] also showed that fabric diagrams from 
platelet and platelet/congelation faciès are bi-modal: c-
axes concentrated in the equatorial circle on a Schmidt 
net correspond to congélation ice crystals whilst most of 
the platelet crystals from the same sample show a ran-
dom distribution. It is also worth noting that a wide va-
riety of platelet ice textures was observed in McMurdo 
Sound. The same authors mention that "...many of the 
platelets were less angular, more equidimensional and 
had wavy, uneven edges... densely packed accumula
tions of thèse wavy-edged platelets gave the ice a dis-
tinctive appearance resembling a draped fabric". 
Comparison of the percentage of each core containing 
platelet ice with contour lines of surface supercooling 
measured in 1982 by Lewis and Perkins [1986] 
supports the idea that the platelet ice originated by 
adiabatic supercooling of the Ice Shelf Water formed 
below the Ross Ice Shelf. 

Finally, Jeffries et al. [1993] used the mean plate 
width in the congélation crystal sub-structure to com
pare growth rates of congélation ice at the top of the 
cores and of interstitial congélation ice in the mixed 
platelet/congelation faciès. Surprisingly, they noticed 
no significant trend of decreasing growth rate with 
depth, as would be expected in a process where freezing 
is mainly controlled by heat conduction through the ex-
isting sea ice cover. This particular phenomenon was 
seen as the expression of a lower heat flux at the 
platelet-rich growth interface (where only interstitial 
water has to be frozen and is guaranteed to be at, or 
even below, the freezing point) than at the base of the 
unconsolidated platelet crystal layer. 

The most récent description of McMurdo Sound 
landfast sea ice (based on a data set sampled in 
October-November 1980) by Gow et al. [this volume] 
generally supports the material published earlier. It 
shows in greater détail the relationship between the 
circulation pattems of near-surface currents and the 
strength of the ice fabric in the columnar-congelation 
ice. It also suggests from fîeld and textural observations 
that the dominant mechanism of platelet ice accretion is 
nucleation and growth of plate-like frazil ice crystals 
directly to the bottom of the existing ice sheet. 

HELLS GATE ICE SHELF : MORPHOLOGY, 
ICE DYNAMICS AND MASS BALANCE 

Hells Gâte Ice Shelf (Figure 2) is a small antarctic 
ice shelf located in Terra Nova Bay (Victoria Land, lat. 
74°50'S, long. 163°50'E). It is derived from the larger 
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Plate 1 : Nomenclature for the main sea ice and narine icc facics discusscd in this paper. The thin 
sections are in the vertical plane and the scale is "alid for ail pictures (sec text for détails). 
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Fig. 2 : Location and main fcaturcs of Hclls Gâte Icc Shclf showing thc position of marine and sea 
ice cores and of the echosounding profiles from 1991 (top). The bollom drawing is a 3-D sketch of 
ice shelf thicknesses deduced from the 1991 echosoundings. Aerial photograph in thc background 
is : Terra Nova Bay - 11.06.1985 - PL 152.27 - TMA-285I -V. V.l. = Végétation Island; N.F. = 
Northern Fooihills. 
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Nansen Ice Shelf (NIS) and reaches the sea near Cape 
Russell. HGIS extends from North to South for 16.6 km 
with a maximum width of 9.8 km. It is composed of 
three main sectors (western, central, eastern) separated 
by two medial moraines stretching roughly North-
South. 

Early radio-echo sounding (RES) profiles [Souchez 
et al, 1991] obtained about 1.5 km inland from the ice 
front (Figure 2, bottom), showed a maximum ice shelf 
thickness of 70 m in the western sector reducing to only 
20 m in some areas of the central sector. Furthermore, 
the interface picked-up by the RES was typically undu-
lating in the central sector (A5-A3, B2-B1, C4-C3 in 
Figure 2 bottom), in phase with a clear-cut surface 
boundary between clear ice upstream and dark ice 
downstream. Thèse data must, however, be treated care-
fuUy since, in several instances (especially in the central 
sector), the return signais were quite weak. It is, there-
fore, not known, in thèse cases, if the depth obtained 
corresponds to the ice-ocean interface, or to the conti
nental meteoric ice-marine ice interface. Several argu
ments favor the latter hypothesis. First, seismic investi
gations [F. Merlanti, personal communication, May 
1997] performed in the same area systematically pro
vide higher ice thicknesses (22% higher in the western 
sector, 33% to 55% higher in the central sector). 
Secondly, isotopical (S^^O, 8D) and crystallographic 
investigations of the surface clear-cut boundary indicate 
that it delimits continental meteoric ice (light gray, up
stream) from marine ice (dark gray, downstream) 
[Lorrain étal, 1997; Tison et al, 1993]. Finally, core 
Y (Figure 2, top), obtained downstream of line C within 
a few tens of meters of the ice front, reached a depth of 
44 m, clearly in contradiction of the RES data from C3-
C2. For the same reasons, more récent RES data from 
further upstream are somewhat discordant [Tison et al, 
1997 and A. Lozej, personal communication]. However, 
measurements agrée on a thickness of about 150 m 
some 6 kilometers inland from the front. A maximum 
value of 250 m has been measured nearly 10 kilometers 
from the front, in the central part of the flow between 
Végétation Island and the Northern Foothills (Figure 2). 

The spécifie lay-out of the meteoric ice/marine ice 
boundary near the front, the shape of the marine ice 
outcrops visible upstream in the eastern part of the cen
tral sector, the large scale foliation patterns and the RES 
return from the central sector ail suggest that the ice 
shelf results from the coalescence of several individual 
ice flows of différent sizes, marine ice accreting in the 
upstream area (near the grounding area or around a pin-
ning point) acting as a "welding unit" between thèse 
various ice flows. This is a situation similar to the one 

detected, at a much larger scale, beneath the Ronne Ice 
Shelf by Corr et al [1995]. Comparing RES data to 
précise GPS détermination of ice thickness at Ronne Ice 
Shelf revealed large discrepancies due to considérable 
latéral accumulation of marine ice between the Rutford 
and Evans Ice Streams. Thèse accumuladons could only 
have formed as the two ice streams were ungrounding 
and joining together, upstream of the measured profiles. 

Large scale morphological patterns (e.g. twin 
alignments of morainic dirt cônes), marine ice outcrop-
ping patterns and ice foliation patterns also suggest a 
complex dynamical behavior of converging flow in the 
Hells Gâte Ice Shelf. Side effects considerably affect 
the flow patterns in some areas [Tison et al, 1997]. An 
oblique component of the flow in the western sector 
brings the ice in compression against the central sector, 
and results in shearing of part of the marine ice initially 
accreted between the two flows (Figure 3a). This results 
in the typical outcropping and foliation patterns of 
Figure 3&. At a smaller scale, this compressive régime 
affects the crystal structures both in the granular and 
banded faciès (Figure 3c). The granular faciès develops 
a preferential curved alignment of rectangular crystals 
("string-lined" faciès) and the initially rectangular crys
tals of the banded faciès are re-arranged in folded struc
tures. Similar features were successfuUy modeled and 
experimentally produced by Wilson et al [1986] and 
Wilson andZhang [1994]. More generally, the granular 
faciès is frequently polygonal with interlocking crystal 
boundaries, a sign of crystal évolution under considér
able cumulative strains (see section 2). 

Horizontal surface velocities were estimated using 
two independent techniques by Baroni [1990], Baroni 
et al [1991a], Baroni et al [I991fc], and Frezzotti 
[1993]. The western medial moraine is associated with 
marine ice forming at the southern tip of Végétation 
Island (V.I. in Figure 2), where the flows from NIS and 
from Browning Pass meet. This moraine is composed of 
twin dirt cônes that contain shells, worm tubes 
(serpulids) and sponges spicules, some in "living" 
position. Hypothesizing that thèse biogenic materials 
were incorporated into the marine ice at the ice-bedrock 
interface around Végétation Island, dating of the shells 
[Baroni, 1990] provided estimâtes of surface velocities 
varying between 10.4 and 17.4 m a''. Similarly, on the 
eastern moraine, velocities of 3 to 3.7 ma"^ were 
obtained. Thèse values are in good agreement with 
those calculated from comparison of aerial photographs 
taken in 1956 and 1985 giving 2.9 to 3.8 m a'̂  and 8.8 
to 11.9 ma"^ for the eastern and western sectors 
respectively. 

Marine ice accretion rates are difficult to assess 
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IV 3 .4b IV 13.2a IV 25.2 

Fig. 3 : Dcformat iona l structures at Heils Gâte Ice Shelf (sec tcxt for détails): a) Diagram 
illustrating the process of shearing of marine ice at the jiinction of iwo individual ice Hows with 
différent llow directions (2); b) Oblique acrial photograph of thc wcstcrn-cenlral scctor of HGIS, 
close to the ice shelf fronl , showing thc location of ice corcs IV and Y. Note the similarity of 
patterns with diagram a; c) Three examples of folds and crystals bending in the orbicular and 
banded marine ice faciès of core IV. Thin sections arc shown at .scalc 1:1 in the vertical plane. 
Mean dcpths are shown on top and sample codes below. 
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from mass balance calculations, since thèse require sur
face strain rates measurements that are not available at 
présent for HGIS. A crude estimate can, however, be 
made on the basis of shell dating and thickness esti
mâtes near the front. Baroni [1990] obtained a range of 
0.122 to 0.250 m a'^ depending on the method used to 
correct the ̂ ^C âges BP. Thèse values are, however, 
minimum estimâtes, since the shells might have been 
brought to the surface further upstream in the ablation 
area, where thicknesses are higher. Another calculation 
can be made considering the surface velocity range ob
tained from aerial photographs for the western moraine, 
and the (minimum) seismic ice thickness of 126 m [F. 
Merlanti, personal communication, May 1997] mea-
sured at the location of marine ice core XXL As clearly 
seen on Figure 2, this ice core is located on the most 
upstream outcrops of the marine ice body that formed at 
the Southern tip of Végétation Island. A somewhat 
higher range of 0.43 to 0.58 m a'^ is obtained. Thèse 
marine ice accretion rates are also higher than the sur
face ablation rates of 0.17 to 0.28 m a'' calculated by 
Baroni [1990] from dirt cone build-up rates or 0.20 to 
0.30 m a"l estimated from bamboo pôles ablation mear 
surements [A. Bondesan, personal communication, June 
1996]. The marine ice accretion rates estimated here are 
of the same order of magnitude as those modelled by 
Jenkins and Bombosch [1995] at Filchner-Ronne Ice 
Shelf for différent frazil crystal sizes (about 0.5 m a'' 
mean value), although thèse were occurring much fur
ther away from the grounding line in their case of a 
much larger ice shelf with expected much lower thick
ness gradients [Paterson, 1994: Figure 12.3]. 
Furthermore, the estimâtes given here at the location of 
ice core XXI should still be considered as minimum 
values, since accretion is thought to occur in the in-
verted dépression associated with the merging of the 
two ice flows at the southem tip of Végétation Island, 
as discussed above. 

Finally, it is worth comparing marine ice accretion 
rates to an estimate of direct accretion rates from beat 
conduction through the ice shelf at the location of ice 
core XXI. Using a thickness of 126 m and a mean air 
température of -18°C [Ronveaux, 1992: Table 4] gives a 
value of 0.029 m a"' for direct freezing of sea water at 
the interface. Therefore, marine ice accretion rates are 
an order of magnitude higher than for direct congélation 
of sea water at the bottom of 126 m of ice. It is only for 
marine ice accretion under less than 20 m of solid ice 
that the consolidation rate of the loose frazil will "keep 
pace" with the accretion rate, considering a porosity of 
40%. A considérable delay will therefore exist between 

the accretion time and the consolidation time, especially 
for the lower units of the loose frazil ice accretion. This 
is of crucial importance, as will be discussed later. 

MARINE ICE RECORDS AT HELLS GATE ICE 
SHELF 

Previous Work 

Taking advantage of spécifie climatic conditions 
that allow marine ice to outcrop at the surface of Hells 
Gâte Ice Shelf, Souchez et al. [1991] and Tison et al. 
[1993] used shallow depth (2 m) surface ice cores on 
two longitudinal profiles (along flow Unes) to study ma
rine ice properties within a few kilometers of the ice 
shelf front. The latter authors have shown that two main 
types of marine ice exist at Hells Gâte Ice Shelf, with 
contrasting textural and chemical properties revealing 
spécifie environments and depositional processes. 

The first type is a granular faciès, similar to the one 
described in other deeper marine ice cores with thick
nesses ranging from 45 to 170 m (Amery Ice Shelf - [N. 
Young, personal communication, March 1995] and 
Filchner-Ronne Ice Shelf [Eicken et ai, 1994; Oerter et 
al, 1994; Oerter et al, 1992]). At Filchner-Ronne, 
crystals were equigranular in dimensions but showed a 
regular increase in size down the profile that was ex-
plained in part by the thermal history of this layer 
[Eicken et al, 1994; Oerter et al, 1994; Oerter et al, 
1992]. Conductivities (salinities) were very low (down 
to <0.03%o salinity, i.e., up to 2 orders of magnitude 
lower than those measured in sea ice), decreasing down-
wards along the profile and eventually stabilizing in the 
lower part of the core. Stable isotopes were reckoned as 
fairly constant and reflecting equilibrium fractionation 
during freezing from sea water (slightly positive Ô̂ Ô 
values) both at Amery and Filchner-Ronne Ice Shelves. 
Sédiment layers (aggregates of silt and clay-sized min
erais and biogenic material) were found within the ma
rine ice at Filchner Ronne Ice Shelf, close to the transi
tion from meteoric ice. 

In addition to the granular faciès (not only showing 
very low salinities, but also strong chemical fractiona
tion and random ice fabrics at HGIS), another faciès, 
called "banded faciès" (Plate 1 and Figure le), was ob-
served in considérable amounts, with higher mean salin
ities, less chemical fractionation and strong single max
imum fabrics. Statistical counting on a longitudinal pro
file suggested that there might be an increasing propor
tion of the banded faciès as one gets doser to the ice 
shelf front. This was later confirmed by a systematic 
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Fig. 4 : Sub-surface (2m depth) ice types at Hells Gâte Ice 
Shelf (after [Lorrain et ai, 1997]). 

grid survey of 60 shallow cores (Figure 4 and Lorrain et 
al. [1997]). From thèse data, together with observed 
shifts in isotopic compositions (S^^O-6D) of marine ice 
samples larger than the maximum possible equilibrium 
fractionation from sea water values, we conclude that 
active transfer of marine ice was occurring in a down-
stream direction at the bottom of Hells Gâte Ice Shelf 
[Souchezetai, 1991]. 

Of particular concem are the very low saiinities ob
served in the granular marine ice faciès. Authors agrée 
on the fact that such levels can be produced neither by a 
simple process of equilibrium freezing (at very low 
rate) of loose frazil ice crystals in a matrix of sea water, 
nor by desalination processes at a later stage [Eicken et 
al, 1994; Tison et ai, 1993]. Kipfstuhl étal. [1992] and 
Eicken et al. [ 1994] favor a process by which mechani-
cal compaction of centimeter-sized platelet ice crystals 
results in réduction of crystal size, réduction of porosity 
and consolidation under the deviatoric buoyancy stress, 
with no significant in-situ ice growth. Tison et al. 
[1993] propose another explanation that links the low 
saiinities of the Consolidated granular faciès to dilution 
processes of the "host" water in which accretion of the 
loose frazil ice crystals occurs. Dilution results from 
melting at the base of the ice shelf, and irregularities at 
the ice shelf/ocean interface favor "trapping" and rela
tive isolation of both the loose crystals and the water of 
reduced density. This process allows for chemical frac
tionation under differential diffusion processes between 
the "host" water of the loose frazil and the océan water 
below the interface. The whole mechanism, however, 
requires having both melting and frazil ice accretion oc
curring in areas nearby. One way to deal with this ap

parent contradiction is to consider areas near the 
grounding Une where melting by HSSW inflows in the 
DTC can occur and where large latéral irregularities 
must exist because of merging of individual ice flows 
(see discussion of RES in previous section). Thèse 
would hold particularly for larger and thicker ice 
shelves like the Filchner-Ronne, but obviously not for 
HGIS where maximum ice thicknesses of 250 m are ob
served upstream of the southern tip of Végétation 
Island. The beat source for melting was therefore left 
unresolved in previous marine ice studies at HGIS. 

Location and Sampling ofa New Data Set 

During the IXth Italian Antarctic Expédition (1993-
1994) about 60 shallow (2 m) to médium depth (10-45 
m) ice cores where sampled at Hells Gâte Ice Shelf, 
downstream of Végétation Island, a local pinning point 
(Figures 2 and 4). We will concentrate here on a set of 
four cores (XXI, VI, IV, Y), drilled on the eastern flank 
of the western dirt cônes moraine and aligned parallel to 
the flow lines, as deduced from the horizontal surface 
velocity field [Frezzotti, 1993]. 

The cores were retrieved using a modified version 
of the CRREL Rand Auger [Rand and Mellor, 1985], 
transferred into polyethylene bags, stored at at 
Terra Nova Station and shipped to Brussels at the same 
température for further processing. Vertical thin 
sections were eut along the total length of each core to 
allow observation of the différent ice textures and to 
guide the isotopic sampling. The thin-sections were 
prepared using standard microtoming techniques and 
photographed between crossed polarizing filters. It 
should be noted, in this regard, that the subvertical 
striae visible in some of the thin sections illustrated in 
this paper are artefacts of the microtoming procédure. 
After reducing the diameter of each core by 5 mm to 
eliminate surface contamination, t'vo samples, each 
with dimensions of 1x2x7.5 cm, were collected at 
depths corresponding to the top of each thin section, 
i.e., with a mean sample spacing of about 0.1 m. Non-
contaminating polyethylene gloves were always used 
for handling, and cutting was performed with a clean 
band-saw previously tested as non-contaminating for 
the major ions of interest. The twin samples were then 
allowed to melt in polyethylene tubes, before their 
conductivity was measured using a Taccussel CD 810 
conductimeter in a 25±0.01°C thermostatically-
controUed bath. Saiinities were deduced using 
calibration curves based on high précision (± 10"%e) 
lAPSO salinity standards provided by Océan Scientific 
International. The overall précision of the method is ± 
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0.05%o. The olher sample collected at the same depth 
was analyzed for Na, K, Ca and Mg with a Varian 
SpectrAA 300 atomic absorption spectrophotometer. 

Samples were also collected in selected locations 
for co-isotopic analyses of deuterium (8D) and oxygen-
18 (S'^O). Samples with a volume of 5 ml were 
collected with the band-saw, and those with a salinity 
above 0.5%o were distilled under vacuum prior to the 
isotopic analyses by a procédure proven to conserve the 
isotopic signal [Tison et al., 1993]. The measurements 
were performed at the Nuclear Research Center of 
Saclay (France). HDO and H2^^0 concentrations are 
given in S-units versus V.S.M.O.W. (Vienna Standard 
Mean Océan Water) expressed in per mil. The accuracy 
of the measiurement is ±0.5%o in 5D and ±0.1%o in 

Results and Discussion 

Plate 2 shows selected pictures of the textural char-
acteristics of the studied ice cores. Cores XXI, VI and 
rV are each 10 m long and core Y is 45 m long. The 
pictures are full scale vertical thin sections pho-
tographed between crossed polarizers. Depths are given 
at the appropriate level on the right side of the pictures. 
The four cores were drilled on a longitudinal profile in 
the marine ice outcropping between the western and the 
central sectors (Figure 2 top). Given that the marine ice 
thickness is already 126 m at the location of core XXI, 
that the mean ablation rate is estimated to be between 
0.20 and 0.30 m a'* and that the surface velocities are 
between 9 and 12 m a'^ the cores are thought to ade-
quately approximate what would be recorded with 
depth in a single ice core, close to the ice shelf front, 
supposing it had not been subjected to surface 
sublimation. Indeed, using the most conservative 
estimâtes for surface velocity (9 m a'^) and for ablation 
rate (0.20 m a" )̂ one can calculate that the amount of 
marine ice ablation between two successive core 
locations is 3 to 8 times higher than the core length at 
the most upstream site of each pair. Resulting profiles 
are therefore plotted on top of each other in Figures 5 
and 6. It should be stressed, however, that this does not 
necessarily mean that the ice in core IV is younger than 
in core XXI, since this obviously dépends on factors 
like the balance between horizontal velocities, surface 
ablation rates, marine ice accretion rates (of which we 
only have minimum estimâtes) and longitudinal 
extension of the marine ice depositional areas. Also, the 
dynamical characteristics of HGIS flow described 
above are likely to affect the original stratigraphy of the 

marine ice deposits to a certain extent, and this will 
have to be taken into account in the discussion below. 

Figure 5 gives the smoothed salinity profile. Figure 
6 shows the K/Mg ratio at the same resolution and with 
the same smoothing interval as for salinity. This K/Mg 
ratio was chosen since it is unlikely to be affected by 
sait précipitation at températures encountered in the 
HGIS environment, or by subséquent long-term storage 
in freezers. Indeed, Richardson [1976], in his study of 
the phase relations in sea ice as a function of tempéra
ture, indicates that CaC03.6H20 is the fu^t sait to pre-
cipitate from sea water at a température close to the 
freezing point and that Na2S O 4 . I O H 2 O and 
CaS04.2H20 soon foUow, at températures of -8°C and 
-10°C respectively. FoUowing the same author, concen
trations in K and Mg ions in sea ice at sub-freezing 
températures under quasi-equilibrium conditions do not 
change until the température falls below -34°C. 

Figure 7 shows the same data sets in K/Mg-salinity 
corrélation graphs for each of the cores, compared to 
the range of sea water values of the K/Mg ratio (0.087-
0.096) compiled from various authors [Addison, 1977; 
Goldberg, 1957; Wilson, 1975]. This référence level is 
also shown on Figure 6. 

As mentioned before, selected samples were col
lected for co-isotopic measurements in ÔD-S^'O. A 
commonly used représentation for thèse data is a ÔD-
51*0 diagram (Figure 8), where samples of natural wa-
ters from large unconfined réservoirs would lie on a 
Meteoric Water Line of équation SD = 8 5 ' ^ 0 + 10 
[Dansgaard et ai, 1973]. For the purpose of the discus
sion below, samples have been grouped in the two main 
marine ice textural faciès. 

Textural results from the studied cores (Plate 2) 
confirm the observations from previous work at HGIS. 
The two upstream cores (XXI and VI) show a granular 
faciès exclusively, whilst core Y consists of 97% 
banded faciès. The remaining 3% consists of granular 
ice, confined to discrète layers or pockets in the first 10 
m of the core. Core rV, located about half-way between 
VI and Y (Figure 2), is of particular interest. Down to 
5.35 m it shows a typical fine grained granular texture. 
It is also quite rich in fine insoluble particles (up to 
0.8% débris in weight, excluding surface samples), as 
opposed to the other cores where virtually no débris 
was found. This is what would be expected for marine 
ice accreted close to a rock interface where suspension 
of minerai particles in the water can occur under tidal 
agitation. Below 6 m, core IV is exclusively banded, 
with the exception of the bottom 50 mm which consist 
of granular ice. Between 5.35 and 6 m, mixed 
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Plate 2 : Selected typical textural characteristics of thc four marine ice cores. shown in vertical thin 
sections bctween crosscd polarizers. The scale shown at the top is valid for ail pholographs. Depths 
in meters arc indicaied to the right. Sélection has been made to give a complè te overview of 
textural variabiiity inside the corcs, rather thaii a true représentation of the frequency of occurrence 
o f t h e différent faciès. 
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Salinilv (%o)—SmoodMa 

Fig. 5 : Stnoothed salinity profiles in the four marine ice 
cores. The smoothing interval is 0.40 m. The shaded area 
shows the transition zone of mixed congelation-platelet ice 
faciès in cote IV (see text for détails). 

congelation-platelet ice texture is observed, a faciès 
only described once in the marine ice literature 
[Souchez et al., 1991], at the limit of meteoric and 
granular marine ice at HGIS. This spatial layout 
supports the assumption made above that the vertical 
juxtaposition of the four cores illustrâtes the large scale 
(kilomètre) distribution of the textural faciès in a 
vertical plane oriented parallel to the mean flow line. 
The assumption, however, probably does not hold at the 
smaller mètre to centimètre scales, owing to the spécifie 
geometry of Hells Gâte Ice Shelf. The sharp textural 
contrast occurring at 5.35 m and the re-occurrence of 
the granular faciès at the bottom of core IV could, 
therefore, be the signature of shearing of a lower 
stratigraphie unit higher up in the core. The tilting of 
the crystals might be a further argument in this respect. 

The occurrence of médium to small-scale distur-
bances in the individual cores' stratigraphy are quite 
likely to affect equally the distribution of their chemical 
characteristics, as suggested by the sharp salinity gradi
ent in core IV between 5 and 6 m depth (Figure 5) and 

by the strong "noise" of unsmoothed salinity profiles. It 
would, therefore, be hazardous to discriminate between 
genuine and post-tectonic events in the fluctuation of 
salinity and K/Mg in each individual core of Figures 5 
and 6, and we will only focus on gênerai trends and 
mean values for each core and from core to core. 
Furthermore, besides dynamical disturbances, we bave 
to keep in mind two other possible soiurces of altération 
of the signais: surface modifications during the summer 
melt season, and interactions with the solid impurity 
content. The first process could be responsible for de-
salination of the top meter of the cores, as seems to be 
the case for ail cores in Figure 5. It could also increase 
the K/Mg ratio through surface input of impurities of 
continental origin, since, as demonstrated by Casella et 
al [in press] for snow accumulation in the Terra Nova 
Bay area (Me Carthy Ridge and Styx Glacier), potas
sium is mainly of continental origin, whilst magnésium 
is mainly oceanic. 

K/Mg - S»ood«d 

Fig. 6 : Smoothed K/Mg profiles (ratios calculated from con
centrations expressed in meq/1 units) in the four marine ice 
cores. The smoothing interval is 0.40 m. The dark shaded area 
shows the transition zone of mixed congelation-platelet ice 
faciès in core IV (see text for détails). The K/Mg range in sea 
water is also indicated in light gray (see text for détails). 



ICE-OCEAN INTERACTIONS IN ANTARCTICA: The Marine Ice Perspective 163 

390 A N T A R C n C SEA ICE: PHYSICAL, FRCCESSES, INTERACTIONS AND VARIABILITY 

0.3-

0.25-

0.2-

S 0.15-

0.1. 

0.05 

0 

CORE XXI 

o 
o 

0 

0.3-

0.25 

0,2-
3 

0.15 

0.1 

0.05-

0-

COKE VI 

mm -

T 
ran^e of meiiH scft wattv values 

0.5 1 
Salinity (%«) 

1.5 0.5 1 
Salinity (%«) 

1.5 

0.3 

0.25-1 

0.2 

2 0.15-

0.1 

0.05 

CORE IV 

rangeùf nteaii S£a WùÎïT valuea 

0.3 

0.5 I 
Salinity 

1.5 

0.25-

0.2 

S 0.15 

0.1 

0.05 

CORE Y 

. « j B t K U U a i L J t ^ . . . . 

0.5 1 
Salinity {%o) 

1.5 

Fig. 7 : K/M.g-wSaliniîy relation.ship m ihe four marine icc corcs. Samc conventions as in Figures 5 
and 6. 

în îe rac t io iw wi th sol id i n c l u s i o n s cou ïd a!so m o d i f y 

the chc i i i i ca l c o n t e n t of tiic ice s a m p l e s t h r o u g h s i m p l e 

dissoiu ' i ion or, m o r e l ike ly , d e s o r p t i o n effecLs f r o n i the 

s u r f a c e of silt to c l a y - s i z e d par t i c les . T h i s latler p rocess . 
p a n i c u l a r î y , wa.s s h o w n to i nc r ea sc the alkal i concen t ra 
t ion wi th r e spec t t o that of t he a i k a l i n e - e a r t h s in the so-
h j t i o n , e v e n a l l e r r e l a t i v e l y s h o r t ( m i n u t e s ) c o n t a c t 

i i m e s and for sma l ! a m o u n t s of pa r t i c l e s [Souchez el ai, 
1978! . T h i s w o u l d , t h e n , p r o v i d e an ar t i f ic ia i m e a n s of 
increa.sing the K / M g in m a r i n e icc s a m p l e s loaded wi ih 
f ine -g ra i .ncd so l id impiu- i t ies . C a r e f u I e x a m i n a t i o n of 
the b o t t o m of the s a r n p l c t u b e s u s e d for the c h e m i c a l 
a n a l y s e s p e r f o r m e d on c o r e IV r e v e a l e d a thin d e p o s i t 
of i n s o l u b l e r c s i d u e s . T h è s e vvere f i l t c rcd , wei t ïhed wi th 
a p r é c i s i o n b a l a n c e ( ± 0 , 1 m g ) a n d e , \ p r e s s e d as 
d e b r i s / i c c c o n c e n t r a t i o n s in w e i g h t pe rcen t . T h e resul ts 
a rc p lo t l ed as a f o n c t i o n of the K / M g rat io in F igu re 9. 
E x c e p t fo r t h r c c s u r f a c e s a m p l e s , ail c o n c e n t r a t i o n s a re 

l ow (bc low 0 . 8 % in w e i g h î ) , and i l terc is n o s i g n i f i c a n t 

c o r r é l a t i o n ( r - = 0 . 0 7 ) b e t w e e n the t w o d a t a s e t s . 

C o n t a m i n a t i o n by t h e s o l i d i m p u r i t y c o n t e n t is , 

t he r e fo re , in th is c a s e , n e t l i ke ly to a l t e r t he c o n c l u s i o n s 

of ou r s tudy. 
T h e sa l in i ty t r end ( F i g u r e 5 ) in the g r a n u l a r f a c i è s 

c o r r e s p o n d s to a d e c r e a s c in a d o w n s i r c a m d i r e c t i o n , 
f r o m m a x i m u m v a l u e s of 0 .3^ tc in c o r c X X I to v a l u e s 
Icss than 0 .03%» in c o r e I V . B o i h the t r e n d a n d t h e 
m i n i m u m va lues a r e c o n s i s t e n t w i t h t he o b s e r v a t i o n s in 
o î h e r d e e p e r m a r i n e ice c o r e s a t F i l c h n c r R o n n e !cc 
S h c l f a n d A m e r y Ice S h e l f \Eicker! et ai. 1 9 9 4 ; 
Morgan, 1972; Oerter et ai, 1992] . T h e r e is a s b a r p 
i n c r e a s e of t h e s a l i n i t y w h c n c n t c r i n g t h e r n i x e d 
p l a t e l c l - c o n g e l a t i o n h o r i z o n in co re IV, w i t h v a l u e s of 
up to In the b a n d e d f a c i è s of c o r e Y, salinit ie.s 
a r e n o t i c e a b l y h i g h e r a n d u n i v c r s a l l y i n c r e a s e w i t h 
d e p t h , c s p e c i a l l y b c l o w 3 2 m, w h c r e w a t e r w a s f i rs t 
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observed to invade the drill hole. The water level rose 
slowly in the hole in the next 24 hours, and stabilized at 
11 m depth, which is équivalent to the ice-shelf 
freeboard in front of the drill site. Conductivity 
measurements on two water samples taken in the hole at 
the beginning and at the end of the process were 
équivalent to respectively 3 and 0.9 times the 
conductivity of normal sea water. This indicates that the 
bottom part of the banded faciès is still thoroughly 
perméable to sea water and that the "in-situ" interstitial 
water in thèse layers is considerably enriched by the 
brine exclusion process resulting from the consolidation 
of the upper levels. This supports the idea that, in this 
case, freezing is actively taking place in the 
consolidation process. 

In previous work (Tison et al., 1993), the K/Mg ra
tio of marine ice samples was shown to be a good indi-
cator of active chemical fractionation below the ice 
shelf. In particular, K/Mg - salinity relationships clearly 
showed a transition from saltier samples, with K/Mg ra
tios close to the sea water value, to low salinity samples 
with much higher K/Mg ratios. Simple experiments, 
where fresh-water ice blocks were melted in a sea water 

réservoir above its freezing point [Tison et al, 1993: 
their Table 1 and Figure 5], were shown to resuit in a 
30% réduction of the salinity and a 125% increase of 
the K/Mg ratio in the interface water layer. 

This process, reflecting a sélective diffusion mecha-
nism from undiluted to diluted sea water had previously 
been demonstrated by Ben-Yaakov [1972] and shown to 
lead to an increase of K/Mg of up to 200% of its origi
nal value in sea water. Repeating the experiment de-
scribed above with a gauge incising the bottom of the 
melting ice block, showed increased différences, 
thereby indicating accumulation of waters of least den-
sity in inverted dépressions below the ice [Tison et al., 
1993]. It was then proposed that melting below an ice 
shelf would enhance dilution of the interstitial host wa
ter within the loose frazil accumulating underneath. It 
would also enhance chemical fractionation between sea 
water and this interstitial water, resulting in the original 
chemical signature of the granular faciès. 

Data presented in Figure 7 confirm this behavior. 
Core IV is especially illustrative, showing two distinct 
groups of samples: the low salinity-high K/Mg in the 
topmost granular faciès, and the high salinity-low K/Mg 
in the lowermost banded faciès and the transition zone. 
The granular faciès of cores XXI and VI show a similar 
pattem of a dense cloud of samples with rather low 
salinities and moderate fractionation. The banded faciès 
of core Y stretches between a similar cloud (although 
slightly more saline) and numerous saltier samples with 
sea water K/Mg values. The few low-salinity / high 
K/Mg samples in core Y can be shown to correspond to 
the discrète layers of granular crystals in the upper part 
of the core, and are thus not représentative of the 
banded faciès. 

The new data set, however, differs in two major re
spects from the results described in Tison et al. [1993], 
suggesting that some of their conclusions have to be re-
considered. The maximum K/Mg value of 0.26 ob
served here is of the same magnitude as the maximimi 
shift observed by Ben-Yaakov [1972] after three-jJays of 
diffusion experiments. Tison et al. [1993], hôwever, 
quote K/Mg values as high as 1.26 in coarse granular 
frazil from shallow (2 m) cores, and, therefore, call for 
repeated melting events at the ice-ocean interface to ac-
count for this cumulative fractionation. The fact that 
such very high values were only observed close to the 
surface, and did not occur in any of the deeper cores de
scribed in this paper, suggests possible surface contami
nation processes, even ihough the first 0.5 m of the 
cores were systematically discarded in Tison et al. 
[1993]. It is worth noting that, in thèse surface cores, 
the highest values were observed in the coarser textural 
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Fig. 9 : K/Mg ratio as a function of the debris/ice weight ratio for samples of the granular faciès in 
core IV. K/Mg ratios are calculated from concentrations expressed in meq/1 units. 

horizons where recrystallization processes during the 
summer season were probably the strongest. Along the 
same line, the observations by thèse authors of decreas-
ing K/Mg values with depth, suggesting a stronger 
Chemical sorting in the older frazil (further away from 
the ice-ocean interface on the same vertical), is 
probably only mirroring a decreasing effect of altération 
in the surface layers. 

On the contrary, the behavior of the K/Mg ratio in 
Figure 6 seems to indicate a stronger chemical fraction-
ation with depth in the granular faciès. This is clear if 
one compares the mean values of cores XXI and VI to 
the mean value of core IV. On the other hand, although 
cores XXI and VI show the same mean values (due to 
homogenizing dynamical effects) there is a trend to-
wards larger K/Mg ratios with depth. 

Souchez et al. [1991] have shown, on co-isotopic 
grounds, that marine ice transfer occurs at the bottom of 
HGIS. Now that the spatial distribution of the two main 
marine ice faciès is clearly demonstrated, and that core 
IV suggests an épisode of direct freezing under heat 
conduction through the ice shelf (mixed platelet-conge-
lation transition) occurring between the successive ac
cumulation of thèse two faciès, it is tempting to see the 
banded faciès as forming in a water partially diluted by 

the melting of the granular faciès. Could this process be 
traced by the co-isotopic signature of the two faciès? 
This is a difficult task to achieve, if one keeps in mind 
ail the cumulative steps involved in the build up of a 
Consolidated marine ice layer. The final isotopic signa
ture will dépend on a number of factors: the signal of 
the "parent water" for individual frazil ice crystals, the 
apparent fractionation coefficient, the signal of the 
"host water" where individual frazil ice crystals 
accumulate, the porosity of the loose frazil (proportion 
of water to ice) and the effîciency of fractionation 
during the consolidation process by freezing of the 
"host water". The slight increase of the isotopic signal 
in the water resulting from mixing of the granular ice 
meltwater with sea water, that will eventually form the 
parent water for individual crystals of the banded faciès, 
could easily become lost in this multiple step process. 
Nevertheless, Figure 8 plots the 5D-5'*0 relationship 
for samples trom the two faciès in cores XXI, FV and Y. 
Although, as foreseen, ail the samples lie in the area of 
a few error bars, the pattern suggests that samples from 
the banded faciès are slightly enriched with regards to 
those from the granular faciès, especially if one does 
not consider the four samples from the banded faciès 
occurring just below the transition zone in core IV. 
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New insights from the data set on deeper marine ice 
cores at HGIS can be summarized as follows. The exis
tence of two main faciès of marine ice has been con-
firmed. Besides tiie widespread granular faciès de-
scribed in ail other marine ice cores, a banded faciès is 
dominant doser to the ice shelf front. In places where 
both faciès are présent on top of each other, a transition 
zone exists showing a mixed platelet-congelation faciès 
indicating an épisode of direct freezing of sea water at 
the interface driven by heat conduction through the ice 
shelf. The granular faciès is characterized by low salini-
ties and moderate to high chemical fractionation. The 
trend is to a decrease in salinity and increase in frac
tionation downstream on the profile (i.e., as one gets 
doser to the ice shelf front), suggesting that the heat 
source requested for melting and dilution processes, hy-
pothesized by Tison et al. [1993], is to be found in the 
frontal area of HGIS. A potential candidate for this is 
the tidal pumping in summer of warmer water of the 
coastal currents, described by Jacobs et al. [1992] as 
"circulation mode-3". This circulation-mode affects 
shallow ice shelf bases and walls within 100 km of the 
ice front and leads to high melting rates, involving 
about 35% of the total annual net loss of Antarctic ice 
shelves [Jacobs et al., 1992]. 

LANDFAST FIRST-YEAR SEA ICE RECORDS 
AT HELLS GATE ICE SHELF 

In this section we focus on the information that can 
be gained from the study of the short-term depositional 
pattern in landfast first-year sea ice in front of HGIS 
and discuss how thèse can shed some light on the gene-
sis of the banded marine ice faciès in the context of ice-
ocean interaction processes. 

The Data Set 

In the course of January 1994, during the IX^̂  
Italian Antarctic Expédition, eight landfast first-year sea 
ice cores were collected. The cores were equally dis-
tributed on a west-east transect of Evans Cove (Figure 
2) roughly foUowing the limit of the remaining sea ice 
at the time, within a distance of 50-150 m from the ice 
shelf front (to the West) or from the multiyear landfast 
sea ice (to the East). For the western cores (SA to SC), 
no significant amount of loose ice crystals was found in 
the drill holes and the bottom of the cores was quite 
solid. In contrast, in cores SD to SH, a thick layer of 
about 3-4 m (rough estimate from the sea ice cover 
freeboard measured in the hole, supposing a porosity of 

about 50% i.e., a density of 0.45 for the loose frazil) of 
loose frazil ice crystals was found at the bottom of the 
solid sea ice cover. Thèse frazil ice crystals were rather 
small and plate-like, up to 10 mm in diameter and about 
1 mm thick and typically of rectangular shape. 

To complément the textural results firom 1994, three 
additional first-year sea ice cores were sampled at the 
end of the winter period (October 1995) during the XI* 
Italian Antarctic Expédition. Thèse were located 
roughly on a North-South transect respectively 200m, 
700m and 1500m from the ice shelf front in its central 
part (Figure 2: Holes 1, 2, 3). Again, large amounts of 
loose frazil crystals were accumulating at the bottom of 
the ice cover. Thèse were much larger than those ob-
served in the summer, commonly reaching 80 to 100 
mm in diameter and a thickness of about 2 mm. 
Individual frazil ice crystals were often welded together 
in "packs" of up to 10 units. 

Sampling Procédure and Analytical Treatment 

The sea ice cores were sampled and processed as 
described before for marine ice as far as crystallo-
graphic investigations and salinity measurements are 
concemed. Using textural profiles in conjunction with 
salinity profiles from ail ice cores, a total of 70 samples 
were selected for 5 '^0 measurements. The isotopic 
measurements were performed at the University of 
Trieste using a Finnigan Delta-S mass spectrometer. 
Précision of the measurement is ± 0.08%o. In selected 
cores, c-axis measurements were performed using a 
four-axis universal stage and standard procédures de-
veloped by Langway [1958]. The data were plotted on 
the lower hémisphère of a Schmidt (equal-area) net. 

Results 

Textures and fabrics in the October 1995 profiles 
(end of winter). Figure 10 summarizes the textural data 
of the three cores sampled at the end of the winter on 
the North-South transect. In this and the foUowing fig
ures and descriptions, a depth scale in centimeters will 
be used, in accordance with the scale of the textural and 
chemical variability. Ail the cores show the same major 
characteristics. First of ail, no congélation ice is found 
in the cores, unlike the top of the sea ice cores from 
McMurdo Sound [Jeffries et al., 1993; Gow et al., this 
volume]. Most of the winter accretion consists of 
granular frazil, with some limited occurrences of the 
draped (mixed congelation/platelet) faciès. Platelet 
accretion is also présent, but limited to the end of the 
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Fig. 10 ; Texlural profiles from the October 1995 (north-south 
transect) data set. See Plate 1 for thin sections illustrations of 
the ice types. 

winter season in ail cores. However, platelet ice does 
not form the very bottom of the core, where small 
amounts (max. 20 cm) of the banded rectangular faciès 
occur. 

Plate 3 and Figure 11 illustrate in more détail the 
textural and crystallographic characteristics of the cores 
at "Hole 1" and "Hole 2". Of major interest is the con-
trast between the granular faciès forming the surface 
layer and the one occurring further below at 50-125 cm 
depth. The first is orbicular, richer in air/brine inclu
sions, shows heterogeneous colors between crossed po-
larizers and a fabric close to random. The latter has 
fewer bubble inclusions and thèse are of larger size. 

Crystals are also slightly elongated in the vertical plane 
(see also Figure 13). Both in vertical and horizontal thin 
sections, the color is quite uniform, indicating a 
strongly oriented pattem, as confirmed by the c-axes 
clustering. Even more significant is the type of 
clustering, which is close to a strong maximum in the 
vertical plane, an unusual feature in sea ice. 

Platelet ice and draped mlxed congelation/platelet 
faciès show essentially random fabrics in accordance 
with those measured by Jeffries et al. [1993] and 
Jeffries and Weeks [1993], although we did not perform 
separate plotting of platelet and congélation crystals to 
show the bimodal nature of this arrangement. Finally, 
the bottom, banded rectangular faciès shows strongly 
aUgned vertical c-axes. 

Textures in the January 1994 profiles (mid-
summer). Textural profiles from mid-summer 1994 
(Figure 12) exhibit, in their top sections, similar 
features to those observed two years later (October 
1995), with the exception that more draped faciès 
events occurred during the course of the winter. There 
is, however, for the bottom part of the cores, a strong 
contrast both in time (as compared to the October 1995 
cores) and space (comparing western SA-SB-SC and 
eastem SD-SE-SF-SG-SH cores). Platelet accretion 
marks the end of the winter season in the western cores. 
As in the McMurdo Sound samples, the relative 
thickness of this bottom platelet layer might be 
underestimated, given possible ablation in the course of 
the summer. In contrast to the other sites, virtually no 
platelet faciès are observed in core SD to SH, either 
because it never formed, or because it melted away 
before accretion of the banded rectangular faciès. 

Probably the most striking feature of this West-East 
mid-summer transect is the well developed (up to 1.40 
m Consolidated) banded rectangular faciès at the base of 
the eastem (SD to SH) cores. This layer is neither pré
sent (or barely so) at the same location at the end of the 
winter season (compare "Hole 1" in Figure 10 to "SE" 
in Figure 12), nor at the same moment in the western 
sector of Evans Cove. 

As an example. Figure 13 illustrâtes the typical tex
tural contrast between the granular frazil ice occurring 
between 75 and 85 cm depth and the banded rectangular 
faciès accreted at the bottom in core SE. The former 
shows appréciable elongation in the vertical plane re-
sulting in U-shaped crystals and uniform tints in hori
zontal thin section, indicating near-vertical c-axes clus
tering. The latter displays obvious strongly elongated 
rectangular shapes with intracrystalline brine inclusions 
in vertical thin sections, and appears as large flattened 
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Plate 3 : Textures and fabrics in Hole I (October 1995). Reciangular photographs are vertical thin 
sections and circular phoiographs show horizontal thin sections at équivalent dcpths. The .scale is 
vaiid for ail picturcs. C-axes are shown in thc horizontal plane and plotted in the lower hémisphère 
of a .Schmidi net and ihe number of c-axes measured is specified. Legend of ice types as in Figure 
10. 



Fig. 11 : Textures in Hole 2 (October 1995). Conventions as in Plate 3. 
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Fig. 12 : Textural, salinity and 5^^0 profiles from the January 1994 data set. See Plate 1 for thin 
sections illustrations of the ice types. The sloping lines in the top part of core SH refer to deforma-
tional structures. Legend of ice types as in Figure 10. 

crystals displayingjiear vertical c-axes orientations in 
horizontal thin sections. 

Salinity and S^^O profiles in the 1994 data seL 
Figure 12 displays ail the salinity and S'^O results in 
the landfast sea ice cores from the January 1994 (mid-
summer) data set. Figures 14a and 14t are enlarged 
graphs for selected stations, to ease the comparison be-
tween western (SA-SB - Figure 14û) and eastem (SE-
SF - Figure 14&) cores. In the top 40-90 centimeters 
salinity rises from \-2%o to 4-8%o, whilst 5^^0 steadily 
increases from a minimum of -0.14%o to about +1.5%o. 
Further down (40-90cm to 120-140cm), salinity fluctu
âtes in the 4-8%o range, whilst 6^^0 stabilizes. In this 
unit, there is no obvious corrélation between textural 
(granular vs. mixed platelet/congelation) and composi-
tional properties. In most of the lower half of the cores, 
salinity steadily decreases whilst remains quite 
constant in cores that do not show a banded faciès ac-
creted at the bottom (SA and SB). In ail other cores 
with a banded faciès at the bottom, the S^^O signal rises 
slightly. Finally, a gênerai salinity increase is observed 
in the bottom 40-60 centimeters of most cores, although 
it is not so clear-cut in those cores consisting of banded 
rectangular ice (SC, SE, SG and SH). 

Discussion 

Previous work on marine ice has already underlined 
the potential diffîculties in interpreting salinity-stable 
isotope data in Consolidated frazil ice (see for example 
Tison et al. [1993], Eicken et al. [1994] and discussion 
in previous sections). In congélation sea ice, resulting 
from direct freezing of the océan water réservoir at the 
base of an existing sea ice cover, salinity and 6*^0 es-
sentially dépend on two factors : the signal of the "par
ent" océan water and the freezing rate. If one assumes 
constant parent water properties and limited desalina-
tion processes, the profiles will essentially reflect fluc
tuations of the freezing rate with depth. A decreasing 
freezing rate will enhance expulsion of brines (lowering 
bulk ice salinity) and increase isotopic fractionation 
(increasing ice S-values) as one approaches equilibrium. 
Numerous studies of salinity profiles in first-year con
gélation sea ice (see, for example, Nakawo and Sinha 
[1981] and synthesis in Weeks and Ackley [1986]) dis-
play a typical c-shaped profile that has been satisfacto-
rily modeled, combining initial sait entrapment with 
subséquent drainage processes {Cox and Weeks, 1988]. 
Apart from the relatively enriched top (frazil and brine-
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Fig. 13 : Ice core structure/siratigraphy and ice textures in core SE (January 1994). Same conven
tions as for Plate 3. The bottom left photograph is taken in transmittcd light. 
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Fig. 14a : Enlarged structure/stratigraphy/texture diagrams and salinity and 5 ^ ^ 0 profiles for cores 

S A-SB. Legend of ice types as in Figure 10. 
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Fig. \Ab : Enlarged structure/stratigraphy/texture diagrams and salinity and 6^^0 profiles for cores 

SE-SF. Legend of ice types as in Figure 10. 
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rich snow ice, rapid congélation growtli rates in the top 
0.10 m, expulsion of brine onto the surface following 
freezing) and bottom (capillary rétention of brine in the 
highly perméable skeletal layer [Gow et al., 1990]), the 
profile will reflect the dépendance of the freezing rate 
on the balance between the trend of the ambient air 
température and the insulating effect of the ice. This is 
clearly seen, for example, in a detailed case study of a 
freezing lead in the Arctic by Gow et al. [1990: Figures. 
2, 4a and 4c]. When desalination processes are impor
tant, as in arctic multiyear sea ice, for example, this ini
tial freezing effect can be completely altered and the c-
shaped profile tumed into a monotonically increasing 
salinity with depth (e.g.. Figure 65 in Weeks andAckley 
[1986]). 

Thèse relatively simple pattems are not valid for 
frazil/platelet/mixed sea ice, unless one develops a set 
of hypothèses on the variables in play (see discussion in 
Eicken [this volume]). Indeed, one has to remember that 
the formation process is threefold: formation of individ-
ual ice crystals in a "parent" water, accretion of the 
loose ice crystals in a "host" water and, fïnally, consoli
dation by freezing of the interstitial "host water". In 
such a process, the resulting isotopic signal will dépend 
on many factors such as the signal of the parent water 
(with poorly know fractionation effîciency), the signal 
of the host water, the freezing rate of the host water, 
and the grain size and porosity of the loose frazil. The 
salinity will dépend on the same factors, except perhaps 
the signal of the parent water, if one considers that 
frazil ice crystals are chemically pure. 

It is difficult, with the two data sets at hand, to dis-
criminate inter-annual from seasonal variability in the 
cores' faciès. However, the contrast between eastern and 
western cores in January 1994, the strong textural simi-
larity between cores SA, SB and SC and those from 
October 1995, and the occurrence of large amounts of 
loose frazil below the eastern side of the sea ice cover 
in mid-summer, suggest the dominance of seasonal 
effects on the main faciès contrasts. Therefore, a 
comparison of various salinity, Ô^^O and textural 
profiles from différent periods of the year and at two 
year intervais enables us to propose a typical séquence 
of first-year sea ice accretion in Evans Cove at the front 
of HGIS, keeping in mind the potential complications 
discussed above. 

Consolidation of wind- and wave-induced fi-azil ice 
produced in surface sea water, showing dilution effects 
by continental meltwaters (lower salinity, lower S^^O), 
forms the initial sea ice cover. The crystallographic and 
textural contrasts between the granular faciès forming 

the surface layer and the one occurring further below 
suggest différent origins. The richness in air/brine inclu
sions and the random c-axes fabric in the surface layer 
are consistent with a wind- and wave-induced frazil ice 
forming at the beginning of the winter, in highly agi-
tated waters subject to strong katabatic winds. The pre-
vailing north west origin of thèse winds (see records at 
Automatic Weather Station Manuela: Figure 37 in 
Ronveaux [1992]) however prevents fuUy efficient ex
port of the new frazil ice crystals formed in Evans Cove 
towards the Terra Nova Bay Polynya. Consolidation of 
the initial cover can thus occur. The salinity and 5^^0 
signatures in this 40-90cm thick surface layer reflect a 
dominant influence of the host water signal, since both 
variables increase with depth. This is compatible with 
the surface water conditions close to the ice shelf at the 
end of the summer. This water is likely to be slightly 
diluted and depleted in heavy isotopes from 
contribution of melted meteoric ice that is seen to 
accumulate in numerous ponds at the surface of HGIS. 
This meltwater is subsequently drained by supraglacial 
streams joining in a waterfall at the ice shelf front. A 
dominant influence of the freezing rate would, in 
contrast, decrease salinity and increase ô'^O with 
depth. The salinity increase with depth could eventually 
reflect a post-genetic desalination process. However, in 
that case, the isotopic signal should not be significantly 
altered, since there is no fractionation on ice melting 
[Friedman et al, 1964; Moser and Stichler, 1980]. The 
salinity anomalies in the first 20cm of cores SF and SH 
are probably associated with deformational processes 
(rafting), as also suggested by the occurrence of oblique 
textural discontinuities that were an obvious exception 
in the very top part of thèse cores. Finally, it should be 
stressed that the thickness of this surfacial layer might 
be underestimated, given the strong surface sublimation 
that probably dominâtes because of the steady katabatic 
winds that prevail in the area (see previous discussion). 

In more than half of the cores, the surface layer is 
underlain by a platelet or a draped faciès. Then, the 
lower granular faciès develops, eventually in altemation 
with the draped faciès. This granular faciès shows a 
slight elongation of the crystals in the vertical plane, 
denoting partial influence of a downward congélation 
process. However, instead of the usual concentration of 
c-axes in the horizontal plane typical of congélation sea 
ice, it displays a strong clustering along the vertical. 
This suggests that most of the winter accretion in front 
of HGIS consists of small individual dises of frazil ice 
crystals (with c-axes perpendicular to the dise), gently 
settling upward at the base of the existing sea ice cover 
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in a calm environment, allowing orderly packing. 
Sweeping of wind- and wave- induced frazil ice crystals 
formed in the polynya down to a maximum 1.70 m un-
deineath the already existing fast ice cover in Evans 
Cove is improbable because of the steady south-east-
ward blowing katabatic winds. Thèse are constantly 
"skimming" away the thin surficial buoyant layer of 
newly formed frazil. Moreover, the thickness of this fa
ciès tends to increase towards the ice shelf front in the 
1995 cores (Figure 10). Dynamical thickening through 
rafting is equally precluded given the maximum depth 
observed for this faciès and the absence of typical 
signatures of the process (see, for example, Eicken [this 
volume] and discussion above). Also (see processes in 
Table 1), (1) wind- and wave- induced frazil would 
build a faciès similar to the surface layer described 
above, (2) no congélation ice layer is présent to sustain 
small scale thermohaline convection and (3) there is no 
obvious source for diluted waters in the environment to 
induce double-diffusion processes. The most plausible 
source for thèse frazil ice crystals is, therefore, active 
supercooling in the Deep Ice Shelf Water adiabatically 
rising below HGIS during the winter. As shown in the 
next section, the structure of the water column in front 
of HGIS confirms the présence of large amounts of 
Deep Ice Shelf Water (DISW). Further consolidation of 
the host water leads to elongation of the crystals, which, 
however, retain their original crystallographic signature. 
In the top part of this second unit, salinity fluctuâtes 
around a mean value and Ô̂ Ô stabilizes. This probably 
reflects the combination of Ice Shelf Water characteris-
tics for the "parent" water of the loose frazil and the on-
set of constant more saline winter "host" water charac-
teristics. Further down, in the lower half of the winter 
accretion of cores SA and SB (120-220cm), salinity 
steadily decreases and 5^^0 remains quite constant. 
This could either reflect a progressive réduction of the 
freezing rate or a progressive change in the host water 
characteristics towards dilution. In the first case, the rise 
of the isotopic signal in the freezing interstitial water 
could be "masked" by the background (up to 60%) sig
nal of the loose individual crystals. This however would 
be in contradiction to the "ao" (plate width in individual 
congélation ice crystals) measurements of Jeffries et al 
[1993] in interstitial congélation ice from the lower 
layers of the McMurdo Sound sea ice cover, which indi-
cate no decrease of the freezing rate with depth. The 
other alternative, although rather improbable in the 
middle of the winter, would be the scénario of a rising 
ô'^O in a diluted host water as suggested for the bottom 
part of cores SD to SH discussed below. 

The end of the winter season is dominated by 
platelet accretion (Hole I to 3 and SA to SC). This fa
ciès is nearly absent in the eastern cores, where the 
winter accretion is thinner. It is not clear, however, if 
the lack of platelet ice in the eastern cores results from a 
lower accretion of platelet ice compared to the western 
zone, or increased bottom melting in the beginning of 
the summer season. 

Bottom accretion still occurs during the summer as 
a banded rectangular faciès. This faciès does not exist in 
front of the western sector (west of the western medial 
moraine) and forms between 44% and 54% of ail Con
solidated ice cores in front of the central and eastern 
sector. There also, a thick layer (several raeters) of un-
consolidated loose rectangular frazil ice crystals exists 
at the base of the sea ice cover from the end of the win
ter through most of the suimner. This banded rectangu
lar faciès is thus actively building preferentially in the 
eastern sector in the first half of the summer. The S^^O 
signal increases slightly as the banded faciès starts to 
build up. This last observation is consistent with the 
suggestion made in the previous section that warm sur
face water is forced under HGIS by tidal action and 
partially melts marine ice accreted at the bottom. The 
meltwater produced is likely to increase the 5-value of 
the résultant sub-ice shelf top water layer, since marine 
ice has a slightly positive signature. This water mass 
will be the host water (and possibly the parent water, if 
further growth or new crystal growth is allowed by adi-
abatic supercooling) for the loose crystals that will form 
the banded rectangular faciès in the landfast sea ice, re-
sulting in the higher 5^^0 values observed. 

Another way to visualize this process is to plot the 
granular frazil from winter accretion in the sea ice and 
the banded rectangular frazil from summer accretion, on 
a salinity-8'^0 diagram (Figure 15). The banded rect
angular frazil is clearly shifted towards higher salinities 
and higher 5^^0 values. This trend is similar to the one 
observed for co-isotopic values in the marine ice cores 
(Figure 8). However, ô*^0 ranges in the sea ice are, in 
both faciès, shifted towards less positive values. This 
can be clearly related to différences in freezing rates of 
the host water, which must be significantly higher be
low 1.50 m of first-year sea ice than below several tens 
of meters of shelf ice. Higher salinities in the banded 
rectangular faciès probably resuit partiy from grain 
sizes, shapes, and hence, porosity. 

Finally, the sudden increase of salinity at the very 
base of nearly all profiles is typical of the bottom of sea 
ice that has not yet undergone the rapid desalination 
which often occurs in the first few weeks after initial 
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Fig. 15 : 6l8o versus salinity for samples of the granular and 
banded rectangular faciès. 

freezing [Nakawo and Sinha, 1981]. In this case it could 
also resuit from higher porosity of the bottom layers. 
This situation is, however, less clear in those cores 
where the banded rectangular faciès exists at the bot
tom, which probably reflects brine loss from the loosely 
Consolidated bottom layer of thèse ice cores from the 
eastem part of Evans Cove during sampling. 

LINKING MARINE ICE AND SEA ICE 
RECORDS IN AN ICE/OCEAN INTERACTION 

PERSPECTIVE 

The granular marine ice faciès observed at HGIS 
must resuit from adiabatic supercooling in Ice Shelf 
Water produced in a Deep Thermohaline Circulation 
(DTC), as it occurs beneath larger ice shelves [Jacobs et 
ai, 1992]. Adiabatic décompression in recently opened 
bottom crevasses at the grounding line could only ac-
count for the production of negligible amounts of gran
ular ice. A rough calculation can be made hypothesizing 
that ail the supercooling occurring within a sea water 
mass at local pressure melting point as it is adiabatically 
rising in a bottom crevasse is compensated by ice crys-
tal growth. For example, a 400 m water column, with a 
"mean" adiabatic rise of 200 m, would resuit in the pro
duction of, at most, 1 m of loose frazil with a 50% 
porosity. The only oceanic profile presently available in 
Evans Cove [Fabiano et al., 1991], shows Ice Shelf 
Water from 100 m deep to about 100 m above the sea 
floor, which consists of a narrow trough 700 m deep in 
the central part of Evans Cove, with depth increasing 
inland. The maximum thickness of HGIS as far as half 

way to the northem tip of Végétation Island is only 250 
m, which implies a larger-scale circulation pattern in 
which HSSW produced elsewhere, e.g. in the Terra 
Nova Bay Polynya, can access the Nansen Ice Sheet 
grounding Unes, perhaps beneath Reeves and Priestley 
Glaciers (Figure 2). Part of the Ice Shelf Water pro
duced in those locations could recirculate along the 
eastem and western flanks of Végétation Island, carry-
ing with it loose frazil ice crystals formed by adiabatic 
supercoohng. Thèse crystals would accumulate in the 
dépression formed at the southern tip of Végétation 
Island, between the two merging flows as suggested 
previously. 

Remuants of frazil ice crystals formed in this man-
ner (hereafter DTC-granular faciès) escape at the front 
of the ice shelf, where they accrete under the sea ice 
during the winter to form the granular faciès with verti
cal c-axes fabrics. In ail fîrst-year sea ice cores that are 
thought to have retained the whole of the winter accre-
tion (Hole 1, 2 and 3; SA, SB, SC), platelet ice bounds 
the lower limit of this winter accretion, while the upper 
limit (boundary with the initial wind- and wave- frazil 
ice accretion where it exists) consists of either the 
platelet (SA, SC) or the draped mixed congela-
tion/platelet faciès (Hole 1, 2 and 3). We postulate that 
thèse observations can be interpreted as the expression 
of variable intensities of the DTC. Bombosch and 
Jenkins [1995], show that the large size of crystals in 
the platelet faciès reflects slower frazil ice crystal 
growth rates in the Ice Shelf Water as it levels off and 
eventually escapes at depth in front of the ice shelf. 
Transition from a small grained DTC-granular faciès to 
a platelet or a draped faciès in the landfast first-year sea 
ice could thus reflect variations in the degree of super
cooling of the ISW where thèse crystals were formed. 
In early winter, enhanced freezing at the polynya 
surface is likely to increase HSSW production and 
speed up the DTC. At that time, the density contrast 
between ISW and HSSW should be moderate and 
supercooling weak. This would favor formation of the 
platelet faciès or, probably more often, the draped 
mixed platelet-congelation faciès, since congélation ice 
growth rates would still be compétitive with the platelet 
crystal accretion rates beneath a thin sea ice cover. 

In the mid-winter, the DTC may accelerate, result-
ing in higher density contrasts between ISW and HSSW 
and stronger supercooling producing the fine grained 
matrix of the DTC-granular sea ice faciès. At the end of 
the winter, a slower DTC would again favor larger crys
tal growth. The beat sink through the sea ice cover is 
also reduced, along with the consolidation rate. The lat-
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ter part of this proposed cycle would resuit in the 
platelet ice faciès observed at the bottom of the winter 
accretion of the cores where summer melting at the base 
of the ice was less important. In addition, large scale 
fluctuations in the HSSW production related to 
katabatic wind activity during the winter could explain 
the altemations of the draped and the DTC-granular fa
ciès. 

Several hypothesis can be formulated for the 
genesis of the banded marine and sea ice faciès : 

Post-depositional déformation processes leading to 
recrystallization of the original textures and fabrics. 
This is unlikely, as the banded faciès are spatially con-
fined to the frontal zone, and not developed in cores 
XXI and VI, where surface morphology and foliation 
show that the déformation is quite active. Also, dises or 
plates are seen to accrete in the water column below the 
sea ice cover and thin sections of thèse half frozen bot
tom deposits are identical to the banded faciès observed 
at the base of the solid level sea ice cover above, where 
no évidence of déformation was found. 

Expression of a spatially changing environment 
for the frazil ice crystals formed in the DTC, as the 
geometry of the base of the ice shelf switches from 
highly irregular (with transverse inverted dépressions 
between individual flows close to the grounding line or 
around pinning points) towards a smoother interface 
doser to the front. In the first case, rapid latéral 
ascension of frazil crystals along steep slopes would 
favor the production of small crystals accreting in a 
random fashion at the base of the ice shelf. In the latter 
case, slower ascension further away from the initial 
production site would favor slower growth of larger 
crystals, accreting in an orderly fashion at the bottom of 
the ice shelf. The lower growth rates would resuit in 
higher isotopic values because of the higher fractiona-
tion efficiency. However, granular marine ice is ob
served up to several hundred meters downstream of the 
contact line between meteoric ice and marine ice 
(Figure 4). Moreover, if this hypothesis is correct, only 
the banded faciès should be found in the first-year 
landfast sea ice in front of the ice shelf. 

Expression ofa temporally changing environment. 
The seasonal character of the banded faciès accretion 
(summer only) suggests that it is linked to seasonal 
processes in the water column in front of or below the 
ice shelf. We have seen that the lower salinity and en-
hanced chemical fractionation in the granular marine 
ice consolidating doser to the ice shelf front suggest 
tidal forcing of warm surface waters below HGIS 
during the summer. Thèse waters would favor partial 

melting of the loose granular frazil and produce a water 
mass at local pressure melting point showing lower 
salinities and higher isotopic signatures. This water 
mass, perhaps mixed with water carrying DTC-granular 
frazil, would eventually exit at the front. The marine 
and sea ice banded faciès, then represent either 
transformed granular frazil ice crystals initially formed 
in the DTC, or new crystals formed by adiabatic 
supercooling, or both. 

CONTRASTS WITH SEA ICE ACCRETION IN 
MCMURDO SOUND 

The fïrst-year sea ice cover at HGIS differs from the 
one observed in McMurdo Sound [Jejfries et al, 1993; 
Gow et al, this volume] in several aspects. Firstly, no 
thick (about 1 m) layer of congélation ice exists at the 
top of the cores in Evans Cove. Congélation ice occurs 
in limited amounts (10-15 cm) in only two cores (SE 
and SH), with both cores showing évidence of déforma
tion in their top sections. Strong sublimation under 
katabatic winds could be responsible for ablation of a 
surfîcial congélation ice layer, but this is improbable for 
most of the cores, given the gênerai occurrence of wind-
and wave-induced frazil ice in the surficial layer. This 
contrasting situation simply reflects the calm conditions 
of landfast sea ice growth in McMurdo Sound in 1990, 
as suggested by Jeffries et al [1993], as opposed to ini
tial turbulent growth conditions occurring in Evans 
Cove. 

Secondly, winter accretion is dominated more by 
the DTC-granular faciès than by the congélation and 
platelet ice faciès. This could be the expression of dif
férent geometries for HGIS and the Ross Ice Shelf (near 
McMurdo Sound). The length of HGIS is indeed quite 
small and, therefore, the granular frazil possibly "es-
capes" more easily from under the ice shelf, whilst it ac-
cretes much more upstream at the base of the Ross Ice 
Shelf. Platelet accretion is limited during the winter and 
more abundant at the end of the season at HGIS, but 
this is not necessarily in contradiction to the situation in 
McMurdo Sound. As a matter of fact, it is the case that 
the platelet observed at the base of ail McMurdo ice 
cores accretes in the second half of the winter, and that 
congélation ice growth dominâtes in the beginning of 
the winter. Ice growth calculations based on freezing 
degree days indicate that platelet ice crystals begin to 
appear at the base of the existing columnar ice layer in 
McMurdo Sound at some time during the period July-
September [Gow et al, this volume; Veazey, 1994]. 

Finally, as underlined before, a thick layer of 
banded rectangular frazil accretes at the bottom of the 
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sea ice at HGIS during the summer, and it is not ob-
served in McMurdo Sound. Since warm surface waters 
bave been detected in the McMurdo Sound area ( see, 
for example, Jacobs et al. [1989: Stations 1, 70, 71] ), 
contrasts in océan circulation pattems, size and geome-
try of the ice shelf, or unavailability of loose DTC-
granular frazil close to the ice shelf front are amongst 
possible reasons for this discrepancy. 

CONCLUDING REMARKS 

Our data set on landfast first-year sea ice from 
HGIS has confirmed that the variability of sea ice faciès 
increases as one gets close to ice shelves. Besides the 
main columnar and granular faciès associated respec-
tively with congélation ice, wind- and wave-induced 
frazil ice or snow ice usually found in drifting sea ice 
(eventually as mixed faciès), other faciès develop that 
can be linked to ice-ocean interactions below ice 
shelves. The platelet ice faciès, already shown before to 
be linked to the proximity of ice shelves, can tum into a 
draped mixed congelation-platelet faciès depending on 
the balance between the accretion rate of the individual 
acicular platelet ice crystals, formed in the supercooled 
Ice Shelf Water under circulation mode-1, and the con
gélation freezing rate at the bottom of the existing sea 
ice cover. In addition, the Deep Thermohaline 
Convection can sustain winter accretion of a granular 
faciès that differs from the surficial wind- and wave-in
duced faciès by its much lower bubble content and its 
slightly vertically elongated crystals showing a strong 
vertical maximum of c-axes. Finally, bottom accretion 
still occurs during the summer as a banded faciès which 
is thought to reflect interactions of the ice shelf base 
with a circulation mode-3 under HGIS. 

Annual rhythmicity in landfast first-year sea ice 
records at HGIS, therefore allow us to investigate the 
variability within and between the two main océan cir
culation modes below the ice shelf. Surprisingly, this 
rhythmicity is not recorded in the 45m-deep marine ice 
core Y close to the ice shelf front, where the banded fa
ciès forms more than 95% of the total core. A logical 
reason for this is the strong contrast in thermodynamical 
régimes between the bottom of the ice shelf and the 
base of the first-year sea ice cover. To be recorded, the 
seasonal variability of the frazil ice accretion needs to 
be "frozen-in". Obviously, the freezing rate at the bot
tom of an ice shelf is one to two order of magnitude less 
than the one at the base of a sea ice cover. Therefore, 
the winter accretion below the ice shelf and close to the 
front (where circulation mode-3 should be the most ac

tive) is easily remobilized and melted away during the 
next summer. Marine ice cores, therefore, mainly record 
the main spatial differentiation of the two océan circula
tion modes on time scales of hundreds of years. This, in 
tum, highlights the spécifie input of landfast first-year 
sea ice studies as a useful complément of coupled 
oceanographical-shelf ice research in the vicinity of 
floating ice bodies. 

Relis Gâte Ice Shelf is a small and narrow ice shelf 
subject to a strong katabatic wind régime. We have 
shown that thèse characteristics makes it easier to study 
marine ice properties at minimal cost but, at the same 
time, in a peculiar dynamical setting that enhances the 
complexity of data interprétation. This also raises the 
question as to the degree to which the findings dis-
cussed here can be applied to large floating ice bodies? 
First of ail, HGIS shows geometries of granular marine 
ice accretion, between the individual ice flows forming 
the ice shelf, that are similar to those on the Ronne Ice 
Shelf [Corr et al, 1995]. This stresses the importance 
of considering 3-D modelling of the DTC, since local 
transverse gradients of the ice shelf base might exist 
close to grounding Unes and around pinning points, that 
are much steeper than the longitudinal gradient consid-
ered in 2-D modelling exercises [Bombosch and 
Jenkins, 1995; Hellmer and Jacobs, 1992; Jenkins and 
Bombosch, 1995]. Récent developments along thèse 
lines [Grosfeld et al, 1997; Williams et al, in press] 
stress the complexity of marine ice accumulation pat
tems below ice shelves. On the other hand, HGIS 
should really be considered as part of the larger Nansen 
Ice Sheet. Although this whole floating ice mass is still 
smaller than the Filchner-Ronne or the Amery ice 
shelves, it clearly shows évidence of a similar 3-D 
oceanic circulation in which Deep Thermohaline 
Convection, Ice Shelf Water production and marine ice 
accretion take place. Récent radio echo sounding pro
files, detailed surface velocity and GPS thickness mea-
surements at Nansen Ice Sheet demonstrate that large 
marine ice production rates are required in order to sus
tain a steady state profile [M Frezzotti, personal com
munication, June 1996]. Extensive marine ice outcrops 
are clearly seen at the NIS surface and are currently un
der investigation by the authors. Finally, accretion of 
the banded marine ice faciès in the frontal zone of 
HGIS (and at the bottom of the landfast sea ice) might 
also be considered as a peculiar process, essentially 
restricted to the study case. Indeed, no deep marine ice 
cores from the major antarctic ice shelves has ever 
shown this type of faciès, and the frontal zone of ice 
shelves has always been considered as subject to a 
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strong basai melting régime (e.g. [Jacobs et al., 1992]). 
It should be noted, however, that none of the deep 
marine ice cores bas been drilled widiin a few tens of 
kilometers of the margins of ice shelves and that récent 
3-D modelling of ice-ocean interactions in sub-ice shelf 
cavities reproduce a fringe of net basai accretion near 
thèse ice shelf margins in a number of realistic 
scénarios [Grosfeld et ai, 1997; Williams et ai, in 
press]. The similarity between the banded faciès and the 
"wafer-like" faciès described by Gow et al. [1987] in 
the Weddell Sea also suggests that our observations in 
the Ross Sea might be valid for other ice shelf areas 
around Antarctica. 

Océanographie measurements at the ice shelf front 
are obviously a crucial "missing link" in this study. 
Future work should focus on coupled océanographie 
and landfast sea ice studies both in summer and winter. 
The development of expérimental procédures to better 
understand the controlling factors on the shape and size 
of frazil ice crystals, and to support interprétation of the 
observed landfast sea ice faciès variability in the field 
are also essential. 
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A B S T R A C T . High-resolution crystallographic, salinity and isotopic analyses of a 45 m 
ice core revcal the présence of a thick layer of marine ice near the grounding line of the 
Nansen Ice Shelf, Antarctica. The anomalous formation of marine ice in a zone assumed to 
be the site of active basai melting leads us to propose the hypothesis of large basai crevasses 
as a favorable envirotmient for important marine-ice accretion. This hitherto unexplored 
possibility is supported by the overall field configuration and by the discrepancy in some 
ice properties between this core and the marine-ice sections of previous driUing projects. 
Thèse findings could have important implications for the gênerai stability of ice shelves 
and their disintegration processes. The spécifie properties of this core reveal that marine 
ice is post-genetically deformed. 

FRAMEWORK 

T h e three-decade-old quest to recovcr ice samples from the 
interface zone between an ice shelf and the océan has led 
investigators down several paths. Work was fîrst donc on 
shallower and thus more accessible ice tongues. The objective 
of earlier efforts was to demonstrate that sea water must be 
directly freezing on to the base of ice tongues due to upward 
beat conduction through the ice, forming congélation ice. 
Gow and Epstein (1972) provided the fîrst conclusive 
vérification of this assumption. Their work was based on ice 
cores up to 13 m deep that had been drilled in the Koettlitz 
Ice longue, Antarctica. T h e same process, but on a much 
larger scale, was shown to take place beneath the Ross Ice 
Shelf (Zotikov and others, 1980) where the bottom-most 6 m 
of a 416 m ice core wcre composed of frozen sea water. The 
estimated average freezing rate at this location was inferred 
by Zotikov and others (1980) to bc 2 cm a~', which was in good 
agreement with what Robin (1979) had already theoretically 
suggested for the Ross Icc Shelf 

Another access to interface ice was identified when Kipf-
stuhl and others (1992) and then Warren and others (1993) 
established the basai ice-shelf origin of green icebergs. The 
latter authors did not hypothesize on the formation 
mechanism of their green iceberg ice, but they did suggest 
the possibility that it had accreted at the base of the Amery 
Ice Shelf This shelf was earlier the site of a 315 m deep coring 
project of which the preliminary results were presented by 
Morgan (1972). T h e lowermost 45 m of this core, known as 
Gl, were composed of what Morgan (1972) at the time 
considercd to be sea-water ice. However, the slow rate of this 
conduction-driven process made it inadéquate to explain 
such thick accumulations of basai ice. Hence, a second 
mechanism was introduced when Robin (1979) linked for 

the first time the formation of basai ice at GI with water 
circulation patterns in the sub-ice-shelf cavity. T h e process 
was theoretically elaborated by Lewis and Perkin (1986) 
through their ice-pump model by which ice is melted at 
depth and deposited higher in the water column due to the 
freezing-point dependence o n pressure. Later, Engelhardt 
and Determann (1987) explained how frazil-ice crystals 
would form in therrhohaline circulation and subsequently 
accrete at the bottom of an ice shelf and consolidate. 
Modeling of melting and accretion processes at the ice-
shelf/ocean interface has been further improved in récent 
years by several authors including Hellmer and Jacobs 
(1992) , Determann and Gerdes (1994), Bombosch andjenkins 
(1995) andjenkins and Bombosch (1995). 

T h e number of available marine-ice samples and cores 
still remains limited. T h i s could be explained in part by the 
relatively récent interest in the subject. T h e n there are the 
difBculties associated wi th the two possible sources of basai 
marine-ice samples. Green icebergs are rarely found in 
Nature, for the reasons discussed by Warren and others 
(1993) and Grosfeld and others (1998). O n the other hand, 
drilling for marine ice at the bottom of ice shelves is 
confronted with the obvious necessity of having to penetrate 
hundreds of meters of meteoric ice. Other than at Gl, 
bottom-ice accretion has also<been found to constitute the 
lower 62 m of the 215 m core drilled in the Fi lchner-Ronne 
Ice Shelf at site B13 (Oerter and others, 1992). Another 320 m 
core recovered further upstream from the same ice shelf at 
site B15 revealed the présence of a 167 m thick accretion 
layer at the bottom (Oerter and others, 1994). Layers of solid 
ice formed below meteoric ice at the bottom of ice shelves 
are now known by most authors as marine ice (Oerter and 
others, 1992) and w e follow this terminology. 

As part of the 1995-96 Belgo-Italian collaboration 
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program, a 45 m ice core was drilled out of the Nansen Ice 
Shelf (NIS), which is misleadingly identified as an ice sheet 
on officiai maps. T h e N I S core is comparable in length with 
the marine-ice sections of both the Gl and B13 cores. We 
présent here the rcsults of high-resolution multiparametric 
measurements showing that the properties of the entire core 
correspond to thosc of marine ice. We belicve that this is the 
first t ime that a core of marine ice with a formation site so 
relatively near to the grounding line has been directly 
coUected from the surface of an ice shelf More importantly, 
the core's proximity to the grounding line and its spécifie ice 
properties prompt us to consider and propose in this work 
the accretion of marine ice in basai crevasses opening where 
meteoric ice goes afloat as an active and previousiy 
undocumented process. 

SETTING 

T h e N I S is located inVictoria Land, East Antarctica (Fig. 1). 
Its grounding line (Fig. 2) is thought to run in a roughly 
south-north direction across Reeves Glacier, along the 
eastern side of Teall Nunatak (Frezzotti and others, 2000). 
T h e area of interest for this study is the branch of the Reeves 
Glacier flow which passes north of Tèall Nunatak. In that 
section, surface velocities at the grounding line vary 
between < 50 m a~', near Teall Nunatak, and 100-150 m a~' 
further north, as illustrated in figure 6 of Frezzotti and others 
(2000). Radio-echo sounding data provided by the same 
authors show that ice thickness ranges from 120-150 m, in 
the highly crevassed area located about halfway through, to 
660 m further north. In addition to crevasses, rifts have 
opened near the grounding line. Some contain "islands" of 
continental ice chunks that have been frozen in place by the 
surrounding sea/marine ice (Fig. 3). From that point the shdf 
flows out intoTerra Nova Bay for about 35 km to the front and 
is about 25 km across between Tarn Fiat and Inexpressible 
Island. Thèse two bedrock fcatures together with the North
ern Foothills laterally constrain the flow. T h e core was taken 
at 74°50.9'S, 162°51.3' E, as close as was logistically possible 
to the grounding line, about 7.5 km downstream from it. This 
position was chosen in ice outcrops shown to be of sea-water 
origin by preliminary tests. Typical ice-flow horizontal 
velocities in the vicinity of the core site were measured by 
Frezzotti (1992) to be about 160 m a^'. In the same paper, 
thc author estimâtes that the ice shelf covers an area of 
approximately 1800 km^. Therefore, its area and average 
thickness make it a small to mediimi-sized ice shelf 

T h e phenomenon of lower strata of an ice shelf finding 
their way to the surface due to high ablation rates was first 
dcmonstrated by Gow and Epstein (1972). Souchez and 
others (1991) invoked such a process to explain the marine-
ice nature of certain frontal sections of the Hells Gâte Ice 
Shelf in the Terra Nova Bay area. Mass loss at the surface of 
an ice shelf could be induced by either melting and drainage 
or sublimation. T h e latter process is the one most likely to be 
prévalent in the N I S situation due to the intense and fréquent 
katabatic wind activity. Wind velocity measurements are 
available from the wcathcr station AWS 8931 (PAT) which is 
nearest to the core site, at 74°53' S, 163°00' E (Fig. 1). For the 
years 1989 and 1990, 41.2% of the wind blew from the South
west, the direction of the Antarctic plateau, with wind speeds 
exceeding 28 knots (52 km h~') for > 39% of the time (Baroni, 
1996). This has undoubtcdly contributed to cnhanced surface 

ablation rates in the area, estimated by Frezzotti and others 
(2000) to be between 500 ± 1 0 0 and 400 ± 8 0 kg m'^ a"' 
(56± l l a n d 4 4 ± 9 c m a ^ ' ) . 

ANALYTICAL TREATMENT 

Traditionally, the three principal parameters used to establish 
the marine-ice identity of a body of ice are crystallography, 
sahnity and stable isotopes. 

AU work on the ice core was donc in a cold room kept at 
-25°C. Vertical thin sections 7 -10 c m long were contin-
uously preparcd along the entire 45 m of core length. 
Sampling for salinity measurements was donc at the same 
frequency by cutting, at positions corresponding to the top 
of each thin section, a volume of ice necessary to produce 
about 15 m L of meltwater. This high sampling frequency 
has never been attempted in previous Antarctic marine-
ice-core studies and it insures a much enhanced insight into 
the variability with depth of the ice pro{)erties and a better 
chance of detccting any interceding layers of différent 
properties/origin. , 

Th in sections were v iewed and photographed between 
crossed polarizers and then their crystal sizes were 
calculated using the linear intercept method (Tison and 
others, 1994). Conductivity was measured with a Tacussel 
CD810 conductimeter used with probe XEllO (cell constant 
= 2.01cm). During the conductivity measurements, the 
température of the melted samples was stabilized at 
25.00°C by submerging their containers in a thermal bath. 
Since the température was not allowcd to deviatc in either 
direction by > 0.09°C, the biggest error source was the error 
in the conductivity of the standard KCl solution used for 
caUbrating the cell. Therefore, we estimate the error in the 
conductivity readings to be around + 2.5%. 

Mass-spectrometry analysis of the oxygen isotope 
composition relative to Vienna Standard Mean Océan Water 
( V-SMOW) was conducted on 99 samples chosen more or less 
regularly along the core length and guided in part by the 
salinity results. Measurement accuracy is + 0.05%o. 

EVIDENCE 

T h e crystalline structure revealed by the thin sections is 
conspicuous by its complète lack of bubbles, which, for 
Antarctic ice, is a strong indication of its non-continental 
origin. Following the scheme outlined by Tison and others 
(1998) for the classification of marine-ice types, two sub-
categories can be used to describe most of the faciès 
exhibited by the N I S core crystals. Few thin sections are 
observed to exclusively contain one of the faciès, and for 
the most part the two faciès are observed together in 
différent proportions. 

A first faciès, which is attributed a frazil-ice origin, is 
made of small equigranular crystals with rounded 
boundaries that could therefore be identified as "granular 
orbicular" (Fig. 4a). One of the mechanisms listed by Weeks 
and Ackley (1982) for the formation of frazil ice is the 
adiabatic drop in pressure of rising water as a resuit of deep 
thermohaline circulation processes described above. Cores 
B13 (Oerter and others, 1992) and B15 (Oerter and others, 
1994) also exhibit a granular faciès, but somc of the crystals 
show polygonal interlocking structure. According to Eicken 
and others (1994), this is probably inherited from the spécifie 
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Kg. I. Map oj'the .NIS showing main sur/tue features, the location of the drilling site and that ojthe meteorologicat station A WS 
8931. IceJlowsfrom the grounding line ( localed along the 200 m contour tint around Hall .Nunatak ) to thefront of the ice shelf 
indicated hy the dashed line. The hlack area in the lower right corner of the picture is the open water of Terra Nova Bay. Back-
ground satellite image is takenfrom Borfecchia and Frezzotti (1991). 

timc/tcmpcraturc (and pcrhaps déformation) growth 
history of ihc ice crystals as t))cy accrete al the bol lom of 
the ice shelf. 

Thc! second faciès, which has not been reported for thèse 
othcr cores, is described by Tison and othei-s (1998) as 
"string-lined"and présents a striking fcaturc of the NIS core. 
Grains belongiiig to this lalter category are noticcablc for 
their elongation which shows a clear préférence to occur in 
a vertical or near-vertical direction. Mosl of thèse crystals 
bave a distinct rectangular aspect with an elongation factor 
of 2.,'j (i and appear in thin scctiorus thioughout the core 
(Fig. 4b). This is in complète opposition to what has been 

observed in the B13 core. Eicken and others (1994) describe 
how most grains in the top part of B13 arc clongatcd in a 
horizontal direction and how this elongation tends to 
disappear with depth. T h e occurrence of the string-lincd 
faciès in the NIS core is often accompanied by clear small-
scalc folding that has a wavelength and an amplitude both 
of t h e o r d e r o r 4 c m (Fig. 4c). Folding tends to be absent from 
the core segment at 17-27 m depth. 

Crystal-size variation with depth is plottcd in Figure 4d. 
The mean NIS core crystal breadth is 1.7 mm. If we werc to 
use a rounded approximation, the corresponding a \erage 
crystal ci oss-sectional area would bc 2.7 mm^. T his value is 
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Fig. 2. Aeriulpliolugraph showing the morphologualJeatures of 
the NIS near its grounding line al the foot q/'Reeves Glacier. 
Approximate location oflhe driUing site is marked by a slar. 
The larger rocky structure in the top left corner is TealljSunatak. 
Deyond il is Reeves Glacierflowing towards the viewer Notice 
how the marine ice in the crescent-shaped nutcrops occurs in a 
séries that extends ait the wayfrom the grounding line. A more 
detailed photograph of the source area of thèse structures is 
.ûown in Figure 3. Al the coring site, marine ice was atlhe same 
level as meteoric ice al the surface of the ice shelf. 

distinctly lower than thosc reported for the marine-ice 
sections of thc other cores. Whi le crystal cross-sectional 
areas were not mentioncd for Gl, Ocrter and others (1994) 
report values that vary mostly betwcen 5 and 60 mm^ for 
B13 and B15 crystals. Furthcrmorc, with most NIS crystals 
having cross-sectional areas fluctuating between 1.1 and 
3.8 mm", thcy also cxhibit a much more confincd range than 
that ol'BIS and BIS. N I S corc crystal sizc shows a very weak 
tendency to increasc with depth in thc lower third of the 
core, as raanifested by the smoothed (11-point running 
mean) profile of Figure 4 d . T h e B13 corc (Eicken and others, 
1994), by contrast, shows a much clearer trend of increased 
cryslal size with depth. 

B{)th thc quantitative values and the gênerai qualitative 
behavior of thc rcsulting conductivity profile with depth 
conform with thosc of marine ice. As can be seen from Figure 
5a, most conductivity rcadings are clustcrcd in the interval 
bctwccn 8 0 / j S c m ' (0.035%o salinity) and 30() / iScm ' 
(0.145%o). Thcsc values are considerably lower than typical 
sca-icc salinities which extcnd between 3%o and 25%a (Weeks 
and Ackley, 1982). Even congélation ice which is thought to 
have fbrmed beneath the Ross Icc Shclf does not exhibit any 
salinities below 2%o (Zolikov and others, 1980). On thc other 
hand, thc NIS conductivity rcsults do overlap the ranges of 
40 200 ^iS cm ' for B13 (Oerler and others, 1992) and 100-
2 1 0 / i S c m ' f o r G l (Morgan, 1972). Furthcrmorc, the gênerai 
trend of decreasing salinity with increasing depth echoes 
what has becn obscrved in thc abovc-citcd studics. This can 
be seen from thc smoothed (ll-point running mean) profile 
of Ingurc .5a. On the other hand, it should be notcd that the 
NIS corc, with a m a x i m u m measiircd conductivity of 
3 9 0 / i S c m ', generally cxhibits highcr salinities than B13 
and Gl. T h e top 0.4 m of marine ice in the B15 core exhibit 
ccMiduclivity values as high as .390/ iScm ' (Oerter and 
others, 1994), but interaction with particlc inclusions 
abuiidant in thcsc laycrs could have occurrcd. Moreover, its 
conductivity profile rapidiy drops back to a baseline value of 
around 40 /iS cm ', similar to that of B13 (Oerter and others. 

Fig. 3. Détails ofthefracture area ai the origin of theJîowline 
that passes through the location of the drilling site, 7.5km 
downstream. The meteoric ice of Reeves Glacier (which is 
flowing towards the viewer) appears while in the upper haif 
of the photograph, marine/sea ice is dark gray in the lower 
right area, and continental ice islands are visible as middle-
grayflat surfaces delimited by white cliffs. 

1994). l ' h e NIS core, by contrast, has a conductivity baseline 
value that falls from around 140 ^tS c m ' to 90 p& cm ' with 
increasing depth (Fig. 5a). However, signiilcant déviations 
from thc basehne of the salinity/conductivity signal occur 
as"bumps", each exlending over a few meters of depth along 
the profile. Furthermore, the high resolution of sampling has 
revealed the présence of smaller-scalc (decinieter) iluctu-
ations in the salinity signal which exceed thc mcasurcment 
error. T h e amplitude of this variation clearly increases with 
highcr salinity values. Fluctuations have also been obscrved 
in sea ice, where Weeks and Ackley (1982) have emphasizcd 
the fact that even in the most homogeneous-sccming icc there 
is a small-scalc, apparently random variation in the salinity. 

T h e oxygen isotope compo.sition results presented in 
Figure ob do not show any clearly discernible trend with 
depth, nor do they show substantial variability (standard 
déviation = 0.09%o).The ô ' * 0 values cover a range between 
+ 1.80%o and +2.37%o> with a m e a n value of +2.12%o. This 
corresponds well with the slightly positive values repKirted 
for Gl by Morgan (1972), and the value of +2%o for B13 
tneasured by Oerter and others (1992). Such slightly positive 
6 " ' 0 values arc consistent with fractionation of sea watcr. 

For comparison, ^"'O values for continental ice samples 
from Hells Gâte Ice Shelf, which is part of the NIS, cover a 
range between 26%o and -32%o (Ronveaux, 1992). 

Plotting corresponding values in a 5"'0/conductivity 
diagram (Fig. 6) does not resuit in a significant corrélation 
[r^ =0 .07 ,99 points). 

DISCUSSION 

The évidence presented above strongly supports thc idca 
that thc NIS core is cntirely composed of marine ice. This 
conclusion is rcinforced by the comparison with B13, B15 
and Gl. It is excludcd that this marine ice could have 
resulted from deep thermohaline circulation. Model ing 
work cited in the framework section predicts that melting 
prevails beneath an ice shclf near its grounding line. More 
specifically, Frezzotti and others (2000) calculated discharge 
Iluxes across a flow channel locatcd north of the crevasscd 
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Average crystal breadth (mm) 

h'ig. 4. Crystaltasiraphic characlerislics oflke JV'IS core. Scaleforplwlograp/n is sliawn on Ihe bollorn. (a} GruttuLar/orhiculur 
fades al 6.6m deplh; (h) .•.Iring-lined/àcie.f al 16.6m depth; (c) small-scnle folding al 12.9 m deplh: (d) profile qf average 
cry.Ual .ùzc willi depth. Solid line in (d) is an U-point rimning mean. 
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Fig. 5. Profiles of conductivity (a) and ô'^O (b) for the NIS core. Solid line in(a) isan 11-point running mean through the data 
points. 

arca where the marine ice originated. T h e y deduced a mean 
net melting rate of the order of0.26 + 0.90 m a ' between the 
N I S grounding line and 16 km down-flow, which well 
includes the core site. It is dilTicult to envisage marine ice 
accreting under such conditions. Furthermorc, a vcry crude 
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calculation would show that even if marine ice were to form 
near the grounding line at 120-660 m depth, it would never 
have the time necessary to reach the surface, givcn the 
prévalent flow velocities and ablation rates. This last point 
implies to us that perhaps marine ice is being formed nearer 
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Fig. 6. ô' 0/conductivity relation for 99 samples of the MS 
core. Solid line represents linear régression through ail points. 

to the surface in some feature of the bottom topography of 
the ice shelf. Considering the geographical location near 
the grounding line of the study area which is eut by several 
rifts reaching all the way to the bottom of the ice shelf, and 
that the formation of such deep rifts often requires the 
présence of bottom crevasses reaching the surface, we regard 
basai crevasses as the most plausible explanation of our obser
vations. Bottom crevasses are common features of Antarctic 
ice shelves. This has been demonstrated using radar sounding 
methods (e.g. Jezek and others, 1979). Shabtaie and Bentley 
(1982) describe how bottom crevasses vary widely in distribu
tion and dimensions, with some reaching heights up to 250 m 
and bottom widths of 100 m. Still more interestingly, Jezek 
and Bentley (1983) observed that bottom crevasses in the Ross 
Ice Shelf generally disappear from the radar record within 
100 km downstream from their point of formation. This could 
be taken as a strong indication of bottom crevasses being 
filled with ice. We therefore propose that a large basai 
crevasse near the grounding line would provide a sheltered 
setting permitting the formation of marine ice in the midst 
of the basai ablation zone at the grounding line. A volume of 
Ice Shelf Water, which should become buoyant as a resuit of 
ice-shelf melting, would enter and ascend the crevasse, thus 
becoming supercooled. The basai crevasse would eventually, 
in part at least, become filled with marine ice in a manner 
similar to that described above for the formation, accumu
lation and subséquent consolidation of frazil ice under ice 
shelves. A similar local ice pump, but at the front of an ice 
shelf, has been hypothesized by Grosfeld and others (1998) 
to account for the occurrence of marine ice at the bottom of 
green icebergs thought to have originated in the former 
Grand Ghasm of the Fllchner Ice Shelf 

A complementary mechanism that could contribute to ice 
formation in open rifts and basai crevasses is the possibility of 
ice directly forming on the walls, as a resuit of heat conduction 
into the ice shelf. Such accretion would be relativdy small in 
the lower parts of the crevasse, where conditions are 
comparable to those at the interface between the bottom of 
an ice shelf and the water Qacobs and others, 1979). In the 
higher parts, especially shortly after the crevasse had 
opened, water would be in contact with ice that could be as 
cold as -20°C, so more significant direct accretion is certain 
to occur. However, it is possible that, with time, the présence 
of the crevasse itself would transform the thermal régime of 
the ice shelf surrounding it to one more similar to that at the 
ice-shelf/ocean interface, thus gradually reducing the magni

tude of congélation. Furthermore, in view of the generally 
large widths of rifts considered, congélation ice at the walls 
should only form a minor fraction of the total ice in the rift. 
Finally, in the particular case of the NIS core, the absence of 
ice with columnar texture, which is a distinctive sign of direct-
freezing origin, shows that none of the marine ice examined 
here formed directly at the walls of the crevasse. 

Many of the underlined observed discrepancies between 
the NIS core and the marine-ice segments of the other cores 
considered actually support the hypothesis of a local ice 
pump being active in the suggested morphological 
configuration. This includes the relatively higher gênerai 
salinity of the NIS core compared with B13, B15 and Gl. In 
the situation we are proposing, higher salinity would be 
explained by the higher freezing rate of the interstitial water 
existing among the frazil crystals after their accumulation 
at the top of the water column and before their consoli
dation. In the case of a basai crevasse, the ambicnt watei^ 
frazil mixture would be nearer to the surface, thus resulting 
in a more rapidly advancing freezing front and hence less 
efficient rejection of sait upon freezing. As the freezing front 
descends further away from the surface, the freezing rate 
would be reduced, resulting in better sait rejection and the 
observed trend of decreasing conductivity/salinity with 
depth. The direct relationship between the freezing rate 
and initial sait entrapment in sea ice was addressed by 
Weeks and Lofgren (1967) and further developed by Weeks 
and Ackley (1982). O n the other hand, work on stable-
isotope fractionation in growing sea ice (Souchez and 
others, 1988; Eicken, 1998) showed an inverse relationship 
between the freezing rate and the é'^O or 6D) signal. T h e 
question might then be raised as to why the 5'^0 isotopic 
profile with depth (Fig. 5b) does not show a clear analogous 
influence by the freezing rate, nor does it show a clear 
inverse corrélation with salinity (Fig. 6). This could be 
explained by the fact that frazil crystals themselves are 
almost completely desalinated, such that the salinity signal 
results only from the intergranular brine inclusions, while 
the isotopic signal reflects both contributions. Therefore, 
even if isotopic fractionation does occur in the brine 
inclusions due to the advancement of a freezing front, the 
resulting signal will be dominated by the overwhelming 
and unmodifîed contribution from the crystals. As for the 
isotopic signal of the crystals themselves, it is plausible that 
the température and pressure conditions necessary for the 
formation of frazil ice in the successive ascending water 
masses are regularly satisfied at a certain spécifie depth in 
the water column, thus producing frazil crystals with more 
or less the same isotopic enrichment, which would account 
for the rather weak variability of the NIS core isotopic 
signal. Eicken and others (1994), while noting the decreasing 
salinity with depth in the B13 core, exclude the 
advancement of a freezing front as an explanation of the 
salinity profile on the basis of thermodynamic constraints 
(conductive heat fluxes in the central Ronne Ice Shelf of 
the order of 0.1 W m"^ and of the "anomalously" low sait 
distribution coefficient {k^s < 0.001) that would be needed 
to explain the observed salinity. T h e authors suggest that 
consolidation under the deviatoric buoyancy stress 
associated with the tens of meters of crystals accumulating 
beneath would lead to densification and expulsion of brine 
through fragmentation and settling of individual platelet 
crystals. However, in a companion paper (Tison and others, 
in press) we argue that both compaction and heat conduc-
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F/ç. 7. Sketch of possible modificalion of the initial ice 
slralific.alion due to latéral compression. 

tiori arc probably necdcd to account for the chemical prop-
crties o f marine ice. In the ncar-surfacc formation sctting 
for marine ice bcing proposed in tliis paper, thermo-
dynamic grovvth through the progressivcly slowing dcscent 
of a frcczing front can certainly not be negiected. 

Although initial sait cntrapment and stable-isotope 
iraclionalion of ilic NIS marine ice have been detcrrniucd 
by thcrmodynaniic grovvth, subséquent reworking has 
clearly taken place, as attcstcd by the salinity profile (Fig. 
r)a). It is the location of the corc and ils gcomorphological 
contcxt which provide al least two {wssible explanations for 
the présence of largc-scale conductivity/salinity déviations 
froin tlic bascline value; the first is related to the dynami-
cally active core-site environnicnt, which was dcscribed 
above to be a zone where différent ice strcams converge with 
différent vclocitics and thickness, thus crealing a situation 
where the ice is subjcctcd to latéral compression. Such a 
stress configuration would fold the ice body and disturb the 
initial stratification as sketched in Figure 7 and as witnessed 
by the small-scale folding features in the core (Fig. 4c). The 
question remains why large-scalc compression would only 
selcctively affect the part of the core above 28 m and spare 
the lower part, as inferred from Figure .îa. l'he answcr 
could be that large-scalc folding has also occurred in the 
lower parts of the t;ore but is not as visible because ice strata 
therc are characterized by low salinity contrast. A second 
possible explanation is related to the core's location ncar 
the surface of the ice shelf. where its brine content could be 
allécted by scasonal température changes. The resulting 
température gradients could produce brine-pocket migra
tion (Hoekstra and olhers, WK; Seidenstickcr, I9S6), espe-
cially in the top few meters. T h e problem with this idea, 
houever, is the slowness of the process (VVeeks and Ackicy, 
1982; Kickcn and othcrs, 1994), associated with the fact that 
the seasonal température signal does not significantly alfect 
the température profile below a certain depth (in continental 
ice, its amplitude would only be .5% of its surface value at 
10.2 m (Paterson,1994). 

A basai crevasse, with its vertical spatial extension, 
would also account for the appcarancc of marine-ice layers 
on the ice-.slielf surface despile proximity lo the grounding 
line. This would also imply a relatively young âge for the 

.NIS core ice (on the order of 50 years) compared to the 
hundreds of years eslimated for the Fi lchncr-Ronnc cores 
by Eickcn and olhers (1994). This would givc the N I S grains 
less l ime to recrystallize, thus resulting in their relatively 
smaller sizcs. On the other hand, the ubundance of the 
string-lined faciès and their vertical orientation could be 
duc lo grain rccrystalUzalion undcr the influence of a stress 
field applied by the walls of the crevasse. T'he prc.sence of 
such stres.ses could in part be inferred from the appearance 
of folding in the core and ils direction that suggest at least a 
horizontal component for the acting force. 

Il is worth noting that the proposed local ice-pump 
accretion process for marine ice in basai crevasses near the 
grounding line could casily bc extended to the case of rifts 
opening in ice shelves, especially in the vicinity of ice rises, 
ice islands, on the side of large embayments and in the 
frontal régions of Antarctic shelves. Similarly, the process 
could occur in the régions of thinner ice that form betvvecn 
two converging ice streams (Tison and olhers, 1998, espe
cially their fig. 3). Strong évidence for such occurrence is 
provided by the récent workof Fricker and others (in press). 
T h e authors infer the présence of two main bands o f m a r i n e 
ice beneath the Amery Ice Shelf; bolh are clearly associated 
with the convergence points of ice streams. 

Ib conclude this discussion, we consider a possible altern
ative explanation for the properties obscrved in the NIS core, 
namely, that a body of marine ice, originally formed in a 
bottom crevasse upstream from the core location, is detached, 
tilted and lodged in another crevasse downstream with an 
angle relative to its initial position, as has been observed for 
continental ice chunks. However, such a process does not 
account for the gênerai tcndency of conductivity to decrease 
with depth, iior for the présence of vertically aligned crystals 
along the wholc Icngth of the core. Furthermore, ongoing 
work on another 45 m core, located 24.5 km downstream from 
the grounding line, reveals properties similar to those 
described in this work. That the results of such a peculiar 
alternative process are observed at two din'erent sampling 
locations is highly improbable. 

CONCLUSIONS 

VVe have demonstratcd in this work that marine ice could be 
more readily rccovercd and studied by exploiting a combin-
ation of climatic (high surface ablation rates) and accretion 
locations (nearer to the surface in a basai crevasse or rift) for 
certain ice shelves. Récent ice- océan modeling and fieldwork 
efTorts are inrreasingly undcrlining the importance of 
marine-ice formation and accretion beneath Antarctic ice 
shelves. Improved compréhension of thèse proccsscs is 
indispensable for accurate mass-balance estimations of ice 
shelves. \Vc have shown that an important segment of the 
thickness of small to médium Antarctic shelves, at certain 
locations, could be formed of marine ice. Thèse same shelves 
could be among the first to show signs of régional warming 
becau.se of their smaller thermal inenia and proportionally 
more rapid réduction of contact surfaces with pinning points 
and embayment sides. The thermal properties of .Antarctic ice 
shelves, and hencc their beat exchange with the atmosphère 
and/or the océan, could be modilîed if a largcr proportion of 
their mass was composed of saline, bubble-free ice instead of 
fresh, bubbly continental ice. Most importantly perhaps, vvc 
have proposed a nevv possible seiting for the formation of 
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marine ice in the vicinity of the grounding line, where basai 
melt ing would normally prevail. In this context, a model ing 
effort and the analysis of another core recovered from the 
same ice shelf are progressing. Basai crevasses and rifts are 
c o m m o n features near the grounding lines of ice shelves and 
in their frontal zones as precursors for iceberg calving. Studies 
of the dynamic stability of Antarctic ice shelves and their frag
mentation mechanisms would benefît from better insight into 
the interaction of shelf rifts and crevasses with the océan. 
Hughes (1983) explored the important rôle that thèse fracture 
features play in the disintegration o f ice shelves, while 
Stephenson and Zwally (1989) discussed the stabihzing effect 
that might resuit from the fiUing of rifts with ice. Recently, 
Rignot and MacAyeal (1998) and MacAyeal and others 
(1998) have demonstrated how the dynamic properties of what 
they call the "ice mélange" in open rifts do play an important 
rôle in the calving process at the front and in the overall stabil
ity of an ice shelf. According to thèse authors, the mélange is 
composed of multi-year sea ice, ice-shelf fragments and wind-
blown snow. It is quite plausible that the dynamic propcrties of 
the material fiUing the rifts, and its response to température 
variation, would be différent if the ice was mainly composed 
of a homogeneous body of marine ice resulting from a process 
such as the one described in this paper rather than the mixture 
described by the above authors. 

A l t h o u g h Antarct ic rifts a n d basai crevasses are 
c o m m o n , their overall area probably does not exceed a small 
fraction of that of a big ice shelf However , they cou ld make a 
disproportionate contribution if they occiu" at the grounding 
line, which is a point o f compulsory passage for continental 
ice o n its way to the sea. There, fractures could be fiUed with 
marine ice and exported downstream before new fractures 
form at the same point again a n d the process is repeated. A 
hint o f such a séquence of events can be seen in Figure 2. 
Furthermore, as indicated by Corr and others (1995), 
considérable amounts o f mar ine ice form at the confluence 
of individual ice streams that j o i n together to form ice 
shelves. Such zones of s teep latéral slopes are akin to a basai 
crevasse conf igurat ion and thus conducive to productive 
local ice pumps. 

Finally, w e believe that the high-resolution measurements 
presented in this work improve our perception of the varia-
bility patterns of ice-core properties with depth. Ongoing 
work on ihe three-dimensional variability of thèse signais 
should al low us to distinguish between the contribution to ice 
properties of the initial processes o f consolidation and freezing 
and their subséquent modif ication through dynamic 
processes. Such an approach cou ld help in revealing the 
mechanisms that lead to the comparatively very low salinities 
encountered in marine ice, still a subject o f strong debate. 
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A b s t r a c t A modified boundary layer box diffusion model is used to simulate the production 
of the combined oxygen isotope/salinity signal of a body of marine ice. The final signal is 
considered to be the resuit of fi^ctionation and ségrégation processes occurring first upon the 
formation of frazil crystals in suspension and second during their accumulation and 
consolidation due to the advancement of a fi-eezing front. The model results are compared to 
oxygen isotope and salinity values in a 45-m marine ice core from the Nansen Ice Shelf, 
Antarctica. Parameters more suitable to the modeling of marine ice (as opposed to sea ice) are 
introduced and conclusions are drawn on the origin of the impurity characteristics of marine 
ice, including the still unresolved question of its anomalously low salinity. 

1. Introduction 
Marine ice forms as individual frazil ice ciystals in the 

océan that subsequently accumulate and consolidate at the base 
of ice shelves. It bas now become clear that it can contribute 
significantly to the mass balance of ice shelves, especially 
those of small to médium size. Marine ice accretion is one of 
the possible results of the complex ice-ocean interactions 
occurring at the periphery of ice sheets where they cross the 
grounding line and go afloat. Fieid observations in areas where 
spécifie climatic conditions allow direct observation of marine 
ice outcrops at the ice shelf surface indicated that junction 
areas between individual flows converging to form the ice 
shelf (near grounding zones or in the lee of pinning points) are 
prefened sites of accretion [Tison et al., 1993, 1998]. This 
confinns indirect observations by Radio Echo Soundings 
(RES) and Global Positioning System (GPS) measurements 
from other much larger ice shelves [Corr et al, 1995; Grosfeld 
et al, 1998]. Grosfeld et al [1998] suggest, from green 
iceberg observations in the Weddell Sea, that marine ice 
accumulation could also be significant in the rifts forming 
prior to iceberg calving near ice shelf fronts. This corroborâtes 
earlier observations on multiyear ice formed within rift areas 
south of the George VI Ice Shelf in the Antarctic Peninsula 
[Tison et al, 1991]. Measurements and observations described 
by Khazendar et al [2001] demonstrate the existence of 
significant marine ice accumulation in rifts and basai 
crevasses, close to the grounding line of the Nansen Ice Shelf 
(NIS, Terra Nova Bay, Antarctica), where basai melting from 
the Deep Thermohaline Circulation should normally prevail. 
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The occurrence of marine ice bodies in such a wide range of 
locations, most of it corresponding to weak points o f ice 
shelves, suggests it might play a significant mechanical rôle, as 
a welding agent, contributing to ice shelf stability. The bulk 
salinity of marine ice (as low as 0.03%o) is an important factor 
in this regard. It is indeed an order of magnitude higher than 
that of meteoric ice, but 2 orders of magnitude lower than 
those observed in granular sea ice (a few %o) which, with the 
exception of snow ice, also results from frazil ice formation 
and consolidation in seawater. Thèse contrasts in impurity 
content are thought to be responsible for misleading détection 
of the ice/ocean interface through RES measurements [Robin 
et al, 1983; Thyssen, 1988; Souchez et al, 1991; Corr et al, 
1995; Grosfeld et al, 1998] and should lead to différent 
rheologies for thèse various ice types (as observed, for 
example, in itapurity-rich continental ice [e.g., Hooke et al, 
1988]). Récent studies of ice shelf dynamics near the front of 
the Filchner-Ronne Ice Shelf, using Synthetic Apertiu-e Radar 
(SAR) interferometry, are another example of the importance 
of developing a better understanding of the physico-chemical 
properties of marine ice [MacAyeal et al, 1998; Rignot and 
MacAyeal 1998]. Such ice, with its distinct thermomechanical 
attributes, could be the main component of the "mélange" that 
thèse authors suggest is fïlling frontal rifls. 

The reasons for such a stark contrast in bulk salinity 
between marine ice and granular sea ice are stiU a subject of 
debate in the literature. Eicken et al. [1994] have clearly 
demonstrated that none of the postgenetic desalination 
processes summarized by Weeks and Ackley [1986] is strong or 
fast enough to explain the relative purity of marine ice. The 
anomalous low salinity in the marine ice can thus only be 
explaioed by the low initial salinity of newly Consolidated ice 
layers. There are, however, several différences between the 
genetic processes of sea ice and marine ice that have been used 
by différent authors to provide an explanation. First, the latter 
is formed in an environment that is directiy influenced by 
continental ice-ocean interactions and protected from the 
atmosphère. Furthennore, it is formed at much greater depths, 
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T a b l e 1. Main Results From the 45-m ice Core Retrieved 
r-rom Nanscn Ice Shelf (Victoria Land, East Antarctica) 

C^rystal Sizc Conductivity Salinity 8'«0 

mm %o % 0 

Mcan 1.66 138.00 0.06 2.12 

Minimum 1.00 22.30 0.005 l.SO 

Ma.xinmm 3.00 390.00 0.19 2.37 

<j 0.27 54.01 0.02 0.09 

that is under considerably lower freezing and consolidation 
rates. As a resiilt, a much larger thickness of loose frazil 
crystals could accumulate before consolidation takes place, 
whieh impiies a possible stress build up from buoyancy or 
converging flow, thereby reducing the porosity (proportion of 
the water volume to the total volume of the ice/water mixture) 
of the loose frazil. 

Stable-isotope signatures (ô'^O or ôD) of marine ice have 
aiso been investigated by several authors [Morgan, 1972; 
Oerier et al., 1992; Souche: et al., 1991; Tison et al., 
1993,1998]. They show a narrow range of values, which was 
generally interpreted as the expression, in the frazil ice crystal, 
of near-equilibrium fractionation from seawater, often slightly 
inodified by glacial meltwater [.V/o/gan, 1972; Oerter et al., 
1992|. Howevcr, even in such a narrow range of values, tlie 
variations were significant enough to be used to demonstrate 
the transfer of marine ice along the ice shelf flow line and to 
interpret seasonal variations in landfast sea ice forming in front 
of the Hells Gâte Ice Shelf (Terra Nova Bay, Antarctica) 
\Souchez et ai, 1991; Tison et ai. 1993, 1998]. 

In this paper we develop a conceptual model of genesis and 
consolidation of marine ice, integrating several of the main 
variables at play in this complex process, to simulate and 
analyze the S'^O/salinity relationship observed in a 45-m deep 
marine ice core from the Nansen Ice Shelf (Terra Nova Bay, 
Ross Sea, Antarctica). The extent of agreement with measured 
values, together with the sensitivity of the model ' s response to 
each of the variable settings, are discussed. 

2. The 8'^0/Salinity Relationship From Field 
Data 

Table 1 summarizes the main results from the high-
resolution crystallographic, salinity, and isotopic analyses of a 
45-m ice core retrieved from the Nansen Ice Shelf (Victoria 
Land, Bast Antarctica) at coordinates 74°50.9S and 162°51.3E, 
some 27.5 km from the front and 7.7 km downstream of the 
grounding line (Figure l). The ice shelf covers 1800 km" 
[Frezzotti, 1992], and its thickness at the grounding line 
reaches a maximum of 600 to 700 m [Trezzotli et al, 2000]. It 
can therefore be considered as a small- to medium-sized ice 
shelf. The grounding area upstream of the core location is 
heavily crevassed, and rifts several hundreds meters wide have 
opened, containing "is lands" of continental ice chunks that 
have been frozen in place by the surrounding sea/marine ice 
(Figure i). A full description of the core location, 
environmental setting, analytical techniques, and data profiles 
is given by Khazendar et ai, [2001]. The overall field 
configuration and the différences in some properties between 
this core and the marine ice sections of previous drilling 

Reeves Glacier 

Figure 1. Oblique aerial photograph looking up the glacier showing the morphological features of the Nansen 
Ice Shelf (Terra Nova Bay, Antarctica) near its grounding line at the foot of the Reeves Glacier. The width of 
the photograph represents approximately 7.5 km on the surface. The framed area indicates the open rifts 
developing at the grounding line. The studied marine ice core was obtained further downstream. 
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Figure 2. The ô"0/salinity relatlonship for 99 samples in the 
45-m ice core from the Nansen Ice Shelf (dotted circles), 
Victoria Land, East Antarctica. Also plotted are the marine ice 
data fi-om the B13 core (solid triangles, Filchner Ice Shelf, 
courtesy of H. Oerter and W. Graff, Alfred Wegener Institute) 
and the G1 core (black circles, Amery Ice Shelf, courtesy of V. 
Morgan, Australian Antarctic Division). 

projects support the idea that this ice originates by the fiUing 
of basai crevasses or rifls occurring at the grounding line, 
thereby modifying the view of an exclusively melting régime 
in thèse zones of sub ice shelf cavities. In the présent case, the 
surface coverage of the marine ice outcrop where the drilling 
has been performed (several tens to a hundred of meters in 
width) supports évolution from open rift filling. 

Figure 2 shows the S"0/salinity (conductivity) relationship 
for the 99 samples where both measurements were performed. 
The ô " 0 measurements were performed at the Laboratorio di 
Geochimica Isotopica di Trieste (Italy) with a Finnigan DeltaS 
mass spectrometer using the H2O-CO2 équilibration technique. 
Accuracy of the 6 " o measurements is ± 0.05%o. The saiinity 
values were obtained from conductivity measurements using a 
calibration curve based on 40 samples o f known saiinity 
(dilution of International Association for Physical Sciences of 
the Océan seawater standards lOL-series to between 0.02 and 
0.3%o). The prédiction interval on the calibration curve, at a 
confidence level o f 0.95, is ±0.01%o. Although the total range 
of values, both for ô " 0 and saiinity, is narrow, it is still 
several times the error. As stated above, the saiinity is 10 to 
100 times lower than granular sea ice, and the positive ô " 0 
values indicate océan water freezing. 

For the sake of comparison, marine ice data from drilling 
chips of the B13 ice core on the Filchner Ice Shelf (1 m 

averaged [Oerter et al, 1992]) and from the Gl ice core on the 
Amery Ice Shelf [Morgan, 1972] are plotted also in Figure 2. 
B13 samples and our data set have in common their 5 '*0 range 
and a gênerai trend of increasing ô " 0 variability with 
decreasing conductivity/salinity. However, our data set shows 
an offset of conductivity toward higher values. The three data 
points available for the Amery Ice Shelf (roughiy located at the 
top, middle, and bottom of the marine ice section) show a 
concomitant decrease of the conductivity and increase of the 
ô'*0 vrith depth, interpreted by Morgan [1972] as the signature 
of a decreasing freezing rate with increasing ice thickness. It is 
our data set in Figure 2 that we aim to simulate in the marine 
ice formation model described below. We will then discuss the 
applicability of the modeled processes to the other marine ice 
cores, keeping in mind that thèse were sampled at greater 
depths and have a longer histoiy (e.g., 400 to 500 years for 
B13) of consolidation and recrystallization [Eicken et al, 
1994]. 

3. Model Concept 

In the following, by marine ice we strictly refer to ice that 
forms as a product of the accumulation o f frazil ctystals and 
the subséquent consolidation o f the resulting ciystd/seawater 
mixture. Such a définition excludes direct freezing at the 
underside of ice shelves such as at J9 ice core location on the 
Ross Ice Shelf [Zotikov et al., 1980]. Predicting the saiinity 
and isotopic composition o f marine ice as defined hère is 
complicated by the fact that thèse properties reflect the 
contribution of two main processes. 

The first process, which we refer to as the "frazil ice phase", 
consists o f the formation of individual frazil ice crystals in the 
oceanic sub-ice shelf cavity, as a resuit of supercooling. The 
"parent" water o f thèse crystals (ice shelf water - ISW) is a 
mixture of high saiinity shelf water (HSSW) with glacial 
meltwater from the base o f the ice shelf As they are 
fransported in the density-driven rising ISW plume, the crystals 
float upward due to their buoyancy and accumulate at the base 
of the ice shelf fiirther downstream. 

The second process, to which we refer to as the 
"consolidation phase", is less well understood. As crystals rise 
under buoyancy and accumulate, they are surrounded by a 
water body that we call the "host" water. The proportion of 
water volume to the total volume of the ice/water mixture 
("porosity") varies depending on the local conditions. The 
porosity of loose frazil ice mixtures derived from laboratory 
experiments and field measurements, both for freshwater ice 
and sea ice, ranges between 40% and 67% [Andersson and 
Daly, 1992; Ddy, 1984; White, 1991]. However, as suggested 
by Eicken et al. [1994], the deviatoric buoyancy stress exerted 
by the accumulation of tens o f meters o f loose ft^l ice 
ciystals could greatly increase the packing density. Similarly, 
the latéral compressive stresses induced by the converging 
flow of individual ice streams as they merge to form the ice 
shelf (or "reconstitute" it, around pinning points), as was 
observed at Hells Gâte Ice Shelf [rwon et al, 1997, 1998] and 
Nansen Ice Shelf [Khazendar et al, 2001], can also quite 
signifîcantly reduce the porosity of the marine ice that has 
aheady accuraulated. Obviously, for accumulated ice crystals 
to be "squeezed" by latéral compression, its mechanical 
behavior should have developed solid-like characteristics so it 
is no longer merely an aggregate of loose ciystals in 
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indiviclual frazil ice crystal 
fonued in parent water 

refrozen interstitial host water 
with brine inclusions 

Figure 3. Sketch illustrating the mode! concept (sec text for 
détails). 

suspension. Experiments by Martin and Kauffman [1981] 
demonstrate that this is indeed aiready the case for slush of 30 
to 40% ice concentrations. 

This packing process will contribute to the réduction of the 
bulk salinity (host water being expelled from the mixture) and 
is a first step in the consolidation process. Two major 
mechanisms could then be invoked to explain further 
consolidation of the marine ice body: (1) heat conduction 
across the ice shelf leading to the freezing of the interstitial 
water (either in a process of coarsening and joining of existing 
grains, or by the nucleation of new grains) and (2) local melt-
regelation processes at contact points between grains in the 
compacting aggregate. The first mechanism has the potential to 
further reduce the impurity content of the ice by sait rejcction 
and its subséquent diflusion toward the bulk seawater 
réservoir. The second mechanism will eventually aller the 
small-scale chemical properties of marine ice. 

The discussion above shows a level of complexity difficult 
to simulate in the présent state of knowledge. However, we 
believe that considérable insight can be gained into the 
processes at work by using a simplified approach where the 
final ô"0-sal ini ty signal is modeled by combining the 
foUovving two steps: (1) the formation of individual frazil 
crystals in the parent water and, (2) the freezing of interstitial 
host water (Figure 3). Différent combinations of porosity and 
freezing rates could occur in nature. Kor example, a high 
freezing rate would be associated with high porosity at the top 
of the water column in an open r\\\ where sufficieni frazil dises 
had yet to accumulate and produce significant compaction. 
Lower in the water column, where accumulation is perhaps 
progressing faster than freezing, high compaction would 
producc a low-porosity slush subjected to a very slow freezing 
rate due to the insulating effect of overlying ice. fhe latéral 
stresses associated with convcrging ice streams or a closing rift 
would producc a situation were low porosity is combined with 
a large range of freezing rates depending on depth. We have 
taken this variety into account in our simulations by 

considering each porosity level for a range of plausible 
freezing rates. 

Before we discuss how the acquisition of the chemical 
properties is simulated in the model, we believe it is important 
to briefly summarize the current thinking on how chemical 
species are initial ly incorporated into the ice during freezing. 
As freezing progresses in a water réservoir, physico-chemical 
changes occur at the ice-water interface, which resuh in a 
differentiation of the chemical signais between ice and water. 
Depending on whether the chemical species under 
considération is retained within microscopic inclusions in the 
host phase (e.g., sea-salt ions) or occurs as a true solid solution 
(e.g., water isotopes in ice) the differentiation process is called 
"ségrégation" or "fractionation", respectively. The proportion 
of heavy isotopes (or salts) incorporated from the liquid into 
the solid at the interface is constant for a given température. 
For the stable isotopes it is described by the equilibrium 
fractionation factor; 

Rl 
(1 ) 

where R, and R, are the isotopic ratios '^O/'^O (or D/H) in the 
solid and liquid phases at the interface, under thermodynamic 
equilibrium conditions. Comparing the isotopic compositions 
of différent samples is donc through the 6 scale, where the 5 
value of a given sample is the relative différence between the R 
ratio in the sample and R ratio of a standard known as Vienna-
standard mean océan water (V-SMOW). Therefore 

8 0 = ^saniple 

/?V -SMOW 
- 1 lOOOXo (2) 

For salinity, one similarly uses the equilibrium ségrégation 
factor: 

Cl 
(3) 

where C, and C, are the impurity concentration in the solid and 
the liquid, respectively. at the interface. 

As a resuit of this process, concentration on the liquid sidc 
of the interface differs from that of the bulk of the réservoir. 
Species transport therefore occurs, through molecular 
diffusion, convecto-diffusive fluxes and turbulent mixing in 
the melt. Thèse processes are commonly integrated into a 
boundary layer concept, such that the concentration in the 
liquid takes on the réservoir value (in the case of a semi-
infinite réservoir, e.g., for seawater) at a finite distance from 
the interface. Within this boundary layer, transport occurs by 
diffusion processes only. Depending on the freezing rate, the 
gradient in the boundary layer will vary and therefore so will 
the concentration in the liquid at the interface. As a resuit, a^ir, 
the effective (apparent) fractionation factor (or /t̂ n-, the 
effective ségrégation factor) will differ from the equilibrium 
fractionation factor (k^) that would be observed either in 
the case of near-zero growth rate or during forced convection 

For a given freezing rate, in the case of a semi-infinite 
réservoir, after a short "initial U-ansient" the concentration in 
the ice remains constant since a steady state régime arises, 
where the flux of a given species into the ice is exactly 
compensated by the one at the base of the boundary layer. The 
effective fractionation factor for that steady state is given by 
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Burtonetal. [1953]: 

Oteff = 
tteq 

a « , - ( a e q - l ) « ' ° 

(4) 

where v is the growth rate and D is the diffusion coefficient. A 
similar relationship is valid for the effective ségrégation factor, 
with Aeff and instead o f Ueir and ct«, in (4). The initial 
transient marks the transition from the equilibrium 
fractionation recorded in the initial ice incrément toward the 
steady state value. 

Souchez et al. [1987, 1988] used a box diffusion model to 
apply the boundary layer concept to isotopic fractionation in 
sea ice. In their approach the simulation of the stable-isotope 
distribution in the ice was performed in two steps: (1) freezing 
of an ice thickness during a time incrément depending on the 
freezing rate, with associated fractionation, and (2) diffusion in 
the boundary layer and homogenization in the bulk of the 
réservoir during the appropriate time lapse. In nature, freezing 
and diffusion are simultaneous. Using an axis moving with the 
ice front, both processes can be described by the same partial 
differential équation: 

dt dx^ dx 
(5) 

(where c is the concentration, x is the space coordinate 
measured normal to the ice/water interface and V is the 
velocity o f the ice front) applying the appropriate boundary 
conditions and using the equilibrium fractionation (1) or 
ségrégation (3) coefficients to calculate the concentrations on 
both sides o f the interface. The model used here (see below) 
solves (5) numerically using the Crank-Nicolson method. At 
each time step, the solution of the resulting set of linear 
équations is obtained by Gaussian élimination using a simple 
algorithm for tridiagonal Systems. Thèse adjustments reduce 
the exécution time considerably and improve the précision of 
the results. 

4. P r o c é d u r e a n d R e s u l t s 

4.1. Acquisition of the chemical properties 
in the frazil ice phase 

It is reasonable to assume, in the case o f marine or granular sea 
ice, that the salinity signal o f single ice crystals is negligible 
[see, e.g., Eicken, 1998; Tison et al, 1993]. Therefore our 
main concem in this section will be to estimate the isotopic 
composition of individual frazil ice crystals forming in an ice 
shelf water plume, a task complicated by the scarcity of 
relevant field data. Kipfstuhl [1991] measured effective 
fractionation coefficients 8eff (between 2.2 and 2.3%o) close to 
the equilibrium value in large ice platelets found under coastal 
sea ice. Eicken [1998], using Burton's [1953] équation (4), 
infers that the frazil ice crystals are likely to exhibit S'^O 
values close to seawater composition, given the plausible 
growth velocities. However, to unequivocally associate an 
to given growth rate and z»; values using the boundary layer 
model in the case o f a semi-infinite réservoir, one must be sure 
to be away from the influence of the initial transient, that is, 
that Burton's steady state équation (4) strictly applies. This 
condition is not likely to be fulflUed for single crystals, which 

are only of the order of millimeters in size. Also, w e have to be 
certain that the zw values commonly used in the case of a 
growing ice front in a water reservob- apply to single crystals in 
suspension in a liquid phase. For thèse reasons, we have opted 
to calculate the isotopic signal of our single fi^l ice crystals 
by using the model described in the previous section, with high 
resolution in the 0 to 1-mm range. In order to run the model w e 
need to assess the values o f the following inputs: isotopic 
value of the parent water, growth rate, boundary layer 
thickness, and equilibrium fractionation factor for ô " 0 (aeq). 
4.1.1. Isotopic value of the parent water. Individual frazil ice 
crystals form in the rising ISW branch of the sub-ice shelf 
oceanic circulation. Therefore we use a mean S'^O value o f 
-0.61%o, based on ISW data obtained in the Ross Sea [Jacobs 
et al., 1985, Table l , p . 62]. 
4.1.2. Growth rate. The question of the degree of 
supercooling required to produce frazil ice (at a certain growth 
rate) is closely linked to the not yet well-understood problem 
of initial nucleation. Noting that frazil production in rivers is 
associated with weak supercooling levels of 0.01° to 0.1°C, 
Martin [1981] concludes that heterogeneous, rather than 
spontaneous, frazil nucleation is most likely to occur in nature. 
JenUns and Bombosch [1995] discuss possible seeding 
mechanisms for f i ^ l production beneath ice shelves and 
suggest, for example, that zones of basai crevassing (which is 
the case of the NIS core location) would be favorable sources 
of seed crystals. Analysis and observations of water beneath an 
ice shelf suggest that supercooling is unlikely to exceed 0.05°C 
[Nicholls and Jenkins, 1993]. Thèse investigations provide 
possible upper limits on the supercooling levels that could be 
used in the current simulations of the NIS ice. Therefore, 
having experimented with supercooling levels up to 0.05°C, 
the représentative results corresponding to the two 
supercooling values of 0.007° and 0.018°C (associated, 
respectively, with freezing rates o f 10"* and 2.7x10"* m s"' 
[Hobbs, 1974, p. 584]) will be presented and discussed here. 
Furthermore, at such levels of supercooling, according to 
Hobbs [1974, p. 582] and Daly [1984], the resulting fi^l 
would be plain dise crystals without protubérances or 
dendrites, thus corresponding best to the assumption adopted 
in thèse simulations o f frazil crystals growing through the 
advancement of a stable planar interface. 
4 . 1 3 . Boundary layer thickness. In their discussion of the 
influence of the crystal size on the heat and sait transfer around 
a single f i ^ l crystal, Jenkins and Bombosch [1995, pp. 6973-
6974] foUow the analysis of Daly [1984] and assume that 
crystal growth occurs preferentially along the a axes. This 
assumption implies that heat and mass transfer mainly take 
place at the edge of the dises. In that case, and since according 
to thèse authors the typical dise thickness (of the order of 10 
mm) is much smaller than the dissipation length scale in the 
plume, they suggest that, to a first approximation, the crystals 
can be treated as if they move with the fluid, and heat and sait 
(and also stable isotopic) transfer occur only by molecular 
diffusion. Since, following Daly [1984], the appropriate length 
scale for transfer at dise edges is the half thickness o f the dise, 
we then use a z^ of SxlO"'' mm in the context o f a boundary 
layer model, if, for example, we adhère to crystal thickness of 
10'^ mm. Sensitivity tests will, however, be performed for z^ 
values between 1 and 5x10'' mm. 
4.1.4. Equilibrium fractionation factor for 5 " 0 (tteq). This 
parameter has been derived from extrapolation o f laboratory 



ICE-OCEAN INTERACTIONS IN ANTARCTICA: The Marine Ice Perspective 198 

31,392 TISON ET AL: iSOTOPE/SALlNITY SIGNAI. IN MARINE ICE 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

2 .5 -

i 
2 -

0 1.5-

1 -

0 .5-

0 -

3 -

2 . 5 

2 

I 1 . 5 -

. 0 1 -

'•^ 0 . 5 

z>, X, = 0.005 mm bl Na 

r s — T ~ 
3.6 mm/h (10 ms ) 

: z , , = 1 mm : bl Na 

1—r 

- 1 

z. • >, = 0.005 mm blNa , z. • >, = 0.005 mm blNa , 

z. . . r = 0.05 mm blNa z. . . r = 0.05 mm blNa 

2, = 1 mm ... bl Na •-é • -1 • 
9.72 mm/h (2.7 .10 ms ) 

2, = 1 mm ... bl Na 

T 1 i r 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Frazil Crystal Radius (mm) 

Figure 4. Plot of 5'*0 (%o) as a function of the radius (mm) of 
a single frazil crystal dise from model simulations for growth 
rates of 2.7x10"* and 10"* m s"' and a range of boundary layer 
thickness (sw) between 1 and 5x10"' mm ( a ^ = 1.003). The 
shaded area represents a 0.5 mm frazil ice dise radius. 

measurements of to zéro growth rates by three différent 
authors. The most commonly used value (1.003±0.0001) is 
also the oldest [OW'eil, 1968]. Il is, however, very close to the 
1,00291 ±0.00003 value determined more recently by Lehmann 
and Siegenthaler [1991j. Beck and Munnich [1988] derived a 
slightly lower value of 1.00287. 

Figure 4 shows the results of the model simulations for 
growth rates of 2.7x10''' and 10"* m s"' and a range of 
values, between 1 and 5x10"' mm {a^ = 1.003). Taking the 
minimum 1 mm crystal size from our field data (Table 1) as an 
indication of the size of accreting single frazil ice crystals, the 
shaded areas in Figure 4 represent the dise radius. Table 2 
summarizes the bulk isotopic signal of a frazil ice dise l mm in 
diameter, as a function of freezing rate and boundary layer 
thickness, calculated from intégration of the data in Figure 4, 
for a dise geometry. It is clear from Figure 4 and Table 2 that 
(1) the initial transient has to be considered in assessing the 
6 " 0 signal of the crystal, and (2) the rôle of the boundary layer 
thickness (z^) is crucial. If we consider, following Jenkins and 
Bomhosch [1995], a dise thickness of 10"̂  mm (zw = 5x10"' 
mm), then the 5'*0 values are very close to equilibrium 
fractionation, for both freezing rates considered. If, on the 
other hand, we consider a shape ratio that is close to unity (r*; 
= 0.5 to I mm), the effective fractionation is redueed by a 
factor of 2 to 4, depending on the freezing rate considered. 

4.2. Acquisition of the Chemical Properties 
in the Consolidation Phase 

Based on the review of earlier papers [Burton et ai, 1953; 
Cox and Weeks, 1975; Garandet et al, 1994; Nakawo and 
Sinha, 1981; Souchez et ai, 1987, 1988], Plicken [1998] 
provides a thorough discussion o f fractionation and 
ségrégation processes in sea ice. As stated above, models of 
Chemical ségrégation were developed for the case of a solid 
solution with a planar liquid-solid interface [Burton et ai, 
1953]. But this is not the case for seawater freezing where a 
planar interface becomes unstable because constitutional 
supercooling takes place as salts are rejected from the growing 
ice. Instead, a cellular or dendritic interface with 
intracrystalline and intercrystalline brine layers develops 
[FAcken, 1998, Fig. 13; Weeks and Ackley, 1986]. However 
following previous studies on sea ice, Eicken [1998] suggests 
that the stagnant boundary layer diffusion mode! developed for 
a planar interface [Burton et ai, 1953; Garandet et ai, 1994] 
can also be used to adequately simulate both the 5 " 0 
fractionation and the initial salinity ségrégation during 
eolumnar-congelation sea ice growth (progression of a freezing 
front in a body of seawater). 

In the case of granular sea ice (the closest textural 
équivalent to marine ice), there is an additional complication 
since, instead of resulting from the simple progression of a 
freezing front in a liquid réservoir, it forms as a resuit of 
individual crystals joining and coarsening in a liquid. Since the 
porosity of unconsolidated frazil in the absence of stress is 
higher than 50% (see above), Eicken [1998, section 8.1] 
surmises (assuming that negligible fractionation occurs during 
the growth of individual frazil ice crystals, see above) that the 
bulk isotopic signal of granular sea ice forming from frazil is 
actually generated during consolidation of the slush. The 
developments in the previous section suggest that it might not 
be the case for marine ice, where porosities can be much lower 
and where the higher isotopic fractionation characterizing the 
initial transient is likely to affect the bulk crystal's signature. 

Since individual frazil ice crystals are, to a first reasonable 
approximation, devoid of sait inclusions, ail the salinity signal 
of granular sea ice will corne exclusively from the 
consolidation process of the interstitial host water. Considering 
that in the Weddell Sea data set presented by Eicken [1998] the 
characteristic pattems in the 5'^0 profile from coluranar 
congélation ice are also displayed in cores consisting 
predominantly of granular ice, and that frazil embedded in 
congélation ice often does not exhibit any significant déviation 
from the adjacent layers, Eicken considers that the boundary 
layer concept should also be valid, at least to a first 
approximation, for granular sea ice. We will use this 
assumption for granular marine ice, and therefore calculate the 

Table 2. Mean 5 " 0 Values for Frazil Ice Dises 1 mm in 
Diameter, as a Function of Growth Rate and Boundary 
Layer Thickness' 
Zbi / Growth Rate 2.7x10"* m s"' 
0.005 mm 
0.05 mm 
0.5 mm 
1 mm 

2.34 
2 .22 
1.33 
1.04 

2 .32 
2.01 
0 .54 
0 .46 

' Values in %o. The 8**0 of parent watcr iTtaken as -Q Jh%a. 
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isotopic and salinity signature of the frozen interstitial host 
water using (4) and considering that we are dealing with a 
continuous freezing process in a semi-infinite réservoir, where 
the profile of the chemical species results from a succession of 
steady state values. 

Table 3 summarizes the range of available values that we 
could use as inputs in (4). Most of thèse variables show a large 
range of values. 
4.2.1. Isotopic value of the host water. Two main water 
masses are likely to act as host water for the individual frazil 
ice crystals accreting below the ice shelf: ice shelf water and 
high salinity shelf water. We will use mean values of 
respectively -0.6l%o and -0.42%o given for the Ross Sea by 
Jacobsetal. [1985]. 
4.2.2. Porosity. As discussed above, the porosity of the 
unconsoiidated marine ice will dépend on the degree of 
compaction under the deviatoric buoyancy stress and latéral 
compression. It can thus vary greatly between 40 and 67% and 
5%. This latter value is indeed a limiting value since, below it, 
it is generally considered that the brine inclusions are isolated 
from each other (see "law of fives" by Cox and Weeks [1975]) 
[Golden et al, 1998; Weeks and AcUey, 1986]. Below that 
limit, freezing would thus occur in a closed System. 
4.23. Equilibrium segregation/fractionation coefncient 
(factor). A large range (nearly 3 orders of magnitude) exists 
for the value of the equilibrium ségrégation coefficient (or 
factor). This results from the fact that the concept of 
"equilibrium" ségrégation, as used in the boundary layer 
model, is strictly valid only in the case of a planar interface. 
However, as the concentration in the liquid at the ice/water 
interface increases, sait inclusions will be located (1) in the 
crystal lattice, (2) at grain boundaries (intercrystalline brine 
inclusions), and (3) in intracrystalline brine inclusions between 
ice platelets resulting from the development of a non planar 
cellular or dendritic interface. This latter process results in the 
typical "skeletal layer" described in the bottonmiost layers of 
sea ice [Weeks andAckley, 1986, Eicken, 1998, Fig. 13]. 

Gross et al. [1977] tested the concentration dependency of 
the equilibrium ségrégation factor for Na^'Cl solutions 
between 10"* and 10"' M (6x10^ to 6%o) in forced convection 
(Table 3). Although the growth rate for ail experiments was 
about 10"̂  cm s ' (i.e., in the range of the high freezing rates of 
Cox and Weeks [1975]), forced convection ensured the non 
dependence of k^ on the growth rate, that is, kai = k*^ (an 
asterisk dénotes an experimentally derived value). For initial 
concentrations between 10"* and 10'' M, the experiments 
yielded a mean k*^ of 2.78x10"', with no détectable 
dependency on the concentriation [Gross et al, 1977, Fig, 10], 
However, between 10"̂  and 10"' M (the upper range of the set 
of experiments), considérable changes occur, with k*^ 
increasing to 4.7x10"'. Gross et al [1977] attribute thèse 
changes to the effect of solubility limit being approached and 
the occurrence of "interface breakdown." Concentrations in the 
ice at that stage are of the order of 200 ̂ iM, a value reasonably 
close, given the measurement errors in both cases, to the 
solubility limit of 300 nM CI" observed by Moore et al [1994] 
on B13 samples. The increased value of A*^ observed by 
Gross et al [1977] for bulk solution saltiness of a few %o 
likely corresponds to the transition from saturation of the 
crystal lattice to inclusions at crystal boundaries and, 
eventually, intracrystalline cells. Lofgren and Weeks [1969] 
recorded transition between planar and non planar interfaces 
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during freezing of l%o (unstirred) and 3%o (stùred) NaCl 
solutions. More recently, Nagashima and Furukawa [1997] 
recorded transitions during the freezing of 3%o NaCl solutions 
in a thin cell (unstirred). Ail thèse observations corroborate 
calculations from Tiller [1962] and Weeks andAckley [1986], 
suggesting that a non planar interface with steep wall planar 
grooves will be stable for réservoir salinity of a few %o, thus 
increasing the value of kfi^. 

Because the interface is no longer planar, the value of k*^^ 
will dépend on the detailed morphology of the interface, itself 
a fiinction of the interface water salinity {Cl), that is, of the 
growth rate, ail other things (bulk réservoir salinity, boundary 
layer thickness) being equal. This has been demonsfrated 
experimentally by Cox and Weeks [1975] who determined 
"equilibrium" ségrégation factors for NaCl solutions at 34.7%o 
salinity (Table 3) by extrapolating laboratory measurements of 
teff to zero-growth rate {k^ thus equals ^ ) . For growth rates 
generally higher than those encountered in natural sea ice, k*^^ 
= 0.26 is obtained. For typical sea ice freezing rates, the 
expérimental data produce *:*jq = 0 .17 , tobe compared to 
= 0.12 extrapolated from field data by Nakawo and Sinha 
[1981]. Finally, for even lower growth rates, t*eq still 
decreases. We suggest that this dependency of the observed 
k*^ on the range of expérimental velocities used is the 
expression of the impact of the growth rate dépendent interface 
water salinity on the ice-water interface micromorphology. 

Field observations from exceptionally thick sea ice (10 to 12 
m [see Cherepanov, 1966]) and columnar/congelation ice 
forming at the bottom of the Ross Ice Shelf (site J9) at 416 m 
depth [Zotikov et al, 1980], confirm this frend of decreasing 
)t*jq with decreasing growth rate at similar réservoir salinity 
(Table 3). Indeed, applying Burion's [1953] équation (4) to the 
k^ value of 0.071 observed at the bottom of 10 to 12-m-thick, 
old Arctic sea ice (with zj/= 0.29 cm, v= 1.5x10"* cm s"' and 
Z>= 6.9x10"' cm^ s"') gives k^= of 0.067. Similarly, using k^ = 
0.068 and V = 5x10"' cm s"' for J9 gives 0.0678. It should 
be noted, however, that thèse values could be 
underestimated since the observed k^ values include possible 
desalination effects. However, the latter are probably limited, 
particularly in the case of J9, where flushing by meltwater is 
precluded and where fluctuations of the température gradient, 
an essential driving force for the other desalination processes, 
is much smaller than for sea ice. 

The close agreement between k^s and k^ suggests that for 
such low growth rates, C; = Cg (the bulk réservoir salinity) = 
34.6%o (the mean seawater salinity used in the calculation 
above), which provides us with the lowest bulk ^ value at this 
salinity level of a typical océan water réservoir freezing with a 
non planar cellular interface. 
4.2.4. Boundary layer thickness. Another parameter to 
consider is the choice of boundary layer values (r»,) for both 
species. In his approach for sea ice, Eicken [1998] dérives a 
lower value for zm'o (1-3 mm) than for ZWN«CI (2-9 mm). This is 
physically sound since oxygen isotopes are mainly 
incorporated at the tip of the ice lamellae whilst NaCl is 
mainly incorporated in the grooves of the skeletal layer which 
are more sheltered from mechanical convection in the 
réservoir. The layer where transport occurs by diffusion only is 
thus likely to be thicker in the NaCl case. This geometrical 
configuration is, however, only strictly valid for columnar sea 
ice. 



Table 3. Literature Survey of the Parameter Values for Use in Burton's [19531 Equation (4) 
Salinity Signal Isotopic Signal 

Variable Values Remaiks Sources Values Rematks Sources 

Host water 34.535%o 

34.84%o 

Porosity 40to67% 

below40% 

"Equilibrium" V = 0 - 2 6 
ségrégation/ 
fractionation 
coefBcient *iq*=0.17 
(factor) 

V = 0 . 1 2 

V = 0.068 

V = 0.067 

V = 0 - 0 4 

*^*= 0.0047 

i i , ** 0.0028 

Boundary I^«r zufa = 0,29 
âiidbiess 
(cm) 

ZNN.= 0.09 

6.9x10"'° 

mean ISW from Ross Sea 

mean HSSW from Ross Sea 

frazil in rivers and experiments 
indirect fiiom sea ice salinity 

effect of deviatoric buoyancy stress 
effect of lates^J compression 

"NaCl experimenls and h i ^ freezing 
rates 

^ a C l experiments and natural sea ice 
freezing rates 

Arctic first year sea ice data set 

congelation/columnar ice at the bottom of 
J9 ice core (Ross Ice Shelf^ 416 m 
dq)th) 

bottom of drifKng Arctic Station SP6 
(10 to 12 m tfaick) 

Antarctic first year sea ice 

forced convection e;q>aiments on 
médium salinity diloride solutions 
(10'AO 

forced convecticHi experiments aa low 
salimty diloride solutions 
(lO-'tolO-^Ai) 

Jacobsetal.,[\9i5] 

Jacobsetal, [1985] 

Andersson and Daly, [1992], 
Eicken, [1998], Tison et al, 
[1993], White, [1991] 

Eicken et al., [1994], Khazendar et 
a/.,[2001],7ïso/»e/o/.,[1997. 
1998] 

CoxandWeeks,imS\ 

-0.61%o 

-0.42%o 

DifEusiMi 
coefScient 
( m V ) 

Freezing rate variable 

CoxandWeeks, [1975] 

Nakawo and Sinha, [1981] 

Zotikov et al, [1980] 

Cherepanov, [1966] 

Souchezetal., [1988] 

GroOTC» a/., [1977] 

Grasset al., i\9Tr\ 

Eicken, [1998] 

Souchezetal, [1988] 
Eicken, [1998] 

based on beat conduction across the ice 
shelf and modulated by the porosity 

a», =1.0030 

««,=1.00287 

a „ = l .00291 

rws'0 = 0.13 

z«»"o = 0.09 

variable 

mean ISW from Ross Sea 

mean HSSW fitmi Ross Sea 

based on heat conducticm across 
the ice shelf and modulated by 
the porosity 

Jacobsetal,[l9i5\ 

Jacobsetal, [1985] 

O'Neil, [1968] 

Beck and Mûnnich, [1988] 

Lehmam and Siegenthaler, 
[1991] 

Eicken, [1998] 

Souchezetal,[\9î.'S\ 

Eicken, [1998] 
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4.3. Dérivation of Bulk Chemical Properties 
and Sensitivity Tests 

As stated above, we will use the approximation that the bulk 
signal we measure in the marine ice core results from the 
combination of the signal from a single frazil crystal with the 
signal in the frozen interstitial host water. The mixing ratio 
between the two signais will be the chosen porosity of the 
médium at the time of consolidation. Représentative results of 
sensitivity tests of the model are shown in Figure 5. Ail graphs 
are designed along the same lines. Field data from the NIS core 
are shown as dotted open circles in the foreground. Each curve 
with a gray scale symbol represents the results of one 
simulation run for a given porosity (mixing ratio) of the 
médium. The gray scale of each svmbol is based on the 
freezing rate scale from 10"' cm s (white) to 10'' cm s'' 
(black). Parameter settings are indicated on the top of each 
graph. 

In Figures 5a to 5c we focus on the effect of the ségrégation 
factor for Na (t*„,N.); Z»JN., zi,!i%, 1.003), the 5 " 0 value of 
individual frazil ice ciystals (5"Oft^) and of the host water are 
therefore kept constant. Eicken [1998] values for Eï^., Ds^o. 
^biNn, and 2bis% were chosen, and we selected a mean value of 
2.22%o for 6'*Ofr^. This corresponds to the lowest growth rate 
and a zu of 0.05 mm in Table 2. We thus favor at this stage a 
dise thickness-to-length ratio of 1/10 on the basis of visual 
observations [Arakawa and Higuchi, 1954; Weeks and Ackley, 
1986, Fig. 8 and 9]. The host water was taken as the mean 
Ross Sea ISW value (Table 3). Figures 5d and 5e use ô"0fr^i, 
host water and a„, values as before, with a it*eqN. of 0.005, and 
test the sensitivity of the results to changes in boundary layer 
thickness for both Na and S " 0 . In Figures 5f and 5g, the 
5"Ofruii is varied to evaluate the conséquence of choosing a 
fractionation factor doser to equilibrium (as would occur for 
thinner dises and/or smaller zw), or fiirther away from 
equilibrium (as would occur for faster growth rates and/or 
larger zj/). Finally, Figure 5h shows the impact of lowering the 
ô " 0 value of the host water to the mean HSSW value from the 
Ross Sea data. 

5. Discussion 

5.1. Mode! Simulation of the NIS Data Set 

In a first attempt we used the set of parameters applied by 
Eicken [1998] for sea ice growth in the Weddell Sea (Figure 
5a). There is obviously a total discrepancy between the 
distribution of the field data and the simulation results as far as 
salinity is concemed, even for the lowest porosity value of 5%. 
Simple compaction down to the connectivity threshold will 
thus not satisfactorily explain the observed salinity values, 
even at the lowest freezing rates. We then have to look for 
alternative paths (other than porosity) to decrease the simulated 
salinity of the bulk marine ice. As discussed previously [Tison 
et al, 1993], we are left with only two main options: either a 
considérable dilution of the host water, or the choice of a much 
lower "equilibrium" ségrégation factor for salts (k*^. 
Considering the data from Figure 5a, dilution factors between 
2 (for the lowest porosity and at the lowest freezing rates) and 
15 (for porosity of 50% and at the lowest freezing rates) are 
necessary to shift the simulation results close to the saltiest 
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records of the field data. Running the model choosing a host 
water dilution factor of 2 by glacial melt of meteoric origin (S 
= 17.26%o and S " 0 = -10.3l%o) gives {S;S"0} values ranging 
between {0.863;1.59} at 3.6x10^ cm s"' and {0.115;1.74} at 
2.9x10"* cm s"' for a porosity of 5%. Although this indeed 
brings the salinity value to the level of the highest observed 
values for low freezing rates, it also decreases the isotopic 
signal below the lowest observed value. Clearly, as underlined 
by Tison et al. [1993], this dilution process is only conceivable 
if a peculiar environment exists that would protect the host 
water from mixing with seawater existing below the loose 
frazil ice accumulation, and if the melting ice that contributes 
to the dilution process abeady has a marine isotopic signature. 
Such a situation could, for example, exist in the case of loose 
marine ice accumulations in rifts or inverted dépressions at the 
ice shelf s base, close to the ice shelf front, where melting 
resulting from tidal forcing of warm summer siuface waters 
under the ice shelf is active [Tison et al, 1998]. 

In Figures 5b and 5c, k*,^^ has been reduced to 0.068 (the 
lowest observed value in natural columnar ice grown from 
seawater) and 0.005 (the equilibrium fractionation observed at 
"interface breakdown" for a 6%o salinity in the Gross et al. 
[1977] experiments), respectively. Only in the latter case do 
tiie simulations cover the range of salinity observed in the NIS 
marine ice samples, for porosity lower than 60-70%. Thèse 
results suggest tfiat we must find the origin of the discrepancy 
in fractionation between slowly growing columnar ice (e.g., 
J9) and our marine ice in the morphology of the freezing 
interface that pénétrâtes the unconsolidated frazil ice slush. 
Although we do not know the morphology of the freezing 
interface in the case of marine ice consolidation, we know that 
the ségrégation process is limited to intercrystalline brine 
inclusions, since no intracrystalline substructure is observed in 
any of the deep marine ice cores described in the literature. 
Therefore it is plausible that the prooesses at work require 
equilibrium fractionation values similar to the lowest one 
measured at saturation of ciystal lattice and interface 
breakdown by Gross et al. [1977], when jq)proximated by a 
boundaiy layer modeling concept. 

Figure 6 proposes a schematic depiction of how processes 
that combine melting under compaction and refreezing under 
beat conduction might work. Starting at a stage where the 
aggregate of loose ciystals begins to develop solid-like 
characteristics (approximately 30-40% porosity, see above) 
under latéral compression and deviatoric buoyancy stress, 
neighboring grains (solid line) will partially melt at contact 
points and feed fresh meltwater into Âe interstitial host water. 
This will (1) reduce the porosity (broken lines) and (2) lower 
the salinity and enrich the S " 0 of the interstitial water. 
Subséquent freezing of the host water under beat conduction 
will enrich the ice phase in ô " 0 , impoverish the remaining 
liquid in ô"0 , increase its salinity and drive sait and isotopic 
diffiision through the interconnected interstitial water network. 
The process is likely to continue until the 5% porosity 
threshold is reached and closed System freezing occurs. The 
resuHing texture is in accordance with that observed, lacking 
the intracrystalline cellular inclusions, and sait impurities 
remain located at grain boundaries once the ice lattice is 
saturated. 

Since no intracrystalline substructure is developed in marine 
ice, one mdght wonder if différent boundary layer thicknesses 
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Figure 6. (a) Simplifiée! sketch illustrating the assumed 
process of porosity réduction in a compressed frazil ice 
crystals aggregate, and (b) the further consolidation by freezing 
of the diluted interstitial water. The latter process will resuit in 
sait diffusion toward the bulk of the réservoir as long as the 
porosity threshold (5%) is not attained. The whole process 
prevents the development of intracrystalline substructures. 
Numerals refer to 1, crystal before compaction; 2, crystal aller 
compaction; 3, meltwater from pressure-melting; 4, interstitial 
water space before compaction; 5, interstitial water space after 
compaction; 6, refrozen interstitial meltwater. 

still apply to salinity and 5'*0. Figure 5d is identical to Figure 
5c, with the exception that the zj^j, and ẑ '̂̂ o values are both 
set to 2.9 mm. Results from the model now better cover the 
range of the observed 5 " 0 values, taking error bars into 
account. A major uncertainty nevertheless persists in the actual 
value of zy. However, Figure 5e shows that changing the value 
of zj, to I mm does not alter the location of the simulation 
curves in the graph. The only change is that lower salinity and 
higher 5 " 0 values are obtained for the same freezing rates and 
porosity. 

Figures 5f to h have been designed to illustrate the 
sensitivity of the model results to changes in parent water and 
host water values. If the dise thickness of the individual ice 
ciystals forming in the "frazil ice phase" is doser to the 0.01 
mm chosen by Jenkins and Bombosch [1995] (zw = 0.005 mm) 
and/or if the growth rate is lower than the lower value of the 
range produced in their case study, the mean 5'*0 value of the 
frazil dises will be very close to the equilibrium (2.38%o). 
Figure 5f shows that, in that case, the highest isotopic values 
from the data set can be reproduced, at low porosity (5 to 
10%). Inversely, if the growth rate equals the maximum 
predicted values from Jenkins and Bombosch [1995], then the 
lowest isotopic values from the data set are covered (Figure 
5g). Choosing even higher supercooling levels (i.e., higher 
growth rates) would clearly further increase the discrepancy 
between the data and the simulations. Changing the host water 
values from ISW to HSSW (S= 34.838%o and ô'*O=-0.42%o) 
[Jacobs et ai, 1985] in the consolidation phase only slightly 
allers the simulation results (Figure 5h). 

Although small realistic changes in the isotopic signal of the 
individual frazil ice crystals allow coverage of the whole range 
of observed isotopic values, one should be careful not to 
consider this as the only option. Indeed, the model in its 
présent state does not include melting-refreezing effects under 
stress. Closed system refreezing at low freezing rates and low 
porosity (i.e., in the low salinity range), in a process such as 

that sketched in Figure 6, would increase the isotopic 
variability allowing both higher enrichment of the first 
refrozen layers and entrapment of depleted residual waters 
[see, e.g., Jouzel and Souchez, 1982; Souchez and Jouzel, 
1984]. This is the trend observed for our data points in Figure 
2. 

5.2. Applicability of the Mode! to Other Marine Ice Cores 

Now that the model has been used to simulate the NIS data set, 
with the appropriate parameter choice, we discuss its potential 
suitability for other marine ice cores. It could be asked whether 
the process of consolidation through heat conduction across 
the ice shelf is still valid for marine ice occurring at greater 
depths, as is the case for B13 in the central part of the Ronne 
Ice Shelf [Eicken et ai, 1994]. To test this possibility, we have 
plotted in Figure 7 the results from a simple thermodynamic 
calculation applied to the E l 3 case. Based on the assumption 
that the heat conducted through the ice results in the freezing 
of the interstitial host water, an itérative calculation of the ice 
incrément Consolidated per unit time can be performed for 
various fixed porosity, starting with an initial thickness of 153 
m (meteoric ice thickness at B13 [Oerter et al., 1992]). 
Plotting the total ice tiiickness at B13 (239 m [Oerter et al. 
1992]) versus the estimated travel time from initiation of 
marine ice accretion to B13 (450 years [Oerter et al., 1992]) 
shows that consolidation through heat conduction is a 
plausible process (with a mean constant porosity slightly lower 
than 20%). That similar processes are at work is further 
supported by the similarities between the NIS and B13 data 
sets in Figure 2. The mean isotopic values for B13 and NIS are 
2.0l%o and 2.12%o, respectively. This différence of 0.l%o can 
be partially explained by the fact that ISW has been reported to 
be slightly more négative in the Weddell Sea (-0.66%o [Weiss 
et ai, 1979] against -0.6l%o in the Ross Sea; Table 3). 
Furthermore, the BI3 data set shows the same pattem of 
isotopic dispersion at low salinity as is observed for the NIS 

1000 1500 2000 2500 
Time (years) 

Figure 7. Cumulated Consolidated ice thickness for various 
constant porosity values as a function of time in the case of the 
B13 ice core (Filchner Ice Shelf), calculated using a simple 
heat conduction model. Initial thickness is 153 m of meteoric 
ice, as observed at BI3. Total ice thickness at B13 and 
estimated travel time from initiation of marine ice accretion to 
the B13 site [Oerter et al, 1992] are plotted as a star (see text). 
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case. Note that entrapment of depleted residual waters, as 
suggested in the processes described above, could also be 
responsible for the few outliers in the isotopic distribution of 
marine ice samples from B13. NIS samples that were 
Consolidated doser to the surface, and therefore at higher 
freezing rates of the interstitial host water, accordingly show a 
salinity range shifted toward higher values. Finally, although it 
is difficult to rely on only three sample points, the 
isotope/salinity data from marine ice of the Gl Amery Ice 
Shelf core suggest that the growth rate is the primaiy control 
on both signais, but at différent levels of parent and/or host 
waters. 

6. Conclusions 

Marine ice has now been shown to form in a wide range of 
locations, generally coincident with initially weaker (thinner) 
areas of ice shelves. Thèse ice bodies, usually several tens of 
meters thick, act as a welding agent with its own peculiar 
Chemical properties. The latter are likely to control the 
rheological behavior of marine ice and therefore its efFiciency 
in stabilizing ice shelf flow. It is thus crucial to obtain some 
better insight into the processes that lead to its formation. 

In this study, an attempt has been made to model for the 
fu^t time the combined S"0/salinity signal of marine ice and 
compare it to the measured properties of an actual body of 
marine ice. Isotopic fractionation during phase 1 of the process 
("frazil ice phase") is adequately simulated using a boundary 
layer model with variable settings appropriate to growrth of 
small size individual dises. N o dedicated model is ciurently 
available for fractionation during the "consolidation phase" 
where individual crystals are thought to join and coarsen while 
immersed in the host water under the combined effect of 
buoyancy deviatoric stress, latéral compression and heat 
conduction through the ice shelf. As a first step we have tested 
the efFiciency of a consolidation process solely driven by the 
freezing of the host water, using a boundary layer modeling 
approach in a semi-infïnite réservoir. The simulations show the 
following: 

1. Initial transient characteristics have to be considered 
while estimating the ô " 0 signature o f the small individual 
crystals forming in the "frazil ice phase." For a realistic range 
of growth rates, the ô " 0 signature of thèse frazil ice crystals 
will indeed be higher compared to parent water vàien the 
initial transient is considered, 

2. Applying a boundary layer model concept to the 
"consolidation phase," with the parameter values used for sea 
ice or columnar/congelation marine ice, cannot explain the 
observed ô"0/salinity relationship, even for porosity close to 
the permeability limit (5% [Cox and Weeks, 1975; Golden et 
al, 1998; Weeks andAcUey, 1986]), 

3. In the framework of the boundary layer concept used as 
an approximation for the consolidation process, the 
simulations compare well with the measured properties only 
when using a ségrégation factor value o f k*^ 0.005. This 
value is an order of magnitude lower than the lowest observed 
value in columnar ice growing from seawater at équivalent 
depth. It reflects the fact that the actual process of 
consolidation does not allow the development of 
intracrystalline substructures, impurities being confined to 
interciystalline location afler saturation o f the crystal lattice. 

4. It is obviously unrealistic to cover the isotope/salinity 
signal of ail the observed data points in a single simulation 
with decreasing growth rate and a constant set of parameters. 
Porosity and water characteristics are also susceptible to 
change in the course of the process. For example, the small 
group of samples with the highest salinity could have resulted 
from a consolidation process at low porosity and relatively 
high freezing rates as a resuit of closure under high latéral 
compressive stresses occurring relatively close to the surface. 
Choosing boundary layers of équivalent size and/or changing 
the isotopic signai o f the individual fiuril ice crystals (in 
accordance with the growth rates range in the water column) 
would account for the extrêmes in the 5 " o distribution in the 
Consolidated marine ice. However, closed System refreezing in 
the pores at low freezing rates and low porosity is an 
alternative explanation for the observed increased 5 " 0 
variability at low salinity, 

5. Although spaiming a différent range of salinity, because 
of their différent depth location, the NIS and B13 cores show 
nearly identical 5 " 0 ranges and a similar trend to increased 
5*^0 variability at low salinity. This suggests that the same 
processes are controlling the isotope/salinity signature of the 
marine ice at both locations. As a fîrst ^proximation, we 
might consider diat the 5 " 0 signature is mainly controlled by 
the one of the individual fi^l ice crystals. Dispersion occurs 
through dissociation of the host water freezing products at 
lower freezing rates and porosity. Salinity is mainly controlled 
by the freezing rate (and thus A e freezing depth) of the host 
water and by the porosity réduction in the consolidating 
médium. 

Obviously, the model described here is only a crude 
description of the real world situation. Processes such as 
coarsening and sintering o f dises, which are known to occur in 
bodies of consolidating frazil [e.g., Martin and Kauffman, 
1981], were not included. However, sensitivity tests have 
allowed us to define several important variaA}le settings, 
différent from those used in sea ice growth models, that will 
have to be considered in future more sophisticated models for 
marine ice formation. Expérimental work and theoretical 
development on equilibrium fractionation processes in 
granular média (both in the genesis and consolidation phases) 
are also clearly needed to further assess the parameter choices 
made in this pq)er. On a broader scale, mechanical tests on 
marine ice samples are currently underway in order to 
characterize their rheological behavior. 

Notation 
equilibrium ôtictionation factor (coefficient) 
for "O. 

Oteir effective (apparent) fractionation factor Oteir 
(coefficient) for '*0. 

S " 0 value of individual fi^zil ice ciystal 

E (a-l)xlOOO%o. 

c . impurity concentration in the solid at the ice-
water interface. 

c , impurity concentration in the liquid at the 
ice-water interface. 

c« impurity concentration in the bulk réservoir. 

D diffusion coefficient 
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equilibrium ségrégation factor (coefficient) 
for sait impurities; an asterlsk dénotes an 
experimentally derived value, 

keff effective (apparent) ségrégation factor 
(coefficient) for sait impurities. 

R, isotopic ratio " 0 / " 0 (or D/H) in the solid. 
R, isotopic ratio " 0 / " 0 (or D/H) in the liquid. 
Ry-SMOw isotopic ratio " 0 / " 0 (or D/H) in Vienna 

standard mean océan water. 
V growth rate. 
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4.1. Foreword 

We have shown in the previous sections how marine ice can be widely distributed into ice shelves, 
and demonstrated the various processes involved in its genesis. Here we will discuss the potential 
contribution of those processes to the sensitivity of thèse key polar areas to the ongoing global climate 
warming, as well as to previous natural climatic changes. We will also show how working on the ice-
ocean interactions processes under ice shelves enlarges our perception of the mechanisms occurring at 
other ice-water interfaces. Finally, we will enumerate a séries of recommendations that we see as the 
milestones for future research in the area. 

4.2. Implications for ice shelf mass-balance and stability in a global warming perspective 

4.2.1. DieÊectric properties of marine ice, radio-echo-soundings and ice shelf mass-balance 

During the metamorphism of snow into ice or during the phase change f rom water to ice, most of 
the impurities will be expelled from the ice lattice. Some however, like N H 4 * of Cl" (of peculiar interest 
in marine environments), have an ionic or atomic radius, which is very close to the one of Oxygen. For 
those components, substitution can therefore occur within the crystal lattice, introducing defects. As the 
impurity concentration increases, saturation of the lattice will be reached, and impurities in excess will be 
located at grain boundaries. It is interesting, in this regard, to see where marine ice stands in the range of 
natural ice bodies. Moore et al. (1994) studied the relationship between conductivity (absorption) and 
chlorinity (saHnity) at -22°C for samples of meteoric ice (crosses), marine ice (squares) and sea ice (other 
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Figure 64: Logaritfimic plot of conductivity (absorption) versus Cl 
concentration (salinity) at -22°C for samples of meteoric ice, marine ice, and 
sea ice (Moore et al, 1994). 
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symbols), as shown in Figure 64. The same authors also used Scanning Electron Microscope (SEM) 
pictures to show that the solubility limit for chlorine in the ice lattice is of about 300|xM (confirming 
earlier laboratory observations by Seidensticker (1972) and Gross et al. (1977) - 100-200 ^iM). Clearly 
f rom Figure 64, marine ice lies just above that limit, with a chlorinity concentration about I order of 
magnitude higher than meteoric ice and two order of magnitude less than sea ice, as we have already 
stated before. The important fact, is that marine ice therefore shows a much higher density of lattice 
defects than meteoric ice, that are of major importance in controUing the dielectric properties of the ice. 
Dielectric properties characterize the capacity of energy storage and dissipation of a non-metal (ice, in 
this case) when it is submitted to an electro-magnetic wave field (radio echo-soundings, for example). It 
has been shown (e.g. Hobbs, 1974), that imperfections in the crystal lattice (L and D defects) induce 
higher energy dissipation due to dipoles re-orientation under alternative currents (polarizing effect of the 
current), and this explains why the absorption values in marine ice (Figure 64) are about 10 times higher 
than in meteoric ice. 

Enhanced absorption of electromagnetic waves as they cross a meteoric ice/marine ice boundary 
can often resuit in a misleading interprétation where the meteoric ice/marine ice interface is mistaken for 
the trace of the ice shelf bottom (ice - sea water interface). In tum, this can lead to serions 
underestimation of the ice shelf thickness and therefore of the ice shelf mass balance, a crucial input to 
ice-sheet stability. A safe diagnostic for total ice shelf thickness therefore requires, because of the 
potential occurrence of marine ice, that the RES measurements be cross-checked against alternative 
geophysical methods like seismic, GPS or satellite radar altimetry (e.g. Figures 17, 20 and 21). 

4.2.2. ô"0 as a geochemical tracer of the contribution of ice shelf melting to the ice shelf mass balance 

Schlosser et al. (1990) used Oxygen-18 measurements in a séries of 9 water profiles in front of the 
Filchner Ice Shelf (Figure 65a,b) to detect the fraction of glacial meltwater in the Ice Shelf Water f lowing 
out at the front. Figure 65c plots the potential temperature^/ô'^0 relationship in ail the profiles. Clearly, 
the relationship is linear for températures below the freezing point of seawater at atmospheric pressure 
(i.e. for samples of Ice Shelf Waters). The shift in ô'^O between the surface water and ISW is about 
0.3%o. Assuming a ô'^O concentration of -50%o for the glacial meltwater f rom the ice shelf, the fraction 
of meltwater contained in the ISW at potential températures below -2°C can be estimated to be about 6%o. 

In analogy to the ô'^'O balance of the meltwater fraction contained in ISW, Schlosser et al. (1990) 
applied a salinity balance to the same problem. Assuming a salinity of the ISW of 34.65%o observed at 
stations located in the western Filchner Dépression and further assuming a salinity of Western Shelf 
Water (WSW, the local name of High Salinity Shelf Water (HSSW)) of 34.75%o (Foldvik et al., 1985), 
the meltwater fraction is estimated to be about 2.9%o, i.e. half the value obtained using ô'^O. Schlosser et 
al. (1990) suggest two possible explanations for that discrepancy: 

(a) In the ô'^O balance, ISW is compared with near surface waters, instead of W S W (HSSW), 
which is used for the salinity balance, and more reliable since it is the one that really mixes 
with the glacial ice that it melts to produce ISW (see Figure 10). No HSSW ô'^O was 
available to Schlosser et al. (1990) for comparison 

(b) The salinity method could yield a lower fraction of meltwater, because "...some of the ISW 
might freeze again at the underside in the front part of the ice shelf (Hellmer, 1989). Such a 
freezing process would affect '^O concentration only to a minor extent (relatively low 
fractionation coefficient for the freezing of water) but would release most of the sait 
contained in the freezing water..." 

The potential température (9) refers to the température that the water mass would indicate if it was located at the surface 
(atmospheric pressure). 
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Figure 65: The Potential température/^^O 
relationship in sea water profiles in front of the 
Filchner Ice Shelf (Schlosser et ai, 1990). 

The latter description is actually anticipating the later developments on marine ice formation 
discussed in this Thesis. However, although it is true that ô'^O fractionation is of relatively low 
amphtude, it can still be an order of magnitude higher than the différences discussed by Schlosser 
et al. (1990). Therefore, our findings in section 3.4. lead us to recommend that salinity is used 
instead of ô'^O to provide reliable estimâtes of the glacial melt contribution to ice shelf mass 
balance. 

4.2.3. Effect of impurities on ice rheology and potential rift welding efficiency in grounding and calving 
areas 

The increased number of defects in the crystal lattice of marine ice, as compared to meteoric ice, is 
also likely to affect its rheological properties, by increasing the initial dislocation density. Softening of 
the ice through an increased impurity content has already been suggested as a source for the increased 
strain rate of Pleistocene (glacial) meteoric ice as compared to Holocene (interglacial) ice in the Bames 
Ice Cap (Hooke et al., 1988). Thorsteinsson et al. (1999) observed an abrupt increase in strain rate at a 
height of 200m above the bed at Dye-3, Greenland, even though the température and fabric were 
smoothly varying functions of depth. They note a simple flow law and fabric development cannot 
account for the observed trends. However, they did find a statistical corrélation between the higher strain 
rates and the levels of particulate and soluble impurities in the ice. 

The peculiar properties of marine ice therefore make it prone to affect the rifts and crevasses 
welding efficiency in grounding and calving areas. Although Antarctic rifts and basai crevasses are 
common, their overall coverage area probably does not exceed a small fraction of that of a big ice shelf. 
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However, they could make a disproportionate contribution if they occur at the grounding line, which is a 
point of compulsory passage for continental ice on its way to the sea. There, fractures could be filled with 
marine ice and exported downstream before new fractures form at the same point again and the process is 
repeated. In this scénario, marine ice rheological properties cannot be neglected in understanding the ice 
shelf s behaviour, notably in a changing climate. Figure 66 shows the disintegrating Larsen B ice shelf, 
on 7 " ' of March 2 0 0 2 . It is interesting to note, far inland from the front, the high density of individual 
icebergs delimited by a dense network of former rifts and crevasses, ail potential locations for marine ice 
formation or disintegration, depending on océanographie conditions. 

Recently, Rignot and MacAyeal (1998) and MacAyeal et al. (1998), have used ERS (European 
Remote sensing Satellite) SAR (synthetic aperture radar) interferograms to study the Filchner-Ronne Ice 
Shelf dynamics near two ends (Lassiter Coast to the west and Hemmel Ice Rise to the east) of the 
iceberg-calving front (Figure 67). Thèse authors note that many of the large rifts that appear to form the 
boundaries where tabular icebergs may eventually detach from the ice shelf are filled with a "mélange" 
of sea ice, ice shelf débris and wind-blown snow. The continuity of the interferometric fringe pat tems 

Figure 66: MODIS (Moderate Resolution Imaging Spectroradiometer) visible satellite image of the Larsen B ice shelf on 
the /* March, 2002 during the total collapse. Source: National Snow and Ice Data Center - (http://nsidc.org) 

http://nsidc.org
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Figure 67: ERS SAR images (a), 
sketch maps (b) and interferograms (c) 
for the Hemmel Ice Rise (HIR, left 
column) and the Lassiter Coast (LC, 
right column) at the Filchner-Ronne 
Ice Shelf calving front. A location map 
is shown on top (after Rignot and 
MacAyeal, 1998). 

(that can be interpreted as the expression of the ice displacement) within rifts shows that this mélange 
tends to deform coherently in response to the ice-shelf flow and has sufficient strength to trap large 
tabular ice-shelf fragments for several décades before the fragments eventually become icebergs. This 
brings Rignot and MacAyeal (1998) to suggest two possible mechanisms by which climate could 
influence tabular iceberg calving: 

(a) Spatial gradients in oceanic and atmospheric température may détermine where the mélange 
melts and, thus, the location of the iceberg-calving margin 
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(b) Melting or weakening of the ice mélange as a conséquence of climate change could trigger a 
sudden or widespread release of tabular icebergs and lead to rapid ice-shelf disintegration 
(the Larsen B scénario?) 

Our work in the Nansen Ice Sheet area (Ross Sea) and in the George VI Ice Shelf area (Antarctic 
Peninsula), demonstrates that the filling of rifts is not always the ice mélange described above, but 
possibly marine ice with variable thickness, depending on the sub- ice shelf océanographie context. The 
stability of the ice shelf front could therefore, in those cases, dépend on other variables Hke: 

(a) The existence of an ascending Ice Shelf Water plume below the rifting area, that would 
considerably increase the thickness of the welding unit, making it eventually less sensitive to 
oceanic or atmospheric warming 

(b) The rheological properties of the marine ice, as opposed to those of the ice "mélange " 
hypothesized by Rignot and MacAyeal (1998) 

4.2.4. Marine ice production in a warmer climate 

Nicholls (1997) studied sub-ice shelf water températures along the western flank of the Filchner -
Ronne Ice Shelf. He demonstrated that the inflow of High Salinity Shelf Water (HSSW) shows a strong 
seasonality that is connected to the alternance of intense wintertime sea ice production and springtime 
warming. Nicholls (1997) argues that the seasonal springtime warming can be used as an analogue for 
climate warming. For the présent mode of océanographie circulation, the implication is that warmer 
winters (a climate warming leading to lower rates of sea ice formation) would cause a réduction in the 
flux of HSSW beneath the ice shelf. The résultant cooling in the sub-ice shelf cavity would lead, in tum, 
to a réduction in the total melting at the ice shelf s base. The author concludes that a moderate warming 
of the climate could thus lead to a basai thickening of the Filchner-Ronne Ice Shelf, perhaps increasing its 
longevity. 

This scénario however neglects the impact of such a warming trend on the marine ice production 
under the Deep Thermohaline Circulation process. Indeed, as we have seen before, HSSW is responsible 
for Ice Shelf Water production in the Deep Thermohaline Circulation (mode-1 in Figure 10). A réduction 
of the amount of HSSW favouring melting at the grounding line will also reduce the amount of Ice Shelf 
Water produced and retuming towards the front. The efficiency of the welding of basai crevasses and rift 
will be therefore accordingly reduced, and, although increased in thickness, the ice shelf will be weaker 
in its internai cohésion. One surely needs a further assessment of the relative importance of each of thèse 
two feedbacks mechanisms to assess the status of the ice shelf stability as the climate warms up. 

4.3. Implications for sédiment export during glacial vs. Interglacial times 

Bond et al. (1993) studied corrélations between climate records f rom North Atlantic sédiments and 
the GRIP deep ice core from central Greenland, Summit (see location of both in Figure 68). A 
conspicuous feature common to both the ice ô ' V and océan foraminiferal '^ records enabled thèse 
authors to correlate them in spite of their uncertain chronology. That feature is a bundling of the 
millennial-scale Dansgaard Oeschger cyc les" into longer cooling cycles, each terminated by an abrupt 
shift f rom cold to warm températures. Bond et al. (1993) matched the records at the points of abrupt 
température shifts and then "stretched" the ice-core record linearly until points were aligned to produce 
the set of curves of Figure 69. Clearly, f rom Figure 69, Dansgaard Oeschger cycles are imprinted in the 

' The ô '^O in the ice is used as a proxy to the atmospheric température during the format ion of the snow that initially deposi ted 
at the surface of the ice sheet, and f rom which the ice originated 
'"Planktic foramini fera (like Neogloboquadr ina pachyderma (s.) used here) are strongly température sensitive and can 
therefore also be used as a proxy to sea surface température 
" Dansgaard Oeschger cycles describe the millennial scale séries of saw-tooth shaped température (ô'^O) cycles that 
character ize the last Glacial period 
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marine sédiments of the North Atlantic. The température shifts, occur on a millennium timescales and 
have asymmetric shapes, sharp boundaries and strong 
amplitudes (up to a change in température of about 5°C), 
features which characterize the Dansgaard Oeschger 
cycles. 

Another remarkable finding f rom Bond et al. (1993) 
study is the évidence of an unexpectedly close relation 
between the ice-core température cycles and one of the most 
prominent features of North Atlantic sédiments records, the 
Heinrich events. Heinrich events (Hl to H6 in Figure 69) 
occur during times of sea surface cooling, reduced fluxes of 
foraminifera and brief, exceptionally large discharges of 
icebergs from the Laurentide ice sheet that left conspicuous 
layers of detrital carbonate in deep sea sédiments. 
Accompanying thèse events were large decreases in 
planktic ô'^O (Figure 69, top), évidence of lowered surface 
salinities probably caused largely by melting of the drifting 
ice. Generally (Hl is an exception), the Heinrich events 
occur near the end of the bundled Dansgaard Oeschger 
cycles defined by a succession a progressively cooler 
interstadials that is during times of particularly cold stadials. 

-20 -10 
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Figure 68: Location map of the GRIP (Summit) 
ice core and the North Atlantic sédiment cores 
(Bond et al, 1993) 

2.S 

S 
g " 
S 

•i eo 

I s o 
•5 100 

PLANKTIC > <IO AT DSDP SITE to* 

STAGE 3 

A i h U y v I 

Figure 69: Corrélation of the foraminiferal records from DSDP site 609 and V23-81 with the ^^O 
record from GRIP, Summit, Greenland. The dashed Unes, corresponding to the abrupt changes 
towards interstadials were used as tie points for matching the ice core and marine records. The heavy 
arrows mark the locations of the IRD (Ice Rafted Débris) peaks within the Heinrich events (Hl to H6) 
and the peak concentrations of detrital carbonate IRD in the Younger Dryas event (Bond et al, 1993). 
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FoUowing that stadial is a rapid termination-like shift to a prominent warm interstadial marking the 
beginning of the next cycle. It is still debated if the cooling cycles were caused entirely by internai 
oscillations of the ice sheet or whether they reflect a mode of climate forcing that caused ice sheets to 
grow, culminating each time in a prolonged, cold stadial, then ice-sheet instability and massive calving. 
The abrupt warmings that followed the Heinrich events could have been a direct conséquence of the ice. 
Collapse of the ice sheet and landward retreat of ice streams after each event must have reduced the flux 
of icebergs to the open océan. The resulting increase in surface salinity could have been large enough to 
strengthen thermohaline circulation rapidly bringing beat into the north Atlantic, therefore triggering the 
abrupt warming. 

In the context of a process driven entirely by the ice sheets internai oscillations, Alley and 
MacAyeal (1994) investigated a simple conceptual model of ice stream instability (the binge/purge 
model) to suggest ways in which the ice stream could have entrained sufficient débris to account for the 
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Figure 70: Schematic diagram of a Heinrich event displaying the IRD flux associated with a 
binge/purge cycle of the Laurentide Ice Sheet when débris is entrained into the ice stream by a simple 
freeze-on mechanism (Alley and Mac Ayeal., 1994). 

estimated mass of IRD associated with a typical Heinrich IRD layer in the North Atlantic (1.0 ± 0.3 x 
lO'^ kg). Alley and MacAyeal (1994) based their calculation on the binge/purge model developed for the 
Laurentide Ice Sheet (LIS), initially described by MacAyeal (1993 a, b), and illustrated in Figure 70. 
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Figure 71: Improved scheme of MacAyeaVs binge/purge model for IRD production showing the potentially 
important rôle of ice-ocean interactions and marine ice production when the ice gets afloat. See textfor détails. 
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According to this model, the volume of the LIS suffers cyclic perturbations. Long periods of slow 
growth (binge) altemate with short periods of rapid discharge (purge). During the approximately 7700-
year binge phase of the cycle, ice builds up gradually over Hudson Bay while geothermal beat slowly 
warms the glacial bed. Once thawed, the glacial bed becomes lubricated by soft, water-charged subglacial 
till derived from underlying sedimentary rock. This lubrication facilitâtes the rapid flow of an ice stream 
in Hudson Strait, which drains the central part of the LIS. During the brief 750-year purge of the ice 
stream, iceberg discharge into the Labrador Sea would account for IRD with affinities to bedrock 
conditions in Hudson Bay and Hudson Strait. The purge ends and a new binge begins when ice sheet 
thinning promotes the widespread refreezing of the glacial bed. 

Outputs f rom the model show that freezing of the debris-laden ice at the bed of the ice stream 
during the surge phase of the ice stream's hypothesized binge/purge cycle can incorporate up to 5.1 x 
lO'^ kg. This amount is sufficient to meet the constraints of the North Atlantic sédiment record but, as 
acknowledged by the authors themselves, by no means vérifies the binge/purge model as the cause of 
Heinrich events. Also, récent developments (Dowdeswell et al., 1999; Grousset et al., 2000; Scourse et 
al., 2000) indicate supply f rom European ice sheets as precursors to Laurentide Ice Sheet supply by up to 
1.5 ka, therby indicating a diversification of the sources for the total IRD mass. 

Clearly, MacAyeal ' s binge/purge model (Figure 70) neglects the fact that the ice streams will 
commonly get afloat at one stage, either as part of an ice shelf (e.g. Ice Streams A, B and C at the Ross 
Ice Shelf) or as a floating ice tongue (e.g. Drygalski Ice Tongue). It therefore also neglects the potential 
impact of ice-ocean interactions and marine ice build-up on the IRD production mechanism. Using our 
increased knowledge of the diversity of marine ice formation processes described in the previous sections 
we can propose an improved version of the binge/purge process including the rôle of marine ice (Souchez 
et al., 1998). This is summarized in the sketches of Figure 71. The hypothesized impacts of marine ice are 
fourfold: 

(a) Initiation of double-diffusion freezing at the grounding line, when the thermodynamical régime 
at the bed of the Ice Stream switches from bottom freezing to bottom melting (Figure 71.2), will 
help preserving the layer of frozen débris from early release on the continental shelf 

(b) Initiation of the Deep Thermohaline Circulation (mode-1) as the sub-ice shelf cavity opens up 
at the middle to end of the purge phase will bring HSSW in contact with the frozen débris at the 
grounding line and favor early release of the débris to the continental shelf inside the cavity 
(Figure 71.4) 

(c) Initiation of the Shallow Thermohaline Circulation (mode-3) will favor melting at the ice shelf 
bottom near the front and further reduce the amount of débris left in the bottom ice of icebergs 

(d) Initiation of ice pump mechanisms in basai and frontal crevasses and rifts will transitionally 
stabilize the ice shelf f low, until increased warming eventually limits the HSSW production in 
front of the ice shelf, reduces the ISW associated marine ice production and finally weakens the 
welding marine ice units resulting in the ice shelf totally collapsing (Figure 71.4). 

4.4. Similarities with iake environments under large ice-sheets: the Vostok case 

Investigating interactions at the ice-ocean interface has given us new tools to explore and 
understand processes occurring at other ice-water interfaces (Souchez et al., 2000). The most striking 
example is the formation of Iake ice at the bottom of the Vostok ice core, in central Antarctica (Figure 
72). The Vostok ice core has provided the longest record of past changes in climate and atmospheric 
composition, showing four glacial-interglacial cycles down to a depth of 3310 m (zone C in Figure 72). 
The ice at that depth is about 420 ky old. Between 3310 and 3350 m (Zone I), suggestions of complex ice 
déformation are difficult to interpret. Below zone I, the climatic record is no longer reliable, as shown by 
the Deuterium record. The decrease in magnitude (by a factor of at least 3) of this isotopic signal in zone 
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Figure 72: The Vostok ice core - (left) Schematic diagram showing the 
four full climatic cycles in the ice core, the under-ice Vostok lake and the 
bedrock; (right) Enlargment of the bottom part of the ice core record, 
showing the transition to lake ice at 3538.7 m depth, indicated by the 
chanse ofvarious ice properties. See text for détails. 

D (between 3350 and 3538.3 m) cannot be of climatic origin, but rather must resuit f rom ice f low 
disturbances. 

The lower part of the ice core, however, provides interesting and unique information. Jouzel et al. 
(1999) have shown using the changes in multiple variables (Figure 72) like the total gas content, the 
electrical conductivity (ECM - de current), the crystal size, the solid impurity content and the stable 
isotopes, that the bottom 210 meters of the core actually consist of accreted lake ice. Stable isotopes 
probably provide the most décisive arguments. Samples f rom thèse bottom 210 meters are organized in a 
ÔD-ô'^O diagram in a cloud stretching along a straight line with a slope of 3.98 that Jouzel et al. (1999) 
show to be a "freezing slope" where ice samples resulting from the freezing of water would be located. 

file:///bstok
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That freezing line intersects the Vostok précipitation line (corresponding to the ice samples f rom the past 
four climatic cycles, see footnote 3) at a point that is taken as the Vostok lake water isotopic composition. 

18 

An important observation made by Jouzel et al. (1999) is that the Deuterium and O enrichment of 
the lake ice in comparison to the lake water (6.6%o in ÔD and 1.65%o in ô'^O) is only about 60% of the 
corresponding isotopic equilibrium (11.4%o in ÔD and 2.8%o in ô'^O). This is in apparent contradiction 
with the fact that under such a large ice thickness, direct freezing under beat conduction through the ice 
shelf is bound to be extremely slow, i.e. to resuit in equilibrium isotopic fractionation at the interface. 
Jouzel et al. (1999) suggest that part of the liquid water may be trapped during ice accretion. Such water 
pockets would freeze completely afterward, and their bulk isotopic composition would not be modified. 
Therefore, the observed fractionation must be less than the true value, depending on how much water is 
included in water pockets in the ice during the course of freezing. This hypothesis however rests on 
irrealistic porosity values for known columnar/congelation ice resulting from the direct freezing of a 
liquid réservoir. Indeed, Cox and Weeks (1975) established the expression for brine volume in sea ice as 
a function of température and ice salinity as: 

Vb = 1000 
Si /p , bSb +(1- S i / s J / P i 

( 8 ) 

where 

Pi = 0 . 9 1 7 - 1 . 4 0 3 x 1 0 T(°C) 

Pb =1.000 + 0.0008 Sb 

(9) 

( 1 0 ) 

Sb = ttiT + a2T^ + a jT^ ( 1 1 ) 

a , = -17 .573 

a2 = -0 .381246 

a3 = - 3 . 2 8 3 6 6 x 1 0 

Sj = sea ice salinity 

T = température in °C 

Applying thèse équations with an ice salinity of 
6%o (mean arctic sea ice salinity) and a température of -
3.1°C (ice water interface température deduced from 
linear extrapolation of the thermal gradient calculated at 
3600 m depth in the Vostok core) gives a porosity of 
10.5%, far from the value of about 40% required to 
explain the isotopic shift of 60% of the equilibrium 
fractionation. Furthermore, the maximum lake ice bulk 
salinity is only of about 2 ppm (Souchez et al., 2000), i.e. 
0.0002%. With such low salinity values, a planar growth 
interface is certainly stable (as opposed to the cellular 
interface developed in sea ice because of constitutional 
supercooling (e.g. Weeks and Ackley, 1986)), and the 
relationships above probably breakdown to negligible 
brine volume values. 

The présence of subglacial lake Vostok is related to 
the geothermal beat flux, the température of the ice at the 
ice-water interface being that of the melting point. The 

.Salinily 

Figure 73: Température of maximum density oj 
water and freezing température versus salinity at 
atmospheric pressure and at 337 bar. Values were 
computed from the gênerai state équation of sea 
water (Souche?, et al. 2000). 
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ice ceiling of the lake is tilted, being at 750 m below sea level under 4300 m of ice in the North and at 
250 m below sea level under 3750 m of ice in the South near Vostok Station. Figure 73 gives, at a 
pressure of 337 bar corresponding to an ice thickness of 3750 m, the température of maximum density of 
water versus salinity and the freezing température versus the salinity. It can be clearly seen that, whatever 
the salinity, the freezing température is first reached when water is cooled so that, d o s e r to the freezing 
point, water has a higher density. The conséquence of this fact is an unstable water column for 
geothermal heating from below since warmer water is less dense. Wiiest and Carmack (2000) combine 
this notion with the fact that a température gradient must exist along the ice-water interface, because of 
the tilted ceiling, to construct a model of water circulation in the lake. In this model, salinity is not 
considered as a factor. However, we have shown (Souchez et al., 2000) that a rough estimation of the 
Lake Vostok salinity can be reconstructed from the lake ice impurity content (about 1 ppm at 3600 m 
depth), using reasonable estimâtes of the effective fractionation coefficient for diluted waters (keff = keq 
given the very slow consoUdation freezing rate- see discussion in section 3.4.). Taking a keff range of 
0.0008 to 0.0028 results in a lake water salinity prédiction between 0.4 and 1.2 %c. Although a 0.4 %c 
salinity will not change the gênerai behaviour of lake waters, it will strongly enhance the water 
circulation pattem. At a pressure of 337 bars, a différence of 0.37 °C in température corresponding to the 
différence in the pressure melting température between the northem and the southem part of the lake at 
the ice-water interface gives a différence in 0w of about 0.03. a * is equal to 1000 (yO^ - 1) where is 
the water density. By contrast, at the same pressure, a différence in salinity of 0.4 %o, like that between 
lake water and pure glacial meltwater, gives a différence in Ow of about 0.32. Even a weak salinity must 
therefore be taken into account to complète the picture of water circulation in lake Vostok. 

Water circulation in the Vostok lake clearly shows strong similarities with the Deep Thermohaline 
circulation observed below ice shelves. The question then arises if an équivalent to the ice pump 
mechanism associated with the oceanic DTC is not a reasonable alternative to the direct congélation 
process under beat conduction through the ice sheet, to explain the formation of Vostok lake ice. Let us 
consider rising meltwaters from the ice-water interface from the northem part of the lake where melting 
occurs. The rising plume is the conséquence of thermal and also probably salinity effects. Such waters 
will become supercooled as they rise. The maximum water supercooling would be the différence in 
melting points between the deeper and the upper parts of the lake at the ice-water interface. Nucleation 
will however start in the rising water for lower supercooling levels. A reasonable range of supercooling is 
between 0.01°C and 0.1 °C. For such values, growth velocities of frazil ice crystals in fresh water are 
between 10'^ and 5 10'^ m s"' (Hobbs, 1974). As we have seen in section 3.4., observed isotopic 
fractionation between ice and water in open Systems (keff) can be described by Burton's équation (5). 
Using the supercooling range and the associated growth rates mentioned above with a reasonable 
boundary layer thickness of 0.1 cm, calculations indicate that the frazil ice crystals will have an isotopic 
enrichment in ÔD between 4.56 %c and 0 %o respectively, compared to the lake water (Table 4). A higher 
supercooling will of course lead to higher growth rate and thus, a fortiori, to no isotopic enrichment in the 
frazil ice crystals. 

Table 4: Calculated proportion of frozen host water in lake ice deduced from its isotopic composition. Burton 's 
équation (5) is used with boundary layer thickness = 1 mm; a^g = 1.0208; D = 1.1 x 10'^ m^ sec''; ôD tuikiakeice = -442.7%c; 

<5D water = •449.3%c; SD fro^„ host water - -437.9%c (Souchez et al, 2000) 

W a t e r Crysta l g r o w t h Effect ive fract ionat ion Frazi l F r o z e n hos t 
supercoo l ing rate coeff ic ient 

(%) 
w a t e r supercoo l ing 

(%«) (%) 
(°C) ( m sec'*) (Oefr) ( % ) 

0.01 10* 1.0083 -444 .74 7 0 30 

0.1 5 X 10"' 1.0000 -449 .3 42 58 
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Now, consolidation of loose frazil ice crystals by freezing the host water is a very slow process, 
thus at isotopic equilibrium. The isotopic composition of the bulk lake ice, can therefore be understood 
by a simple mixing between the composition of the individual frazil ice crystals and the one of the frozen 
host water, in which the frozen host water represents between 30 and 58 % of the bulk lake ice (Table 4). 
Such values are comparable to those obtained in expérimental and field studies of frazil ice formation 
(Andersson and Daly, 1992; White, 1991). The characteristics of the isotopic composition of the lake ice 
thus strongly support the occurrence of a mechanism similar to marine ice formation under an ice shelf, 
involving consolidation of loose frazil ice crystals accreted at the ice ceiling of the lake. 

4.5. Challenge for the future 

We hope to have shown with this Thesis that ice-ocean interactions play an important rôle in the 
processes controUing ice shelves stability. Despite the fact that we believe to have unveiled part of the 
picture, there is still a fair way to walk towards a fully quantitative assessment of the impact of thèse 
various complex processes and feedbacks on ice sheet stability in a warming climate. We would therefore 
like to close this exercise by suggesting a few directions that we consider as first order priority for future 
work on the topic. 

4.5.1. Field work 

Our major effort in the coming field seasons should focus on documenting the ice accumulation in 
the major rifts fringing the border of the Filchner-Ronne, the Amery and the Ross Ice Shelves in order to 
get a better estimate of ice thicknesses, ice types and properties (marine ice vs. "ice mélange"). This 
would provide further validation of Khazendar's rift model and improve our perception of the "weak 
links" in thèse major ice shelves. Repeated visits to a few stratégie areas (like the Antarctic Peninsula) of 
more sensitive ice shelves would also be quite valuable to follow a potential dégradation of the "welding" 
efficiency inside those rifts, and better understand the underlying weakening processes (surface 
atmospheric vs. bottom oceanic warming). Thèse glaciological investigations should obviously be 
supported by océanographie measurements to build a complète picture. 

Further exploration of those rare opportunities we have to see marine ice rift filling processes in 
action as close as possible to grounding lines, like in the Nansen Ice Sheet area, would help us in 
understanding the early stages of the process and therefore provide a sound basis for future modelling 
developments. 

4.5.2. Expérimental work 

Clearly, tackling the difficult problem of welding efficiency of the rift fillings relies on a better 
perception of the rheological properties of both marine ice and the composite rift mélange considered by 
Rignot and Mac Ayeal (1998). Expérimental settings for testing the mechanical properties of meteoric 
and sea ice in a wide range of stress configurations are well documented in the literature. It shouldn't 
therefore be a major problem to adapt those to study the rift ice rheology in realistic stress conditions. 

Our first attempt to model the acquisition of the stable isotope composition and the bulk salinity in 
marine ice from the Nansen Ice Sheet (section 3.4.), with a boundary layer type of approach, has brought 
up the need for a better knowledge of some fundamental variables, like, for example, the equilibrium 
fractionation factor in granular média (including its possible dependency on the freezing rate). More 
fundamentally, the detailed process of coarsening and sintering of frazil ice dises in a water suspension 
submitted to pressure and/or a heat sink needs to be better understood. Our expérience is that a lot can be 
gained from simple and well-designed laboratory experiments dedicated to those questions. This should 
be another priority in our research activity. 
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4.5.3. Modelling work 

We have started this exercise by underlining how performing present-day 3-D models of the 
Antarctic Ice Sheet show it as rather insensitive to the expected température changes for the next century 
(3-5 °C). Our investigations on marine ice diversity, both spatially and in terms of genetic processes, and 
the discussion on the potential implications of its occurrences call for explicitly including ice-ocean 
interactions in our prédictive models for ice-sheet stability and sea level rise. This involves the difficult 
tasks to: 

(a) Solve the problem of modelling temporary discontinuities to account for the peculiar stress 
transition at the grounding line involving crevasses and rift génération 

(b) Couple glaciological and oceanographical models on a reasonably small scale to account for 
surface and bottom melting and freezing processes along the ice shelf flow line 

(c) Use the outputs from those meso-scale models as inputs for the large-scale models (nested 
grids?) 
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A B S T R A C T . A study of the 6D and 5 ' * 0 comjMsition of ice formed at or near the 
grounding line was undertaken in Terra Nova Bay, East Antarctica. T h e results indicate 
that a double-di f fus ion mechanism is responsible for freezing at the grounding line in 
arcas sheltered from the sub-ice cavity circulation. Freezing at the grounding line is un-
likely to be prévalent today, but the situation may have been différent in the past when the 
ice reached the outer l imit of the continental shelf and there was no sub-ice cavity. T h e 
implications for sédiment export in the polar océans are explained. 

I N T R O D U C T I O N 

Ice-rafted débris from icebergs dérives mostly from sub
glacial entrainment by glaciers or ice sheets. T h e ice-substra-
tum interface is a place virhere particles can be incorporated 
into the glacier sole. T h e basai débris can then be carried by 
glacier flow and reach the o c é a n if the ice mass begins to 
float. In order for the débris to be preserved in the basai ice 
at the front of a floating glacier or of an ice shelf, it must not 
have been released at the grounding line. If the melting 
point is reached at the glacier base in the coastal région 
and if melt ing prevails at the grounding line, subglacial 
meltwater loaded with sédiments discharges there into the 
sea. T h e probability o f préservation of basai débris in the 
frontal zone greatly increases i f freezing occurs at or ncar 
the grounding line. 

Thi s paper investigates condit ions for freezing at the 
grounding line. It uses stable isotopes to give évidence that 
such a situation occurs in Terra N o v a Bay, East Antarctica. 

PRESENT-DAY C O N D I T I O N S AT G R O U N D I N G L I N E S 

T h e grounding line is usually def ined as a line across the 
glacier where it goes afloat. However, it can also be consid-
ered as the l imit b e t w e e n grounded ice and floating ice. 
Therefore, a grounding line exists if the glacier goes afloat 
or becomes grounded again. With such an extended défini
tion in mind, the grounding line is in fact a transition zone 
between a grounded glacier or ice sheet and a floating 
glacier or ice shelf where the ice re{>eatedly loses and regains 
contact with the subglacial bed before eventually floating. It 
is relevant lo consider such a transition zone in a work focus-
ing on possible phase changes. 

Dril l ings through ice shelves show évidence of accretion 
of marine ice layers undcr ice of mcteoric origin (Zotikov 
and others, 1980; Oerter and others, 1992). In the upper part 
of marine shelf ice from the Fi lchnei^Ronne Ice Shelf, 
Oerter and others (1992) showed the existence of particle in
clusions in conjunction wi th horizontal layering. T h e inclu
sions most probably resuit from scavenging during marine 

ice formation. However, the overwhelming absence of 
débris layers b e t w e e n meteoric ice and mar ine ice suggests 
the absence o f adfreezing at the grounding line. In gênerai, 
available évidence favors melt ing rather than freezing. 

Today, the frontal zone of most of the medium-s ized and 
small ice shelves in Antarct ica is well upstream of the m a x 
i m u m extent o f the ice during the Last Glacial M a x i m u m 
(LGM). Since glacio-isostatic loading of the erust has result-
ed in a dépression of the coastal zone upstream of the con
tinental slope or since overdeepening by ice flows has 
occurred, a cavity usually exists be tween the ice shelf and 
the océan floor. Thi s sub-ice cavity is subject to a spécifie 
oceanic circulation Qacobs and others, 1992). Surface sea 
water in front of the ice shelf plunges because its density 
increases by release of sea salts during sea-ice formation. 
This water, at depth (high-salinity shelf water; HSSW), is 
above its pressure-melting point since the freezing point o f 
sea water is lower w h e n pressure increases (Lewis and 
Perkin, 1986). Therefore, this water has at depth sensible beat 
to transfer to the base of the floating ice. Mel t ing occurs and 
the less dense water so produced leavcs the cavity as ice-shelf 
water (ISW). Hence, melt ing rather than freezing must pre-
vail today at or near the grounding line. If marine ice forms, 
it is mainly by accretion of frazil-ice crystals generated in 
the supercooled ISW as it rises towards the surface. T h e 
absence of plunging waters is thus a prerequisite for possible 
freezing at the grounding line. 

E V I D E N C E F O R F R E E Z I N G C L O S E T O G R O U N D 
I N G L I N E S I N T E R R A N O V A BAY 

T h e Hells Gâte Ice Shelf in Terra Nova Bay (Fîg. 1) was 
studied in détail. Because of the action of katabatic winds, 
the ice surface is losing ice, mostly by sublimation. Since 
top-surface ablation is prévalent, an upward velocity com-
ponent exists and the marine ice formed at the ice-shel f -
ocean interface ultimately appears at the surface. Debris-
rich ice is présent under the moraine ridges which appear 
at the séparation between différent ice flows. T h e western 
moraine ridge is located along a flowline that connects with 
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Campbell Glacier Ice longue with sampling site. 

VV-tçf tatiiin IslancI, a p inn ing poi iu ol ihe ice shelf. Tliere is 
liltle douht thaï ihc débris roirninj>; the ridge has heen en-
t i a p p t d iiilo ihc ice at tlic base. I.ike thc ina i iue ice. because 
ol abliitidii, ihe débris appears al llie sinTace and forins an 
ice-cored ridge. 

A delai led invesligaliori of the ice at ihe level ol' ihr 
western moraine ridge shows not only débris and clear-iee 
layers hnt a i so spongc remains in g r o w t h position and ser-
piilid w o r m tubes. Il is dinîcii l l lo iiilerprel ihe signilicaiice 
ol the présence of thèse serpulid worin tubes since .Vlélic 
peiiguiiis. u h i e h are numerous in the area. are knowii lo 
build sniall liillocks froin theni. As showii by photographs 
Irom a robolie si ibniarine. spongrs are growing iiear a 
grounding l ine Howell and oihers, 1996). Spfinge remains 
in growth position eau be ini'<irporale<l inlo ihe ice shelf 

because of anchor-ice formation on thc sea tloor. D a y t o n 
and others (19691 indiratrd ihat, in M c M u r d o Sound, an-
chor ice devclops to about 'Xi m dcpth on the sea tloor. W h c n 
il becoines deiached, because ol inhérent buoyaricy, it floats 
to the undersurface of an ice co\er , carrying with il port ions 
o f t h e s u b s l r a t u m w h i e h e a n w e i g h a t leasi 25 kg, By t lnspro-
cess, spongi'S ean be i i icorpoialed iiilo ihe ice shelf. Because 
of fheir loration well i ipslream in the ablation z o n e o f the 
l lc l l s Gâte Ice Sheli, thcse sponge remains must have been 
iiKorporaled near thc g i o u n d i n g line. T h e b o t t o m water 
uluTC ihc sponges were growing nuisl noi have lieen above 
the prcssure-nielting poiiU in order for anchoi ice to be 
foi tned. Therefoic , thc area where the sponges have grown 
musi have been sheltered in some way Irom the ini luence o f 
lîS.SWs. wlii( h would bc above I heii- Ircezing point at depth. 
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Souchez andothers: Freezing algnunding line in East Antarctica 

Other évidence supporting the possibility that certain areas 
are sheltcrcd from sub-ice cavity circulation can be inferred 
from température and salinity measurements made in front 
of the ice shelf (Tison and others, in press). Oceanic profiles 
down to 600 m depth show a transition between ISW and 
HSSW below 4 4 0 m. However, typical high-salinity shelf 
waters were not observed in the profiles. This suggests that 
plunging of H S S W affects only a narrow central trough 
more than 700 m deep that exists beneath the ice shelf (Stoc-
chino, 1991). Since a m a x i m u m ice thickness of about 200 m 
(personal communication from I. E. Tabacco, 1997) was 
observed immediately downstream of Végétation Island, 
there must be sheltered sea-floor areas where anchor ice 
can develop away from the influence of HSSW. 

Bathymétrie information available (Stocchino, 1991) in 
the Campbell Glacier Ice 'longue area also suggests a shel-
tering effect where the debris-rich ice formed near the 
grounding line originated (Souchez and others, 1995). 

FREEZING BY A DOUBLE-DIFFUSION MECHAN-
ISM AT THE GROUNDING LINE 

Zotikov (1986) discussed at length the various possible pro
cesses controUing the mass balance at the bottom of an ice 
shelf. Using the Amery Ice Shelf as acase-study, this author 
suggested beat transfer between a water layer of reduced 
salinity and sea water to explain the abnormally high freez
ing rates deduced from température profiles across the ice 
shelf. Lambert outlet glacier, at the bottom of which melting 
takes place because of enhanced ice thicknesses, is seen as a 
connection between the basin of subglacial runoff from the 
ice-sheet center and the .sea. It provides the source for out-
flowing waters of reduced salinity under lithostatic load. A 
rough calculation assuming no mixing between the two 
water layers, salinity différences of about 20%o and relative 
flow velocities of about 10 cm s"' provided freezing rates of 
about l m a ~ ' , in accordance with the observed rates. This 
mechanism, however, rcquires the sea water to be at its local 
freezing point, which precludes areas under the influence of 
a sub-ice cavity circulation. O n the other hand, the "no-mix-
ing hypothesis" is a rathcr constraining one, especially given 
the fact that there is évidence (MacAyeal, 1984) of efficient 
tidal mixing near grounding Unes. A double-diffusion pro-
cess within the pores of subglacial sédiments, in areas shel
tered from the DeepThermohal ine Convection, is therefore 
worth considering. In thèse areas, at some distance up-
stream from the actual decoupling of the glacier from its 
bed, sea water seeping through the sédiments will come into 
contact with continental meltwaters (Fig. 2). Because the 
freezing point of sea water is lower than that of continental 
meltwater, heat diffusion will occur. Heat will diffuse 
through both liquid and solid fractions from uf>stream to 
sea water. O n the other hand, the salinity of sea water belng 
higher than that of continental meltwater, salts will diffuse 
from the sea-water-salurated sédiment into the meltwater-
filled subglacial sédiment. Salts can diffuse only through li
quid, unlike heat. Thermal diffusivity is also an order of 
magnitude higher than sait diffusion. T h e meltwater-fiUed 
sédiment loses heat more rapidly than it gains sait, and 
freezing occurs, welding the sédiments to the bottom of the 
ice. Since this mechanism occurs within the subglacial sédi
ments, rapid mix ing between continental meltwater and sea 
water is precluded. 
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If the extended définition of the grounding line is consid-
ered, freezing can occur at différent places, depending on 
variable water fluxes. Also, if the ice makes contact with a 
protubérance of the substratum in this critical area, pressure 
melting and regelation is likely to take place. 

Such a double-diffusion mechanism leading to freezing 
at the grounding line would explain not only incorporation 
of débris into the glacier sole but also préservation of debris-
rich ice already présent upstream in the basai zone. 

Is there évidence that such a process really occurs? T h e 
isotopic composition of debris-rich ice sampled in the région 
of Terra Nova Bay gives information on this question. 

Indtwatc^flUcd nibilacial HrUment 
• Udbl McUlaHon J ï ^ ï ^ >ea wateivMfauated Mdimeni 

Fig. 2. Sketch of the suggestedfreezing mechanism by double 
diffiisionat the grounding line. 

ISOTOPIC EVIDENCE OF THE DOUBLE-DIFFU
SION MECHANISM 

Samples of bubbly glacier ice which reaches the sea in Terra 
Nova Bay (Fig. 3, inset), are aligned on a straight line in a 
6D-(5"'0 diagram with équation <5D = (7.91 x 6**0) + 2.59 
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Fig. 3. 6D-6 0 diagram of the studied basai ice samples 
from Terra Nova Bay. Black circles: ice samples; open circles: 
initial water samples computed from 6 values of ice .lamples 
and equilibrium fractionation coefficients. The straight line 
represents the bestfit line for the waters. Inset shows the 
SD-Ô'^O diagram of glacier ice samplesfrom the area. 
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(corrélation coefficient 0.997; 55 samples). T h e 6 values are 
more négative than -17%o in 5 ' * 0 and -130%o in SD. T h e 
straight line which cjm be considered as a local Meteoric 
Water Line or précipitation line goes close to Standard 
M e a n O c é a n Water. T h e 6 values of the meltwaters from 
glacier ice wi\l have the same isotopic composit ion since 
there is no fractionation o n glacier ice melting. 

By contrast, the debris-rich ice layers, thought to have 
been formed near the grounding line, from the western 
moraine ridge of Hells Gâte Ice Shelf and from the site 
studied in Campbel l Glacier Ice l o n g u e (Souchez and 
others, 1995) have S values o f -15%o to -3%o in «'"O, and 
-120%o to -30%o in 6D. Deta i led sampling locations at both 
sites are shown in Figure 1. A thorough description of the 
samples coUected at Campbel l Glacier Ice l o n g u e is given 
in Souchez and others (1995). T h e samples from Hells Gâte 
Ice Shelf arc from three shallow (2 m) ice cores drilled 
below the surficial dirt layers of two m ^ o r dirt-ice cônes 
located on the western moraine (Fig. 1). T h e textures of the 
cores were similar to those described for ice type 2 at Camp
bell Glacier, showing interlayering of débris layers with 
bubbly- and clear-ice layers at centimetric to decimetric 
scales. T h e bubbly-ice layers show typical meteoric-ice 
values, and the clear-ice/dirt-ice values are in the range 
-3.07%o to -12.50%o in <5'*0 and -30.03%o to -98.90%o in 
6D. Samples from ail cores are well al igned in a 5 D - ê ' ' 0 
diagram o n a straight l ine (Fig. 3), the équation for which is 
(5D = (7.71 X (^'O) - 1.15 (corrélation coefficient: 0.993; 18 
samples). 

Progressive freezing downwards in a water mass or in a 
subglacial sédiment produced, for example, by ice-thickness 
variations cannot explain this last distribution. Indeed, the 
observed slope is steeper than a freezing slope would be, and 
the ranges of 6 values are such that near-complete freezing 
of the réservoir (99%) would be required to understand the 
most négative 6 values (Souchez andjouze l , 1984). Ice intru
sion of a subglacial sédiment by pressiu-e-induced regelation 
past grains is also precluded since the isotopic signature of 
such a process would have been différent (Iverson and Sou
chez, 1996). O n the other hand, pressure melting and regela
tion do not significantly modi fy the isotopic properties of 
the ice submitted to this process (Souchez and others, 1988). 

If glacier-ice meltwater within the subglacial sédiment 
enters into contact with sea water at the grounding line, dif
fusion will occur. Like salts, heavy isotopes of oxygen and 
hydrogen will diffuse from sea water, where they are less im-
poverished, to continental meltwater, where they are more 
depleted. Diffusion coefficients of stable isotopes and of salts 
in liquid water have the same order of magnitude, so that 
the double-diffusion mechanism described above also leads 
to isotopic diffusion. Therefore, the isotopic composition of 
the debris-rich ice layers formed by freezing will be dépen
dent on the magni tude of the diffusion process prior to freez
ing. Isotopic composi t ion is likely to be a better indicator of 
the process than the sait content since the différent isotopes 
are within the lattice o f the ice formed and only subjected, 
on very long time-scales, to solid-state diffusion. 

From the isotopic compos i t ion of the ice layer formed, it 
is possible to reconstruct that of the initial water. Freezing at 
the subglacial site near the grounding line is most probably 
very slow, so that equilibrium fractionation can be consid
ered. Therefore, taking into account the equilibrium frac
tionation coefficients for deuterium and oxygen-18 and the 
respective 6 values of the ice, it is possible to compute the 
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isotopic composit ion of the water which was later partially 
frozen. The best-fit line for the waters (Fïg. 3) has the foUow-
ing équation: 5 D = (7.63 x fi'^O) + 1.9 (r = 0.993). Thi s l ine 
goes close to points representing 6 values of sea water in the 
area and 6 values of meltwaters from glacier ice. 

Isotopic diffusion within the watcr-filled subglacial sédi
ment submitted to freezing by a double-diffusion mechan
ism seems thus to be the process explaining the pecul iar 
distribution in the 5 D - 5 ' ^ 0 diagram. 

IMPUCATIONS 

Field observations from the présent Interglacial indicate 
prevailing melt ing conditions at the base of the major Ant-
arctic ice shelves (Jacobs and others, 1992). Models o f the 
D e e p Thermohal ine Convect ion in sub-ice-shelf cavities 
have provided estimâtes of malt rates and grovrth rates 
(marine ice) under varions areas of the R l c h n e r - R o n n e 
and Amery ice shelves (Bombosch andjenkins , 1995; Jenkins 
and Bombosch, 1995; Grosfeld and others, 1997; Wil l iams 
and others, 1998). Us ing a modeled m e a n bottom melt ing 
rate of 0.20 m a~' over 4 0 0 km in a downstream direction 
from the grounding line (Jenkins and Bombosch, 1995) and 
mean surface velocities o f 5 0 0 m a ~ ' (Jenkins and others, 
1994), the bot tom 160 m of the Ronne Ice Shelf wil l be lost 
before marine-ice accretion begins. Considering that 
observed basai debris-rich séquences at the bot tom of ice 
tongues at the grounding lines do not exceed a few tens of 
meters, it is not surprising to find meteoric/marine ice inter
faces devoid of significant sédiment loads. D u r i n g the 
glacial stages, however, the Antarctic ice sheet must have 
partly or fully refïUed the sub-ice-shelf cavities and submar
ine trenches carved during the previous stages, thereby 
strongly inhibiting the D e e p Thermohal ine C o n v e c t i o a 
Therefore, conditions for freezing by a double-diffusion 
effect, i.e. conditions for préservation of basai débris to the 
frontal zone in contact with the océan, would have been 
more prévalent than today. Tb what extent this mechanism 
will allow transport of basai sédiments through iceberg 
drifts off the continental shelves is still conjectural. Récent 
work in the Prydz Bay area (Domack and Harris, 1998) 
shows that the grounding line did not make it to the conti
nental shelf edge during the LGM. However, the situation 
may have been somewhat différent in the Northern H é m i 
sphère or for previous glacial stages in Antarctica. T h e prés
ent work points to the need to include grounding-l ine 
adfreezing processes in the development of the gênerai pic-
ture, in order to fully understand typical events o f sédiment 
export to the D e e p Sea, like the "Heinrich events" in the 
North Atlantic. T h e grounding line is indeed a spot of com-
pelled passage for subglacial débris on its way to the océan. 
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Abstract 

The investigation of chemical and isotopic properties in the lake ice from the Vostok ice core gives dues to the 
mechanisms involved in ice formation within the lake. A small lake water salinity can be reasonably deduced from the 
chemical data. Possible implications for the water circulation of Lake Vostok are developed. The characteristics of the 
isotopic composition of the lake ice indicate that ice formation in Lake Vostok occurred by frazil ice crystal génération 
due to supercooling as a conséquence of rising waters and a possible contrast in water salinity. Subséquent 
consolidation of the developed loose ice crystals results in the accretion of ice to the ceiling of the lake. © 2000 
Elsevier Science B.V. Ail rights reserved. 

Keywords: stable isotopes; glacial geology; ice; Vostok Station; Antarctica 

1. Introduction 

Subglacial Lake Vostok in Central Antarctica 
bas an area of about 14000 km^ and a water 
depth of about 600 m in its southern part. Gor-
man and Siegert [1] showed that it was shallow in 
its northem part in a few places. The présence of 
subglacial Lake Vostok is related to the geother-
mal beat flux, the temperattire of the ice at the 
ice-water interface being that of the melting 
point. 

The ice ceiling of the lake is tilted, being at 750 
m below sea level under 4300 m of ice in the north 

• Corresponding author. Tel.: +32-2-650 22 16; 
Fax: +32-2-650 22 26; E-mail: glaciol@ulb.ac.be 

and at 250 m below sea level under 3750 m of ice 
in the south near Vostok Station. Therefore a 
gradient of the pressure-dependent melting point 
must exist at the base of the tilted ice ceiling [2,3]. 
Wûest and Carmack [4] indicate that, at a glacio-
static pressure of more than 3350 m of ice, the 
température of maximum density of fresh water 
is lower than the freezing température. Therefore, 
subglacial Lake Vostok behaves as an océan. The 
gradient of the freezing point along the ice-water 
interface and the geothermal heat flux are respon-
sible for convection. In such a situation, melting 
occurs at the 'thick-ice' side and freezing at the 
'thin-ice' side [5]. At the scale of the lake, there 
must be a dynamic equilibrium between melting 
and freezing. 

The aim of this paper is to dérive ice formation 
processes in subglacial Lake Vostok from a study 

0012-821X/00/$ - see front matter © 2000 Elsevier Science B.V, AU rights reserved. 
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of the lake ice retrieved by deep drilling at Vostok 
Station. 

2. Relevant information from ice core studies 

In the Vostok ice core, there are two distinct 
types of ice separated by a very sharp transition at 
a depth of 3539 m (Fig. 1). The ice just above that 
depth is typically ice of glacial origin from the ice 
sheet although it is disturbed and its climatic rec
ord has been modified. The ice below that depth is 
lake ice accreted at the bottom of the ice sheet. 
Jouzel et al. [6] showed that this is clearly indi-
cated by a change in isotopic properties. The ÔD 
values exhibit a 10%o increase at the transition, 
from about —452.5 %o to —442.5 %c, and remain 
stable in the lake ice profile undemeath (Fig. 2). 
The deuterium excess similarly decreases from a 
value of about 14 %o in glacial ice to a near con
stant value of about 7%o in lake ice. Other ice 
properties also change at this 3539 m transition. 
Crystal size increases dramatically, electrical con-
ductivity (ECM) decreases and reaches the détec
tion limit and total gas content changes from a 
value of about 80 x 10~^ cm-'/g, typical for glacier 
ice, to a value of about 6 X 10~^ cm^/g in the lake 

ice. DriUing stopped at a depth of 3623 m but the 
total ice thickness is estimated to be 3750 m. 
There is no reason to believe that the deeper ice 
dovm to the water interface would not also be 
refrozen lake water. Therefore, a total thickness 
of 210 m of lake ice can be reasonably assumed. 

The deduced isotopic composition of lake water 
is ÔZ) = - 4 4 9 . 3 %o, ô'^0 = -57.9%o [6]. Such an 
isotopic composition implies that most of the 
water constituting Lake Vostok cornes from gla
cial melt. Jouzel et al. [6] indicate that the lake 
water isotopic composition diflfers significantly 
from that of the overlying glacier ice. Thèse au-
thors suggest that it may be the resuit of a warmer 
average Antarctic climate before 420000 years 
ago. It must, however, also be said that glacier 
ice is richer in heavy isotopes 200 km north of 
Vostok Station, above the northem part of the 
lake. As will be seen later in this paper, melting 
at the ice-lake interface is concentrated in this 
area influencing in that way the lake water iso
topic composition. 

Fig. 3 gives the concentration in ppb versus 
depth of différent chemical compounds in the 
basai part of the Vostok ice core. Since the sam-
pling resolution is much less than for the previous 
variables studied, concentrations are indicated by 
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Fig. 3. Concentration in ppb of différent chemical compounds in the basai part of the Vostok ice core. The 8I> vs. depth data 
are plotted on ail graphs as a référence. 

bars at the depth where samphng occurred. Re-
sults indicate three major features: 

1. major éléments represented in Fig. 3 are clearly 
enriched in lake ice, compared with glacial ice 
above; 

2. lake ice shows very strong variations in con
centration of major compounds with, at the 
level of sampling resolution, peak values at 
about 3550 m, 3560 m and 3600 m depth re-
spectively; 

3. the relatively high concentration of major com
pounds in some lake ice layers compared to 
glacial ice above is an indication that the 
waters of Lake Vostok are chemically not 
just pure glacial melt. As suggested by Siegert 
et al. [5], impurities are transferred to Lake 
Vostok water upon melting but are not trans
ferred in the sarae concentrations back to the 
relatively pure refrozen ice above the lake. This 
is very important in connection with water cir
culation in the subglacial lake because, at the 
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melting point, salinity has a major impact on 
water density. However, Gorman and Siegert 
[1] showed that radar reflections are présent 
across the northem end of Lake Vostok. For 
VHF radar pénétration to be possible in water 
to 20 m, the water must be fresh but it is diffi-
cult from the deduced value of electrical con-
ductivity (3-5x10"'' mhos m~') to dérive a 
value of water saUnity. The northern end of 
the lake could also be influenced by meltwater 
of low salinity as suggested below. 

Also indicated in Fig. 3 is the profile of solid, 
minerai inclusions within the ice versus depth. 
Thèse solid inclusions mainly consist of a rock 
core on which dirt particles are attached; they 
reach a few mm thickness in diameter. Solid in
clusions are more numerous in the upper part of 
the lake ice profile and seem to be absent below 
3609 m. Ice accretion close to the grounding line 
allows the trapping of dirt particles in the ice, 
which is impossible once the lake becomes deeper. 
Is there some relationship between the dirt con
centration profile and the différent chemical pro
files displayed in Fig. 3? Although the différence 
in resolution hampers such a comparative study, 
there seems to be some corrélation from visual 
inspection of the profiles. The microparticles 
présent in the ice could in part be soluble and 
therefore would affect the chemical results ob-
tained on melted samples, but they must come 
principally from the lake waters. It must also be 
said that at the depth of 3600 m the number of 
inclusions is about 5 per meter of core. This small 
number barely affects the chemical results at that 
level where major chemical éléments are in signifi-
cantly higher concentrations than in the glacier ice 
above. 

3. A rough estimation of Lake Vostok salinity 

A first approach to estimating Lake Vostok 
salinity is by studying the thermal gradient in 
the ice. The thermal gradient in the ice at Vostok 
Station measured at 3600 m depth where the drill-
ing stopped is 0.02 K/m. Kapitsa et al. [2] used 
detailed radio-echo soundings to dérive the depth 
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of the ice-water interface at the Vostok drilling 
site: 3750 m deeper than the ice sheet surface, at 
about 250 m below sea level. This allows calcula-
tion of a température of — 3.1°C at the interface 
by extrapolating linearly the gradient mentioned 
above. 

Now, at a pressure of 337 bar corresponding to 
the glaciostatic pressure of this column of ice, the 
pressure melting température of pure water is 
-2.5''C, i.e. 0.6°C higher than the value calcu-
lated from the température gradient in the ice. 
Can this différence in température be attributed 
to the salinity of Lake Vostok? In that case, a 
différence of 0.6°C in the pressure melting-freez-
ing température leads to a value of 12 %o in sal
inity. This is probably too high in view of the 
results of Gorman and Siegert [1]. 

Furthennore, the validity of linear extrapola
tion of the thermal gradient to the ice-water inter
face can be questioned in cases where phase 
changes occur at the interface. During both melt
ing and freezing heat diffuses away from the 
boundary into the cold ice sheet. The flux is gen-
erally higher during melting because the removal 
of the warmest ice tends to steepen the tempér
ature gradient, whereas during freezing the addi
tion of warm ice to the ice sheet base reduces the 
gradient [7,8], 

Another possible approach to estimate Lake 
Vostok salinity is by studying lake ice chemistry 
and applying a reasonable distribution coefficient 
between ice and water so that a deduced lake 
water salinity can be obtained. Let us take the 
ice salinity of the sample at 3600 m depth as an 
example. The ice salinity of this ice layer is about 
1 ppm. In order to deduce the water salinity, 
knowledge of a partitioning coefficient called the 
effective distribution coefficient ( fceff) in the liter-
ature is required. The effective distributioa coeffi
cient is the ratio between the observed concentra
tion in the ice and the concentration in the liquid 
far from the interface, kefr is dépendent on the 
freezing rate and on the importance of liquid con-
vection which can homogenize the liquid and sup-
press chemical gradients near the interface [9]. 
Gross et al. [10] showed experimentally a linear 
relationship between the concentration of NaCl in 
the ice and the concentration of NaCl in the water 
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up to a few permil salinity if the solution is stirred 
in order to avoid concentration gradients near the 
interface. This indicates that, in that range of 
water salinities, the effective distribution coeffi
cient is independent of the concentration. Since 
concentration gradients near the interface were 
suppressed in the experiments, such a distribution 
coefficient is équivalent to the thermodynamic 
equilibrium coefficient k^o^, the ratio of soluté con
centration in the ice to soluté concentration in the 
liquid at the interface, which is independent of the 
freezing rate. Gross et al. [10] obtained experi-
mentally a value of 0.0028 for k^. 

For higher salinities of the réservoir, the set up 
of constitutional supercooling induces the devel-
opment of a dendritic or cellular interface, often 
described as the 'skeletal layer' in the bottom 
layer of sea ice [11,12]. This results in the incor
poration of brines within every single crystal and 
leads to the development of a typical intra-crys-
talline substructure of brine layers between ice 
plates (clearly illustrated in horizontal thin sec
tions in Gow et al. [13], for example). The whole 
process seriously enhances chemical fractionation 
and increases fceq values up to 0.12, as has been 
derived from field measurements on first-year sea 
ice [11,14]. Theoretical considérations [11,15] al-
low one to define a stability criterion for an inter
face having planar grooves with steep walls (a 
good proxy for the 'skeletal layer'), for water sal
inities of the order of a few permil, in natural 
conditions of convection. This is corroborated 
by expérimental observations of 'interface break-
down' for salinities of NaCl solutions between 
1 and 3%o [10,16,17]. N o intra-crystalline sub
structure is visible in the thin sections from 
Vostok lake ice, suggesting that the water salinity 
is such that it did not lead to constitutional super
cooling and the development of a skeletal layer at 
the ice-water interface. Therefore a k^n « Â̂eq val
ue similar to the one obtained by Gross et al. [10] 
should apply. 

As will be discussed below, we suggest that the 
lake ice at the base of the Vostok core developed 
in a way similar to marine ice at the bottom of ice 
shelves, and not as ice growing by progression of 
a freezing front at the interface. Marine ice mainly 
results from the consolidation of loose frazil ice 

crystals that were formed as individuals in the 
water column under peculiar oceanic circulation 
conditions and subsequently accreted under buoy-
ancy at the bottom of ice shelves. Eicken et al. 
[18] obtained a value of fceff of about 0.0008 for 
marine ice at the base of the Roime Ice Shelf and 
Tison et al. [19] a of 0.0009 for orbicular frazil 
ice at the base of Hell's Gâte Ice Shelf in Terra 
Nova Bay. Thèse even lower values of the distri
bution coefficient resuit from the fact that marine 
ice is a complex médium where the mean ice sal
inity is partly controlled by the proportion of ini
tial individual frazil ice crystals which can be con-
sidered, in a first approximation, as devoid of sait 
impurities. 

It thus seems that a reasonable range of Aretr 
values between 0.0008 and 0.0028 would apply 
for the Vostok case study where the freezing 
rate is quite low and the lake water not stagnant. 
This results in lake water salinity prédiction be
tween 0.4 and 1.2 %o. 

A 0.4 %o lake water salinity estimate is consid-
ered as a minimal rough approximation. Let us 
noted here that Dry Valley's perennially frozen 
lakes receiving only meltwaters from direct glacial 
runolï reach salinities higher than 1 %o [20]. It 
will, however, be shown that, for the purposes 
of this paper, the différence in salinity between 
glacier ice melt and lake water is much more im
portant to consider than a précise value of lake 
water salinity. It is, moreover, quite possible that 
the salinity of Lake Vostok water is higher in the 
deeper parts of the lake. 

The salinity of glacier ice melt is of the order of 
0.001 %o but, if this water is in contact with the 
subglacial floor, the salinity may increase to 
0.1%o, depending on the particle/water ratio. 
This latter value has been obtained by several 
chemical studies of subglacial waters in différent 
environments [21-23]. 

4. Water circulation 

Fig. 4 gives, at a pressure of 337 bar corre-
sponding to an ice thickness of 3750 m, the tem
pérature of maximum density of water versus sal
inity and the freezing température versus saUnity. 
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Salinily %o 

Fig. 4. Température of maximum density of water and freez-
ing température versus salinity at a pressure of 337 bar. Val
ues were computed from the gênerai state équation of sca 
water. 

It can be clearly seen that, whatever the salinity, 
the freezing température is first reached when 
water is cooled so that, doser to the freezing 
point, water has a higher density. The consé
quence of this fact is an unstable water column 
for geothermai heating from below since warmer 
water is less dense. Wiiest and Carmack [4] com
bine this notion with the fact that a température 
gradient exists along the ice-water interface to 
construct a model of water circulation in the 
lake. In this model, sahnity is not considered as 
a factor. It is true that a 0.4 %c salinity will not 
change the gênerai behavior of lake waters. How-
ever, as indicated below, a différence in salinity 
could have far greater conséquences in Lake Vos-
tok than a contrast in température. At a pressure 
of 337 bar, a différence of 0.37°C in température 
corresponding to the différence in the pressure 
melting température between the northem and 
the southem parts of the lake at the ice-water 
interface gives a différence in <Jv. of about 0.03. 
OU is equal to 1000 (pw —1) where is the water 
density. By contrast, at the same pressure, a dif
férence in sahnity of 0.4 %o, like that between lake 
water and pure glacial meltwater, gives a différ
ence in <7w of about 0.32. Even a weak salinity 
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must therefore be taken into account to complète 
the picture of water circulation in Lake Vostok. 

Information gained by the study of medium-
sized Antarctic ice shelves is worth considering 
in this context. Today, melting generally occurs 
at the grounding Une. Less dense water at the 
pressure melting point at depth is produced in 
this way since glacier ice melt has a much lower 
salinity than sea water. This less dense water rises 
along the ice shelf-ocean interface. Since the 
freezing point is higher when pressure decreases, 
the rising water becomes supercooled. Frazil ice 
crystals are generated in the rising plume and, 
because of their lower density, accrete at the bot-
tom of the ice shelf consolidating as a layer of 
marine ice. Lewis and Perkin [24] called this pro-
cess the ice pump mechanism. 

The situation in Lake Vostok is not, however, 
identical to that foimd beneath ice shelves. Firstly, 
along the glacier flow line in the southem part of 
the lake passing through Vostok Station the high-
est point of the lake is close to the grounding line, 
where the ice sheet leaves contact with its solid 
substratum and becomes iloating on the lake. 
Along this line, the ice-water interface does not 
change very much in altitude between the ground
ing line and the place where the ice sheet makes 
contact again with its solid substratum at the 
south-eastem end of the lake. By contrast, along 
a north-south profile, the ice-water interface is at 
a much lower altitude in the northern part of the 
lake than in the surroundings of Vostok Station 
in the south. SecondIy, Lake Vostok is a closed 
System whereas an ice shelf is open on one side to 
the océan [25]. 

5. Ice formation in the subglacial lake 

The isotopic characteristics of the lake ice 
présent at the bottom of the Vostok ice core 
were given in Jouzel et al. [6]. It was shown in 
this paper that the deuterium and oxygen-18 en-
richment of the lake ice in comparison to the de-
duced values of lake water (6.6 %o in SZ) and 
1.65 %o in ô'^O) is only about 60% of the corre
sponding isotopic equihbrium (11.4%o and 2.8 %o 
respectively). Freezing rate and réservoir effects 
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were discarded as possible explanations. It was 
suggested that, if freezing itself occurs at equilib-
rium, water pockets may be trapped during ice 
accretion. Such water pockets would freeze com-
pletely afterwards, and their bulk isotopic compo
sition would not be modified. Therefore the ob-
served fractionation must be less than the true 
value, depending on how much water is included 
in water pockets in the ice during the course of 
freezing. It is now possible with the developments 
given above to develop such a process in the Ught 
of water circulation in the lake. 

Let us consider rising meltwaters f rom the ice-
water interface f rom the no r them part of the lake 
where melting occurs. The rising plume is the con
séquence of thermal and also probably saUnity 
effects. Such waters will become supercooled as 
they rise. The maximum water supercooling 
would be the différence in melting points between 
the deeper and the upper parts of the lake at the 
ice-water interface. Nucleation will, however, 
start in the rising water for lower supercooling 
levels. A reasonable range of supercoohng is be
tween 0.01 and 0.1 °C. For such values, growth 
velocities of frazil ice crystals in fresh water are 
between 10"^ and 5X10"* m/s [26]. Now, ob-
served isotopic fractionation between ice and 
water in open Systems can be described by an 
équation similar to Burton's équation [27]: 

/1000 + J A a 

a - ( a - l ) e D 

where 4 and ^ are the respective 5 values of the 
ice and of the initial water, a is the appropriate 
equilibrium fractionation coefficient, v the freezing 
rate, h the boundary layer thickness and D the 
appropriate diffusion coefficient. This équation 

can be solved either for deuterium or oxygen-18. 
Using the supercooling range and the associated 
growth rates mentioned above with a reasonable 
boundary layer thickness of 0.1 cm, calculations 
indicate that the frazil ice crystals will have an 
isotopic enrichment in SD between 4.56 and 
0%o, compared to the lake water (Table 1). A 
higher supercooling will of course lead to higher 
growth rate and thus, a fortiori, to no isotopic 
enrichment in the frazil ice crystals. Now, consol
idation of loose frazil ice crystals by freezing the 
host water is a very slow process, thus at isotopic 
equilibrium. The isotopic composition of the lake 
ice, which is not at equihbrium freezing taking 
into account the lake water isotopic composition 
(eiurichment of 6.6%o instead of 11.4 %o in [6]), 
can be understood if the frozen host water repre-
sents between 30 and 58% of the bulk lake ice. 
Such values are comparable to those obtained in 
expérimental and field studies of frazil ice forma
tion [28,29]. The characteristics of the isotopic 
composition of the lake ice thus strongly support 
the occurrence of a mechanism similar to marine 
ice formation under an ice shelf, involving consol
idation of loose frazil ice crystals accreted at the 
ice ceiling of the lake. 

In addition, Priscu et al. [30] found at 3590 m, 
the core depth they studied, a much higher pro
portion of micas in the particles of micrometer 
size than in crystalline and raetamorphic rocks. 
This is probably an indication of capture by scav-
enging during frazil ice accretion, the geometry of 
mica crystals allowing them to float more easily in 
the lake waters. Ice crystals are fairly big in the 
lake ice: > 20 cm to 1 m. It is therefore not pos
sible to compare the azimuths of their c-axes and 
so unambiguous information on their formation 
process cannot be obtained. The variability in the 
dip (Fig. 1) does not, however, favor a single pro-

Table 1 
Proportion of frozen host water in lake ice deduced from its isotopic composition 

Water supercooling Crystal growth rate Effective fractionation coeflScient ÔDfmzii Frazil Frozen host water 
r C ) (m^) (^fr) (%) (%) 

0.01 10-* 1.0083 -444 .74 70 30 
0̂ 1 SX 10-^ 1.0000 -449 .3 42 58 

Burton's équation is used with boundary layer thickness=l mm; aiq = 1.0208, i ) = l . l X l O ~ ' s"', ÔZ)buiitlaicei« = -442 .7%o, 
SDwater = - 4 4 9 . 3 %e , ÔDfrozen host waler = " 4 3 7 . 9 %0 . 
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cess of freezing front progression in the lake water 
f rom the ice-water interface. 

An additional mechanism is the possibility of 
glacial meltwater seeping at the grounding line 
at selected places of the ice-bedrock-water con
tact, for example up-glacier f rom Vostok Station. 
If seeping glacial meltwater with a salinity of the 
order of 0.1%o or less enters into contact with 
Lake Vostok water of 0.4 %o salinity, a peculiar 
situation occurs. Let us consider that both waters 
are at their respective pressure freezing points. At 
a given pressure, the freezing point température is 
dépendent on the salinity of the water, being high-
er if the salinity is lower. Thus the freezing point 
of lake water is lower than that of seeping glacial 
meltwater. Heat diffusion will occur locally f rom 
the seeping meltwater to the lake. On the other 
hand, the salinity of lake water being higher than 
that of glacial meltwater, salts will diffuse f rom 
the lake to the meltwater. Thermal diffusivity is 
an order of magnitude higher than sait diffusion. 
The seeping glacial meltwater loses heat more rap-
idly than it gains sait so that supercooling fol-
lowed by freezing occurs, incorporat ing into the 
ice minerai particles présent in this locality. This 
double-diffusion mechanism is responsible for the 
présence of aggregates of millimeter sizes into the 
frazil ice. A small water quanti ty which freezes is 
enough for minerai inclusion into the frazil ice. 
Diffusion coefficients of stable isotopes and of 
salts in liquid water have the same order of mag
nitude, so that the double-diffusion mechanism 
described above also leads to isotopic diffusion. 
The isotopic composit ion of the ice formed at 
the grounding line is thus likely to be a good 
mdicator of the process. This is the background 
of the study undertaken in Ter ra Nova Bay [31]. 
In the case studied here, however, there is no sig-
nificant différence in isotopic composition be-
tween glacial meltwater and lake water. 

On the time scale for ice to pass over the width 
of the lake, changes in lake volume and in posi
tion of the lower boundary of the ice sheet due to 
changes in ice thickness are likely to occur. There-
fore, there could well be periods where lake ice 
format ion is promoted. There is, however, no in
format ion yet for constraining such a hypothesis. 
It is probably true that freezing will be favored if 
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the ice thickness is less. Freezing rates determined 
by Siegert et al. [5] f rom radar da ta could well be 
not correct if the frazil ice mechanism is retained. 
Lake ice once formed is entrained by glacier flow 
and can be exported outside the lake area where 
ice makes contact again with its substra tum at the 
downstream end of the lake. 

6. Conclusion 

Ice formation in subglacial Lake Vostok is re-
lated to the tilted surface of the ice-water inter
face. Because the lake behaves as an océan, water 
circulation is Ukely to occur. Supercooling in ris-
ing waters along the tilted ice-water interface is 
considered to be the mechanism responsible for 
lake ice format ion. This produces loose frazil ice 
crystals which will accrete at the ice ceiling with 
subséquent freezing of the host water. 

The isotopic composition of the lake ice corrob
orâtes ice format ion in two steps: loose frazil ice 
crystals produced in supercooled plumes foUowed 
by slow freezing of the host water in which the ice 
crystals accrete at the ice ceiling. 
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This Thesis is an overview of more than 10 years of our research activity in the field of ice-ocean 
interactions in the polar régions, during which we believe we have successfully contributed to unravelling 
the complexity and the diversity of processes that were clearly underestimated before. It is however only 
one of our fields of interest that are more generally dealing with the study of initial and boundary 
conditions at ice interfaces (be it the ice-bedrock, the ice-ocean or the ice-atmosphere interface). 

In most glaciological models of ice sheet dynamics, ice shelves are generally reduced to a floatation 
criterion and a transition from simple shear dominated to vertical pure shear dominated stress fields. Even 
though the most sophisticated of those models explicitely take into account the complex transition f rom 
one régime to the other at the grounding line, they are not actually able of representing discontinuities 
such as basai crevasses or rifts opening in the ice. Simulation of global warming impact on the ice 
shelves is approached in those models by artificially forcing the surface mass balance to decrease, 
therefore reducing the ice shelf thickness and observing the impact on grounding line retreat, increasing 
floatation and, ultimately, potential sea level rising. 

We have shown that ice shelves mass balance is not only reduced to its surface mass balance and a 
simple assumption of direct melting/refreezing at the ice océan interface. Combining (a) field 
observations in a suitable environmental setting, where high surface ablation allow easier observation of 
ice bodies initially formed at the ice-ocean interface, and (b) landfast sea ice studies at the front of ice 
shelves or in rifts, we have demonstrated the existence of a variety of ice-ocean interaction processes 
affecting the ice shelves in their whole 3-D structure. The main working area is located south of the 
Italian Antarctic station of Terra Nova, along the Terra Nova Bay coast in South Victoria Land, Ross Sea. 
This is a région renown for its intense katabatic wind régime, which is responsible for the high surface 
ablation rates inducing an upward vertical component of the ice particles path, therefore bringing ice 
from depth to the ice shelf surface. Earlier work f rom the rift area in the southem part of the George VI 
Ice Shelf in the Antarctic Peninsula is also considered. 

Five différent mechanisms were detected by which ice-ocean interaction processes actually increase 
or redistribute ice in the ice shelf body, in the form of marine ice: 

(a) Crack metamorphism at grounding Unes 

(b) Double diffusion between basai continental fresh meltwater and sea water in (re-) grounding 
areas 

(c) Deep Thermohaline Circulation in the whole of the sub-ice shelf cavity 

(d) Shallow Thermohaline Circulation in the frontal zone of the ice shelf 

(e) Rift Thermohaline Convection 

We have then shown the potential implications of thèse various processes on prédictions for ice 
shelf mass balance and stability under a warming climate. The peculiar chemical properties of marine ice 
are affecting its dielectric and rheological characteristics, as compared to meteoric ice, sea ice or sea 
water. When présent below meteoric ice, marine ice can therefore jeopardize a safe ice shelf thickness 
évaluation through radio echo-sounding methods alone. When filling the rifts that prépare the calving of 
large tabular icebergs, marine ice welding efficiency is likely to be very différent f rom that of an "ice 
mélange" made of a mixture of sea ice, meteoric ice blocks and drifted snow. Because ô'^O fractionation 
occurs on marine ice formation within the Ice Shelf Water, it is unsafe to use this isotope as a 
geochemical tracer of glacial melt contribution to the outflow at the ice shelf front. In a warming climate 
scénario it is also unsafe to associate the decrease in HSSW production in front of ice shelves to 
increased stability. Although this would indeed probably limit glacial melting at the grounding line, it 
would also hamper the filling of basai crevasses and rifts with marine ice, and therefore reduce internai 
cohésion. 
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We have also demonstrated how the ice océan interaction processes described above corne in 
support of the binge/purge model proposed by AUey and Mac Ayeal (1994) to explain the cyclic 
occurrence of Ice Rafted Débris (IRD) in the Heinrich events observed during the last glacial period. 

Finally, our expertise on ice-ocean interactions processes below ice shelves helped us solving 
apparent discrepancies in the isotopic records of the lake ice forming the sole of the central Antarctic ice 
sheet at Vostok. There, we have shown that an ice pump mechanism very similar to the one occurring 
below ice shelves exists, that is associated to the water circulation pattem in the subglacial lake. 

As is common in scientific research, the findings summarized in this work have generated new 
questions that led us to define pathways for future exploration. Among those, probably the most 
challenging will be the explicit description of the various ice-ocean interaction processes we have 
discussed in coupled glacio-oceanographical models simulating the response of the Antarctic system to 
the yet ongoing global warming. 
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