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ABSTRACT. A time-dependent model is used to in-
vestigate the interaction between climate, extent
and fluctuations of Patagonian ice sheet between
45° and 48°S during the last glacial maximum
(LGM)} and its subsequent deglaciation. The madel
is applied at 2 km resolution and enables ice thick-
ness, lithospheric response and ice deformation
and sliding to interact freely and is perturbed from
present day by relative changes in sea level and
equilibrium line altitude {(ELA). Experiments imple-
mented to identify an LGM configuration compati-
ble with the available empirical record, indicate that
a stepped ELA lowering of 750 to 950 m is required
over 15000 years to bracket the Fenix [-V suite of
moraines at Lago Buenos Aires. However, 900 m of
ELA lowering yields an ice sheet which best match-
es the Fenix V moraine {c. 23000 a s8r) and Calden-
ius’ reconstructed LGM limit for the entire modelled
area. This optimum LGM experiment yields a highly
dynamic, low aspect ice sheet, with a mean ice
thickness of ¢. 1130 m drained by numerous large
ice streams to the western, seaward margin and two
large, fast-flowing outlet lobes to the east. Forcing
this scenario into deglaciation using a re-scaled
Vostok ice core record results in an ice sheet that
slowly shrinks by 25% to ¢. 14 500 a sr, after which
itexperiences arapid collapse, loosing some 85% of
its volume in ¢. 800 years. Its margins stabilize dur-
ing the Antarctic Cold Reversal after which it shrinks
to near present-day limits by 11 000 a Bp.

Introduction

The aim of this paper is to use modelling to investi-
gate the extent, form and fluctuations of the North-
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ern Patagoman ice sheet from the last glacial max-
imum (LGM) through the vicissitudes of deglacia-
tion into the early Holocene when climatic condi-
tions were roughly analogous to those of today.
Records of the LGM (Marine Isotope Stage 2) are
useful because they provide a proxy for an extreme
climate state, fundamentally different from the
present. In particular, the glacial geologic record
provides an indirect archive of former snowlines and
equilibrium line altitudes (ELAs) during the ice
age, which mirrors temperature reduction and pre-
cipitation change. In turn, numerical models can
quantitatively translate the spatial and temporal
record of former glacial extent into former palaeo-
climatic conditions. In this particular study, we take
advantage of an area where the glacial geologic
record is well preserved and dated, to reconstruct
palaeoglaciologic and palacoclimatic conditions in
mid-latitude South America during the LGM.

The study area

The focus of this study is a 500 X 310 km area (68
—77°W, 45-48°5S) centred upon the Northern
Patagonian Icefield (NPI) and which extends from
the open Pacific Ocean 1n the west to the semi-and
Patagonia pampas in the east incorporating the
large, cross-border lakes of Lago Buenos Aires and
Lago Pueyrredon (Fig. 1a and b). The NPI is pres-
ently around 4200 km? and is sustained at such a
low latitude by extreme precipitation rates (2—11 m
a~| w.e.) as the Southern Westerlies are forced over
the Andes (Casassa er al. 2002). The persistence of
the NPI at the very limit of Southern Hemisphere
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Fig. 1.(a) Map of southern Andes. (b) digital elevation model of the study area. The image shows the location of the North
Patagonian lcefield (NPI) and Lago Buenos Aires (LBA) with the chronologically constrained moraine record to its east.

(¢} Cross-section of the moraine record east of LBA (after Kaplan er al. 2004)
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glacierization (at 46°S, the San Rafael glacier is the
lowest latitude glacier extending to sea-level on the
planet) coupled with the extreme climatic gradient
across the icefield, renders it highly sensitive and
responsive to climate change (Kerr and Sugden
1994; Rignot ef al. 2003). This sensitivity, coupled
with the excellent geomorphic record of past fluc-
tuations of the NPI’s eastern outlet lobes, means
that the area 1s ideally located to address some of
the significant outstanding issues centred on the
past latitudinal migration of the moisture-bearing
westerlies and the forcing mechanisms behind re-
gional climate and inter-hemispheric climatic syn-
chronicity.

The geochronologic record

The LGM moraines in Patagonia were mapped by
Caldenius (1932) and it is a tribute to the detail and
excellence of his work that recent and considerably
more intensive research efforts have led only to
changes to his chronology of the depositional se-
quence. The moraine record at the eastern end of

Lago Buenos Aires (LBA), Argentina, 46°S, 1s one
of the oldest in the world (Rabassa and Clapperton

1990, Singer et al. 2004), and provides an excellent
setting for numerical modelling experiments to in-
vestigate probable palacoclimatic solutions that un-
derpin former ice extent, Located at the middle lat-
itudes in southem South America, the moraine
record documents former glacial and climate chang-
es and can be used to test theories of ice age climate.
Most pertinent to the modelling approach, the re-
gion from LBA to the present NPl has been the focus
of a major geochronologic campaign (Singer e al.
2004; Kaplan et al. 2004, 2005; Tumner ef al. 2005).

Singer ef al. (2004) described the entire record on
the eastern edge of Lago Buenos Aires in detail and
presented *“°Ar/?Ar ages of the lava flows that pro-
vide chronologic control for the 1 Ma glacial se-
quence (Fig. 1b, ¢). The moraines have been infor-
mally grouped into four complexes, named Fenix,
Moreno, Deseado, and Telken. The oldest glacial de-
posit at LBA, Telken VII, is the equivalent of the
greatest Patagonian glaciation (GPG) (Mercer
1983), and 1s constrained in age to ¢, 1.1 Ma. The
Telken VII-I moraines were deposited between
1.016 Ma and 760000 a BP, and the Deseado and
Moreno moraines between 760 000 and 140 000 a Bp
(Singer er al. 2004). At least two Moreno moraines
datetoc. 150000-140000a Bp (Kaplan ef al. 2005).

The youngest moraine set, the Fenix system, was
deposited during the LGM or Marine Isotope Stage
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2. Particularly relevant for this study, the Fenix mo-
raines have been constrained in age with surface ex-
posure and *C ages (Fig. 1¢). Fenix V is ¢. 23 000
years old and represents the maximum ice extent
during the last glacial maximum, and its position 1S
a focus for the effort presented here. The youngest
dated moraine, Fenix I, is ¢. 16000 years old. Sub-
sequently, a lake formed and then a readvance de-
posited the Menucos moraine (Singer et al. 2004).
Systematic errors for the cosmogenic ages are in-
ferred to be less than 10% (e.g. Kaplan et al. 2004).
However, we emphasize that future systematic
change in the isotopic-based ages will not affect the
main results here, which are based on modelled
years. Lateral moraines wrapping around the north
side of Lago Buenos Aires provide a constraint on
the northward extent and surface elevation of 1ce as
it emanated from the trunk valley (Fig. Ib). On the
south side, the lateral moraines end at the Meseta
Lago Buenos Aires near the eastern edge of the lake.
There 1s no evidence that ice was on top of the Me-
seta de Lago Buenos Aires during ‘Fenix time’
which 1s an important constraint for the our model-
ling effort. In add:tion, there is no evidence that any
significant ice accumulation occurred on top of the
Meseta during the last glacial maximum, except per-
haps in the southwestern area (Caldenius 1932).

Whilst there 1s a geochronological record pinning
down the timing and changing ice extent during the
[LGM and earlier, there is also indirect chronological
control constraining the exact form and timing of the
deglaciation sequence. Turner ef al. (2005) use age
constraints for onset and end of lake deposition and
the timing of the rapid switch of the eastward diver-
sion of waters draining LBA to the present westward
course down the Rio Baker into the Pacific at c.
12 800 a 8P to constrain the final separation of the
North and South Patagonian Icefields. Dated shore-
lines created by the ice-dammed lake indicate that
after 16000 a Bp, when subsequent to formation of
Femix I, eastern flowing ice lobes underwent rapid
retreat to positions within 20 km of the present NPI
margins. There followed a phase of relative stability
starting ¢. 13 600 a Bp, which was promptly termi-
nated when the lake catastrophically drained at c.
12 800 a BP, potentially releasing some ¢. 2000 km?
of fresh water into the Pacific.

Modelling strategy

Here, a three-dimensional 1ce flow model 1s used to
provide an experimental framework by which the in-
teractions between climate and ice dynamics can be
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investigated, validated and refined against the ob-
served empirical record. Such modelling provides
the classic link between form (the observed erosion-
al and depositional record) and process (climate
forcing and ice dynamics). The work is intended to
build on and extend the modelling work of Hulton e/
al. (1994, 2002) who used a time-dependent model
to investigate the extent and climate necessary to re-
produce a Patagonian ice sheet that best fitted the
LGM reconstruction of Holling and Schilling
(1981), Porter (1981) and McCulloch er al. (2000).
Although the 1ce flow model used by Hulton et al.
(1994, 2002) captures the broad features of the LGM
across South America nicely, one particular cniti-
cism that has been forcefully expressed (e.g. Lli-
boutry 1998; Wenzens 2003) is that the operating
resolution of 10 km fails to adequately encompass
the highly variable relief that characterizes the Pat-
agonian Andes. Such a shortcoming has significant
implications not only for the temporal and spatial
patterns of ice flow and build-up, but also in terms of
the climate forcing feedbacks driving the model.
As a consequence, Hulton et al. {1994, 2002)

failed to replicate the large outlet lobes on the east
side of the NPI which drain into Lago Buenos Aires

and Lago Cochrane, even though these valleys are
well over 50 km wide in places. In both LGM sim-
ulations, the 10 km flow model completely fails to
adequately represent the dynamics and form of the
former NPI and its outlet lobes, resulting in a large,
amorphous icecap with a surface elevation of over
4500 m {(which by inference results in ice thickness-
es well in excess of this) completely swamping all
relief (e.g. Cerro San Valentin, the highest Patago-
nian peak at 4056 m) and which over-runs the ob-
served Fenix LGM limits in the eastby up to 150 km.

Marshall and Clarke (1999) comprehensively
discuss the resolution limitations of present ice
sheet models, in particular their inability to capture
alpine terrain and thus represent the processes that
govern initial ice sheet conception. They present a
novel, sub-grnid parameterization of snow and ice
distribution based on classifying mountain relief
through hypsometric curves which provides a bet-
ter representation of icecap inception and improves
model efficacy in mountainous regions. However,
even this improved topographic and mass balance
representation does not alleviate a critical problem
in maritime regions with extreme relief where ice
masses, characterized by high accumulation rates
and mass-turnover, are effectively drained and
most crucially, drawn down by major ice-streams
and fast-flowing outlet lobes. This is particularly
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the case over the Patagonian Andes and especially
across the present-day icefields which experience
some of the highest precipitation rates on the plan-
et,upto 11 ma~! w.e., and which have extreme topo-
graphic gradients, for example, encompassing Cer-
ro San Valentin (4058 m) which is located within 20
km of sea-level.

In an attempt to address these i1ssues, here an ice-
flow model is applied at significantly finer resolu-
tion which we hope will provide a more sympathet-
ic comparison with the observed geomorphic
record. Specifically, the time-dependent, three-di-
mensional model is identical to that used by Hub-
bard (1999) to model the build-up and maximum
extent of the Younger Dryas icecap across Scotland
and has also been successfully used to investigate
the LGM and subsequent deglaciation of Iceland
(Hubbard et al. in press). It is applied to a 2 km fi-
nite-difference grid and enables the variables of ice
thickness, isostatic bed adjustment and ice flow to
interact freely and caters for the dynamics of ice-
shelves, calving and basal sliding through longitu-
dinal stress coupling. It is forced through perturba-

tions from present in sea level and ELA and yields
space-time distributions of ice thickness, isostatic

response, stress, velocity, accumulation, ablation
and iceberg flux. By running this model within a
systematic experimental framework, we use it to
investigate specifically:

1. the form, extent and climate forcing required to
stmulate the LGM limits as observed in the Fe-
nix moraine set;

2. the sensitivity of the modelled LGM ice sheet to
changes in key parameters, particularly those
controlling the dynamics of the eastward-flow-
ing outlet lobes;

3. the pattern and timing of deglaciation from 23 to
11 000 a BP using the Vostok palaeotemperature
reconstruction,

Model boundary conditions and assumptions

In addition to numerous parameters (Table 1), the
model also requires input distributions of basal to-
pography and mass balance at the appropriate op-
erating resolution.

The basal domain

The model uses a 2 km topographic grid derived
from SRTM 90 m terrestrial and ETOPO2 marine
global data sets, along with point bathymetry data

Geografiska Annaler « 87 A (2005) - 2
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derived from echo sounding measurements
(Murdie et al. 1999). Though limited sub-glacial
data do exist for the NPI indicating centreline ice
thicknesses up to ¢. 500 m (e.g. Casassa (1987) for
the Nefand Soler Glaciers; Hubbard (1999) for the
San Rafael), for convenience the present-day ice
surface of the NPI was taken as the basal topogra-
phy 1n this study. Although a defimte limitation,
this assumption can be tentatively defended on the
basis that within our study area the NPI currently
covers an area less than 4200 km?, under 5% of the
total LGM ice sheet area of ¢. 90000 km?. The
source digital elevation models were subsequently
melded and interpolated onto an Albers equal-area
conic projection at 2 km resolution (Fig. 1b).

The thermomechanical evolution of the ice
sheet and 1ts effect on internal deformation is not
modelled; the ice sheet is assumed to be isother-
mal and bulk ice softness 1s controlled by a single
parameter, the rate factor, 4, and shiding 1s as-
sumed to be universal. Critically, this 1dentifies an
important difference between the approach pre-
sented here and that of Hulton et al. (2002), who
model the thermal evolution of the ice sheet and
restrict basal sliding to zones at pressure melting
point. This resulted in an LGM smmulation in
which extensive areas of the ice sheet are cold-
based and non-sliding, resulting in an overall
more viscous ice sheet model which fails to sim-
ulate the fast-flowing outlet lobes. We justify our
isothermal assumption on the basis that there are
virtually no data available to constrain Patagonian
ice surface temperature patterns (or geothermal
conditions) during the LGM and subsequent de-
glaciation. The common approach in ice-sheet
modelling of perturbing a ‘sea-level’ temperature
distribution corrected for ice surface elevation
through a fixed lapse rate is extremely sensitive to
the lapse rate chosen, which is not only highly var-
1able across the Patagonian Andes, but further-
more, 1§ virtually impossible to constrain in the
past. For this same reasoning, we adopt a simpli-
fied mass-balance calculation, described below,
rather than a more sophisticated degree-day or en-
ergy-balance approach which again, in this partic-
ular instance, merely adds additional compiexity
and parameterization without any gain in insight.
Besides, it 1s well established (e.g. Hindmarsh
1993) and as sensitivity tests reveal, changing in-
ternal viscosity does not greatly affect overall
model outcome in terms of spatial extent.

The lithospheric response time is nominally set
at 2000 years, which represents a relatively soft

Geografiska Annaler - 87 A (2005) - 2

Table 1. Model Parameters

Model Accepted Best-Fit
Parameter Units Range LGM
Mx marine ma”} 2-6 4
Zx manne M 900-1300 1200
Mx continental ma! 0.1-0.4 0.25
Zx continental m 200-600 425
Mar-Stop km 160-190 175
Cont-Start km 255-320 285
Weertman, As  Pa3 s 50x1071°-100x10"1  75%10-!5
Rate Factor, 4 Bar™ al 0.215-0.0155 0.1

Calving, Ac ma 0.2-0.6 0.3

lithosphere consistent with tectonically active
mountain ranges like the New Zealand Alps (Pater-
son 1994; Van der Veen 1999). A Weertman-type
sliding relation 15 applied and controlled by the
sliding parameter, A, and its specific implementa-
tion 1s described by Hubbard (1999),

The surface mass balance

The model is coupled to climate by means of sim-
plified climate parameterization where the net mass-
balance is dependent on elevation and varies para-
bolically about the ELA in the manner used by Hul-
ton et al. (1994). In this approach, two parameters
contro!l the specific shape of the parabolic curve,
Mzx, the maximum mass-balance and Zx, the vertical
distance above ELA at which Mx is reached (Fig.
2a) so that a broad spectrum of mass-balance/eleva-
tion relationships can be defined. The extreme cli-
matic gradient across the southem Andes 1s accom-
modated by allowing the specification of two con-
trasting mass-balance regimes, maritime and conti-
nental, each determined through their specific Mx
and Zx parameters. The east to west graduation be-
tween these regimes is specified through the dis-
tance 1n an easterly direction at which full marine
conditions end (mar_stop), and at which full conti-
nental conditions begin (con_start), with a linear
function controlling the transition between these
two (Table 1).

This mass balance parameterization is then driv-
en by wholesale raising/lowering of a pre-defined
ELA surface, a method that has been used effec-
tively in previous modelling efforts {(e.g. Boulton ef
al. 2003; Hagdorn 2003; Hulton et al. 1994; Hulton
and Sugden 1997, Hubbard 1997) and is useful
when limited or absent palacoclimatic data restrict
the use of a more sophisticated treatment.
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The ELA surface

The form of the modern-day ELA surface across
the NPI which 15 assumed in this study to represent
the general trend of that which existed in the past,
varies only in the east—west direction, with no north
to south variations across the 3° of latitude (Br-
oecker and Denton 1989; Hulton ef a/. 1994)}. The
present-day east—west ELA trend was determined
by using the snowline elevation or ELA at anumber
of key glaciers and glacierized massifs on and
around NPI (Fig. 2b; Rignot et al. 2003). Given that
the ELA or snow-line 1s a continually changing sur-
face and measured data may be influenced by re-
cent conditions, our ‘control points’ were assigned
a target elevation (a best estimate) and an accepta-
ble range outside this (Fig. 2¢). The trend surface
was then allowed to vary within the accepted range
until a best-fit was achieved using a Boltzmann sig-
moidal equation:

ELA() =((a—b)/(1 + EXP ((distance(x)-c)/d}}} + b

where: x 1s distance (in km), a= 774, b= 2572,
¢c=7272 and d = 64.

Comparison of highland topography lying above
this synthetic ELA surface (i.e. modelled accumu-
lation areas) and current ice-extent (digitized from
Landsat imagery and 1: 50 000 maps) displays a
high level of correspondence (Fig. 2b). Further-
more, the 63% proportion of accumulation to total
area calculated for the NPI is well within accepta-
ble bounds of the 2:1 accumulation to ablation area
ratio generally assumed for an ice mass in steady
state (Paterson 1994). As explained below, the form
of the ELA surface required slight modification
through a linear increase on the eastern side to pre-
vent ice build-up on the Meseta del Lago Buenos
Aires during LGM. The condition of an ‘ice-free’
meseta is indicated by any lack of glacial geologic
evidence for ice fiow on or off the Meseta (Calden-
wus 1932; Singer ef al. 2004), including the form of
the Fenix lateral moraines and other glacial depos-
its, which can be traced continuously around the

north side of the Meseta back to the western end of
LBA.

Domain boundaries

Since the model domain occupies a somewhat ar-
bitrary transect of the southern Andes, an artificial
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boundary condition must be specified when ice ad-
vances to the northern and southern limits. An as-
sumption of constant mass flux out of the domain
is made under these conditions. The east and west
boundanes remain free though westward ice-extent
15 held in check by a calving function, related to ice
thickness, front geometry, water depth and a calv-
ing parameter, Ac, in conjunction with the conti-
nental shelf which drops off to abyssal depths of
over 4000 m,

Model parameters

The mass-balance parameter range is based on es-
timates of maximum and minimum precipitation
rates for the west coast and and interior. Prohaska
(1976) presented isohyets that showed the uniform-
ity of the precipitation gradient east of the divide
which, in combination with field observations
(Caldenius 1932; Kaplan et al. 2004; Singer ef al.
2004), constrained continental aridity. Table 1 pro-
vides the best-fit mass balance and ice-flow param-
eters bracketed by acceptable limits.

The LGM simulation

To simulate the LGM ice extent, widespread virtual
glaciation was introduced through a stepped low-
ering of ELA based on palaeoclimatic information
available from a number of sources (e.g. Lamy et
al. 2002; Becquey and Gersonde 2003; EPICA
2004). Estimates of ELA depression during the
LGM range from 350 m (Hulton e al. 1994) to c.
1000 m (Broecker and Denton 1989) at 46°S.
Hence, a suite of experiments was carried out, each
model forced by a different ELA lowering from
400 to 1000 m in 50 m steps. Throughout all exper-
iments, sea-level was fixed at 125 m lower than
present-day in accordance with mean estimates
(Fairbanks 1989). In addition, a suite of sensitivity
tests was carried out by varying the mass-balance
and ice-flow parameters within acceptable limits
about an optimum LGM experiment. For each ex-
periment, the model was integrated from ice-free
conditions for 15000 years until steady-state was
attained and each end-member was subsequently
compared against the empirical record to isolate an
optimum LGM extent. This approach does intro-
duce an important limitation in the assumption that
the ice sheet and its outlet glaciers were in equilib-
rium with the climate responsible for them, This to
some extent 1s acceptable insofar as we are not per
se attempting to specifically reconstruct or inter-
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Fig. 3. Modelled ice sheet extent after 15000 years for relative ELA

pret the LGM palaeoclimate, and as long as it is un-
derstood that our results provide a minimum esti-
mate of the climate deterioration, then the approach
i5 valid. In addition, that the end moraines display
between 20 and 50 m of relief and are up to 500 m
wide (Singer ef al. 2004) indicates a significantly
long-lived period of ice-standstill at these positions
implying at least a quasi-equilibrium state which
again justifies the assumption.

Comparnison of steady-state LGM ice extent for
different intensities of ELA forcing, illustrates the
contrasting sensitivity between the east and west
sides of the NPI directly reflecting the climatic re-
gimes which dominate (Fig. 3). Whereas an ELA
lowering of less than 400 m results in a series of
large ice-streams out to the continental shelf edge
where they calve off in rapidly deepening water, the
converse is not the case, where an ELA lowering of
at least 750 m 1s required to drive the eastward-out-
let ice lobes out to the first of the Fenix moraines,
demarking the LGM. Furthermore, it 1s apparent
that these outlet lobes demonstrate a linear re-
sponse, in terms of ice extent to magnitude of ELA
forcing, until the Telken moraines are obtained, at
which point they become practically decoupled
from any additional ELA lowering (Fig. 3).
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forcing from 400 to 1000 m in 100 m increments

The optimum LGM model experiment which
best matched the Fenix V moraine required 900 m
of ELA lowenng and, its terminal position is well
represented (Fig. 4). Furthermore, the whole east-
ern margin of this Optimum LGM Experiment
(OLE) corresponds well (within 5 km) with Cal-
denius’ (1932) LGM limit for this sector of the
Patagonian Andes from c. 45 to 48°S. At the west-
ern margin, active calving accounts for virtually all
mass wastage and the OLE extends well offshore
and to the continental slope 1n the central sector.
Only i the far northwest and southwest, far re-
moved from the main centres of ice accumulation,
does the ice sheet not extend to the continental
slope, which is most likely an artefact of the rather
artificial domain boundary condition which pre-
cludes ice influx into these far-field zones.

LGM sensitivity testing

A sensitivity analysis of key model parameters was
completed in order to assess the quality of the mod-
el result and how that may affect interpretation of
the OLE. This was carried out by running the OLE
with one parameter changed in turn, to investigate
its effect on ice volume, response time and aerial

Geografiska Annaler + 87 A (2005) - 2
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Fig. 4. Optuimum LOM expenment showing the NPI modelled ice sheet extent and surface elevation after 15000 integrated years given
a stepped ELA lowenng of 900 m from completely ice-free conditions. Superimposed for comparison are the Fenix I (c. 17 ka 8P) and
V (c. 23 ka BP) moramnes along with Caldentus’ {1932) LGM and Greatest Patagonian Glaciation limits. For the LBA area, Caldenius’
(1932) LGM and Fenix V are considered coincident within the limits of mode] resolution

extent. Comparisons were then made against the
OLE, which are summarized in Table 2.

The model was found to be highly sensitive to
the mass-balance parameters with significant
changes to ice-margin extent and overall area and
volume. No surprise, given that the accepted range
in the values (Table 1) result in widely different
mass balance—elevation relationships (Fig. 3).
Modification of the marine mass-balance regime
was found to affect the entire ice sheet (Fig. 6a).
The ice sheet is most sensitive to the accumulation
end of the manne mass-balance curve, Mx (Fig.
5), since the ablation zone is reduced on the west-
ern side and marine accumulation also has a cross-
divide effect on the eastern side. The contrary is
not true though, since modifying the continental
mass-balance regime primanly affects eastward
extent but has little effect on the ice sheet as a
whole {Fig. 6b). In particular, parameters affect-
ing the ablation end of the curve had an extreme
effect on eastward extent (Fig. 6b) since any rise
in ELA consequently amplifies ablation rates
(Fig. 5). The model was also sensitive to the con-
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tinentality function as would be expected, since
this controls transition from marine to continental
conditions.

The model was not particularly sensitive to pa-
rameters affecting internal deformation and isos-
tasy, though varying the sliding parameter had a
significant effect on total ice volume but without
any concomitant change inice extent (Fig, 6¢). Re-
laxing the calving parameter enables a faster build-
up in ice volume to the west but negligible east-
ward advance.,

The deglaciation sequence

In order to investigate the deglaciation sequence,
we bump-started and forced the OLE from the
Fenix V moraine using a time-series from 23 300 to
11000 years BP based on the Vostok palaeo-
temperature reconstruction (Petit es al. 1999). This
temperature record 15 reconstructed from the Vos-
tok ice core deuterium record assuming a gradient
of 9%0/°C after accounting for the isotopic change
of sea-water. It yields a temperature series relative
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Fig. 5. The different elevation/mass-balance relationships resulting from varying the model parameters within accepted limits. Note
the extreme rates of ablation potentially resulting from the continental mass-balance parameters

to the recent mean value and varies from ¢, ~8.9°C
at 23300 years to ¢. 0°C at 11000 years. For our
purposes, this temperature-series was rescaled to
yield a maximum ELA lowering of 900 m (the OLE
conditionat23 300)to+200m ELA at 11 000 years
(Fig. 7). Although crude, such a local scaling of
ELA to a far-field record does provide a low-level
test of the general applicability of the Antarctic pal-
acoclimate record into a wider Southern Hemi-
spheric context. [t may also be justified on the basis
that the Vostok deuterium excess record is itself a

Table 2. Sensitivity analysis of model parameters

direct function of the meteorological and oceanic
characteristics of its precipitation source regions,
that is the Southern Ocean adjacent to South Amer-
ica (Vimeux ef al. 2002). Furthermore, use of the
Antarctic record enables us to investigate whether

the timing, magnitude and span of the Antaretic
Cold Reversal (ACR) recorded between 13 600

and 11900 a BP in the Vostok temperature recon-
struction, would have any bearing on the dynamics
and response of the deglaciation sequence of the
Patagonian ice mass at such a low latitude as the

Difference Difterence Yolume vanance
Area Volume in area in volume within parameter
Parameter (km?) (km%) (%) (%) (%)
LGM 91 872 103 247 — -
Mass Balance
Mx marine 2m a~! 84 704 88 204 -5.78 ~17.43
Mx marine 6m a”’ 94 608 121 456 5.24 13,70 37.60
Zx marine 900 m 89628 106718 .30 —0.10
Zx marine 1500 m 89464 105 593 —{}.48 -1.15 -1.10
Mx continental 0.1 ma™! 97312 116835 8.24 9.37
Mx continental 0.4 ma-' 87000 102044 -3.23 —4.48 —12.70
Zx continental 200 m 83068 96 110 ~7.60 —10.03
Zx continental 600 m 095036 115129 5.7 7.97 19.80
Continental start 235 km 84016 01963 -8.55 -13.9]
Continental start 335km 96472 i21 295 7.31 13.54 31.90
fee Dynamics
A =0.0155 (-10°C) 89648 106 788 -0.28 -0.04
A=0.215(0°C) 89 800 105 260 —{.11 —1.47 —1.43
[sostasy = 1000 yrs 89404 105942 —0.55 —0.83
isostasy = 3000 yrs 89016 104 625 —0.98 -2.06 -1.24
As=50x10-1° 90 580 119 860 0.76 12,20
As=100x 10" 89048 99322 —{.95 ~7.02 -17.13
184 Geografiska Annater + 87 A {2005) - 2
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NPI, as alluded to Tumer et al, (2005) and Sugden
et al. (2005).

Forcing the model from the OLE, Fenix V limit
at c. 23 000 (Fig. 8a) through to the early Holocene
at ¢. 11 000 a Bp with the rescaled Vostok record re-
sults 1n an 1ce sheet that is in good agreement with
the observed geochronologic record. From 23 000
to just after 17 000 a BP the ice sheet volume and area
remain stable with only minor fluctuations (<2%) in
1ce volume and area, directly reflecting the ELA os-
cillations (c. 100 m) on a millennial time-scale driv-
ing the model. During this time, the western, sea-
ward margin is unchanged and the two eastern outlet
lobes are relatively stable with only minor advance

Geografiska Annaler - 87 A (2005) - 2

and retreat cycles in and around their LGM posi-
tions, as indicated by the Caldenius and Fenix suite
of moraines. Throughout this period the eastern lobe
occupying LBA does not retreat much more than c.
10 km 1n front of the Fenix 11 moraine and at 17000
a Bp, following a short and final climatic dip (relative
ELA to —900 m), the lobe advances to the Fenix II
position (Fig. 8b).

After 17000 years Bp, reflecting a fairly steady
overall rise in the ELA surface overthe next¢. 3500
years, the ice sheet undergoes, first, a phase of
steady retreat reflected in relatively slow shrinkage
in 1ts western margins and eastern outlet lobes (Fig.
8c) through to c. 14 500 years 8r when the ice sheet
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Fig. 7. Time-series of ice sheet volume and area during deglaciation from the optimum LGM extent at 23 500 through to 11 000 years
BP driven by ELA re-scaled from the Vostok temperature reconstruction (Petit ef al. 1999; see text)

undergoes catastrophic collapse, first in its western,
seaward sector around 14000 a Bp (Fig. 8d) and
then across the entire 1ce sheet, which by 13500 a
BP, t5 2 mere shadow of its former self (Fig. 8e).
Durning this collapse, the volume of the ice sheet
falls from 70 000 to just over 10000 km? in less
than 800 years (Fig. 7), whilst in the same period,
its area declines by c¢. 80%. At 13800 a Bp, this
greatly reduced ice sheet, not significantly larger
than the present-day NPI in terms of ice volume but
with eastern and western outlet glaciers extended
into lowland troughs, stabilizes and advances
somewhat over the next 1500 years, in phase with
the Antarctic Cold Reversal. At the end of this cold
phase (c. 12 300 years BP) with chimatic ameliora-
tion, this residual ice sheet then undergoes steady
shrinkage up to 11 500 a B resulting in limits (Fig.
8f) which closely resemble the present-day extent
of the NPI. |

Discussion

Our suite of mode! experiments indicates that a re-
gional ELA reduction of 750 to 950 m yields an
LGM ice sheet which matches the Fenix I to V mo-
raine sequence at LBA. Within this broad range, an
optimum model experiment was achieved with 900
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m of ELA lowering which best fitted the Fenix V
limit at 23 000 a Br (Kaplan et a/, 2004) and Cal-
denius’ (1932) regional LGM limit (Fig. 4). How-
ever, prudence 15 certainly advised before overly
interpreting the palacoclimatic significance of this
result since sensitivity experiments revealed the
modelled ice sheet to be rather dependent on the
mass-balance parameters used. The OLE repre-
sents one of potentially many model scenarios that
could produce a stmulation matching the empirical
evidence and hence should be considered no more
than indicative. Despite this, 1t is worth noting that
the regional ELA depression is certainly in good
correspondence with general LGM palacotemper-
ature estimates in the mid-latitudes of South Amer-
ica (Broecker and Denton 1989), and the palae-
oecological record from 40°S which indicated a
temperature decrease of 6-7°C (Dentoner al. 1999;
Moreno et al. 1999). Although simplistic, given an
assumed mean lapse rate of ¢. 0.0075°C m~, which
is within bounds accepted by Kerr and Sugden
(1994}, then our modelled 900 m of LGM ELA
lowering is realistic.

The optimum LGM ice sheet has a low aspect ra-
tio breached by numerous large mountain massifs
(e.g. Cerro San Lonenzo, Arnales, Pared Norte and
San Valentin) and a number of smaller nunataks

Geografiska Annaler - 87 A (20058) - 2
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Fig, Ba—f. Time-slices of ice sheet surface elevation and isostatic adjustment at key snap-shots during deglaciation

(Fig. 9). With a total volume of just 103 247 km’
distributed over an area of 91 872 km? yielding a
mean ice thickness of ¢. 1130 m, this ice sheet cer-
tainly could be considered thin compared to the
LGM reconstructions of Hulton et al. (1994, 2002).
However, examination of the basal velocity pattern
illustrates the key role that fast flow plays in effec-
tively drawing down the main central ice-mass. The
interior is penetrated and drained by a number of
large, topographically controlled ice streams and
outlet lobes which are fed by numerous tributaries
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and flow up to 2000 m a~! (Fig. 10). Compared to
the LGM model of Hulton ef al. (1994, 2002), of
critical importance are the two fast-flowing outlet
lobes occupying LBA and Lago Pueyrredon (a.k.a.
Cochrane) which effectively drain the ice sheet in-
terior and prevent excessive ice build-up and runa-
way eastward expansion of the ice sheet with con-
comitant ice divide migration. The Lago Pueyrre-
don and LBA outlet lobes are characterized by low
surface gradients (¢. 1:20) and low basal shear trac-
tion (0.3-0.6 bar) associated with basal sliding and
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Fig. 9. Rendered three-dimensional view of the optimum LGM model experiment from the Northeast illustrating the major mountains

which penetrate the ice sheet along with numercus smaller nunataks and the large, fast-flowing outlet lobes that occupy Lagos Buenos
Aires and Cochrane

Surface Velocity

miyr

2,000

Fig. 10. Modelled ice sheet surface velocity (m a-1) for the optimum LGM experiment showing extensive zones of ice-streaming to
the west and north marine margins and the two fast-flowing outlet lobes occupying Lagos Buenos Aires and Cockrane to the east

ice-streaming behaviour, These results are inagree-  low surface gradients and basal shear stresses. Fur-
ment with the work of Douglass et al. (2002) who thermore, geomorphic evidence for extensive basal
used the direction of streamlined landforms and  sliding is found in various guises. Bedrock stria-
moraine long-profiles to reconstruct the outlet gla-  tions and other subglacially formed ice flow indi-
cier occupying LBA, which was characterized by  cators have been observed around the lake and on
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Fig. 11. Reconstruction of the fast-
flowing outlet glaciers that drained
the eastern portion of the NPl at the
last glacial maximum. The recon-
struction is based on mapped land-
forms (glacial lineations) and
shows flowlines (defined by flow-

sets) and ice surface topography of

the NPI at the LGM {(adapted from
Glasser and Jansson, 2005)

its islands {Douglass et al. 2002; Glasser and Jans-
son 2005; Glasser et al. 2004). Glasser and Jans-
son’s (2005} semi-quantitative reconstruction
based on Landsat imagery and geomorphological
evidence corroborates that the LGM icecap was
dramed by a number of fast-flowing outlet glaciers
characterized by a narrow main trunk with sharp
lateral boundaries, parallel conformity between in-
dividual glacial lineations, convergent head areas
and attenuated glacial lineations (summarized in
Fig. 11). Furthermore, the large basaltic erratics on
Fenix II are glacial polished and have striations
(Singer et al. 2004}, and the Fenix glacial events led
to extensive glacio-fluvial outwash systems with
well developed meltwater channels preserved to
the present (see Fig. 2 in Singer et al. 2004). Al-
though much of the melt could have come from the
margin and top surfaces, roadcuts show that these
moraines consist of reworked outwash and flow
tills. These lines of evidence taken together confirm
warm-based ice at least at the valley bottom, with
extensive sub-glacial water and concomitant slid-
ing at the bed.

Use of the ‘independent’ Vostok palaeotemper-
ature reconstruction, which includes the ‘classic’
Antarctic Cold Reversal (ACR) fromc. 14500 to
12 800 a BP, produces good agreement with the se-
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quence of events as defined by Kaplan et al. (2004)
and Turner ef al. (2005) for the LBA (Argentina)
and Lago General Carrera {Chile) valleys. Steady
overall retreat of the 1ce margin from Fenix V to |
is dictated by the modest warming after the regional
and global glacial maximum, sensu stricto, prior to
¢. 23 000 a BP. A number of small ELA oscillations
(of . 100 m amplitude) from 23 000 to 17 000 a BP
result in a series of minor fluctuations in the mar-
gins of eastern outlet lobes which are consistent
with the mullennial scale deposition of the mo-
raines, and which culminates in a readvance to the
Fenix II position at 17000 a Bp. Subsequently,
gradual warming in the temperature record drives a
slow but steady retreat from 17000 to 14 500 a Bp,
which agrees with the sequence of glacial events
across LBA and LLago General Carrera. Sometime
between 16 000 and 14 000 a Bp, the dated geologic
record indicates an abrupt and pronounced degla-
ciation (Turner ef al. 2005); the modelled loss of ice
once again mirrors the evidence, when driven by
the Vostok record. Fenix I formed at ¢. 16 000 a Bp,
which was followed by a lake and readvance of the
undated Menucos moraine (Kaplan et al. 2004),
The record of Tumer et a/. (2005) then indicates
that by 13 600 a B? 1ce stabilized or advanced and
blocked drainage to the Pacific Ocean, forming a
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glacial lake. Finally, the modelled event shows
broad agreement with the timing of an ACR-type
event as outlined by Turner et a/. (2005). The sim-
ilarity between the terrestrial record and modelled
sequence of events, when driven by the Vostok tem-
perature curve, lends support to the idea that the
Antarctic/Southern Ocean Chimate and middle lat-
itude South America are at least broadly linked dur-
ing deglaciation.

Conclusions

Given an understanding of the past glacio-climatic
regimes, we hope that this study demonstrates that
high resolution modelling reliably captures the
configuration and dynamics of the LGM ice sheet
as represented in the geomorphologic record.

The western, seaward margin of the NPI 1s sus-
ceptible to widespread glaciation with an ELA low-
ering of just 400 m resulting in extensive ice sheet
advance to the Pacific shelf, Due to the significant
climatic gradient which exists across the Andes,
significantly greater ELA depression of 750 to 950
m is required to advance ice to the eastern LGM
limits as indicated by the Fenix I to V suite of mo-
raines.

A region-wide ELA lowenng of 900 m yields an
optimum fit with Caldenius’ (1932) LGM recon-
struction and the Fenix V moraine which was de-
posited at ¢. 23 000 yr BP. This optimum LGM ex-
periment resulted in a low aspect ice sheet with a
volume of 103 247 km?® distributed over an area of
91872 km? which was efficiently drained and
drawn down by numerous ice-streams, extending
to the continental shelf in the west and with two
large, fast-flowing outlet lobes to the east.

Driving the model from the LGM to the
Holocene using a rescaled Vostok record results in
a complex deglaciation sequence which 1s 1n good
agreement with empirical reconstructions and sup-
ports the hypothesized climatic links between the
Antarctic/Southern Ocean and nmid-latitude South
America.

After re-advancing to the Fenix II moraine at
17 000 a Bp, the ice sheet slowly wanes with steady
climatic amelioration untit 14 500, a Bp after
which it rapidly collapses by 85% to a size not
much larger than the present-day NPI within ¢.
800 years. After this it stabilizes for ¢. 1500 years
corresponding to the Antarctic Cold Reversal, be-

fore retreating to its present-day configuration by
11000 a Bp.
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