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Abstract. Previous studies of the lakes of the McMurdo Dry
Valleys have attempted to constrain lake level history, and
results suggest the lakes have undergone hundreds of meters
of lake level change within the last 20 000 years. Past stud-
ies have utilized the interpretation of geologic deposits, lake
chemistry, and ice sheet history to deduce lake level history;
however a substantial amount of disagreement remains be-
tween the findings, indicating a need for further investigation
using new techniques. This study utilizes a regional airborne
resistivity survey to provide novel insight into the paleohy-
drology of the region. Mean resistivity maps revealed an ex-
tensive brine beneath the Lake Fryxell basin, which is inter-
preted as a legacy groundwater signal from higher lake lev-
els in the past. Resistivity data suggest that active permafrost
formation has been ongoing since the onset of lake drainage
and that as recently as 1500—4000 years BP, lake levels were
over 60 m higher than present. This coincides with a warmer-
than-modern paleoclimate throughout the Holocene inferred
by the nearby Taylor Dome ice core record. Our results indi-
cate Mid to Late Holocene lake level high stands, which runs
counter to previous research finding a colder and drier era
with little hydrologic activity throughout the last 5000 years.

1 Introduction

Lakes provide a refuge to life in some of the more extreme
environments on Earth, especially in places with strong sea-
sonality such as polar regions. Lakes are a relatively stable
source of liquid water which can determine the ecological
viability of a system (Gooseff et al., 2017). The evolution
of lake basins is important to survival of local ecosystems,
and interpreting the history of lake levels and water availabil-
ity can provide important insights into long-term ecosystem
dynamics. Despite extremely low temperatures and minimal
precipitation, the McMurdo Dry Valleys (MDVs; Fig. 1) are
the site of a series of closed-basin lakes fed by alpine glacial
melt and snowmelt via ephemeral streams as well as by di-
rect subsurface recharge (Toner et al., 2017; Lawrence et al.,
2020). Annual lake levels in the MDVs have been recorded
since the 1970s, which provides a window into the dynamic
climatic and geologic drivers of the MDYV hydrologic system
(Fountain et al., 2016). Lake levels have overall risen since
the beginning of observational records starting in 1903, dur-
ing Robert Scott’s first expedition (Scott, 1905); however pe-
riods of lake level stagnation as well as lake level drop have
also been recorded (Fountain et al., 2016). The fluctuation in
the MDV lakes alters the biological and chemical exchange
between surface waters, soils, and groundwater, making it
critical for understanding MDV connectivity and ecosystem
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evolution (Doran et al., 2002a; Gooseff et al., 2017; Foley et
al., 2019).

The drivers of MDV lake level change represent a com-
plex combination of climate, ice sheet extent, and basin hyp-
sometry. During the Last Glacial Maximum (LGM), roughly
28.5-12.8 ka, Antarctica underwent a period of ice sheet
thickening and advance (Hall et al., 2015). Stable isotope
records from Taylor Dome (located roughly 100 km west of
the MDV5s) indicate mean annual air temperatures ca. 4-9 °C
lower than modern during the LGM (Steig et al., 2000). Fol-
lowing the LGM (12 000-2000 years BP) regional tempera-
tures were up to 5 °C warmer than modern conditions (Fig. 2)
(Steig et al., 2000; Monnin et al., 2004). During the LGM, ice
from the East and West Antarctic ice sheets was grounded
within the Ross Sea, extending to the edge of the continental
shelf, roughly 500 km farther than the modern-day ground-
ing line (Anderson et al., 2014). Grounded ice from the
Ross Ice Shelf flowed inland, spilled into the ice-free MDVs,
and formed an ice dam that reached approximately 350 m
above sea level (ma.s.l.) (Denton and Marchant, 2000). The
grounded Ross Ice Shelf in the mouth of Taylor Valley
(TV) would have allowed for lake levels to reach elevations
that would otherwise not be possible (~ 300-350ma.s.L.),
forming a massive glacially dammed lake known as Glacial
Lake Washburn (GLW), which would have filled all of TV
(Fig. 3a). According to Hall and Denton (2000), the Ross Ice
Shelf remained grounded at a maximum equilibrium extent
along the eastern side of the Transantarctic Mountains un-
til roughly 13 067 years BP (12700 '“C years BP, calibrated
using Stuiver et al., 2018).

The removal of the ice dam in the mouth of TV would
have resulted in drainage of GLW, and subsequent lake lev-
els would be limited by the 78-81 m a.s.l. topographic con-
straint (outflow sill) at Coral Ridge (Fig. 3b). However, the
exact date that the ice dam was removed is still not com-
pletely resolved in the literature. Some studies suggest the
grounded ice sheet was completely gone from the mouth of
TV sometime between 7800 to 6000 years BP (Cunningham
et al., 1999; Hall et al., 2006, 2013; Anderson et al., 2016).
However, grounded ice could have persisted in the mouth
of TV after the Ross Ice Shelf retreated. Levy et al. (2017)
used luminescence dating to suggest that large paleolakes in
neighboring Garwood Valley persisted well after the Ross
Ice Shelf retreated. The paleolake Howard (Garwood Valley)
was at its maximum elevation until 4.26 +0.72 ka because of
stranded ice in the mouth of Garwood Valley that was a relic
of the Ross Ice Shelf. Levy et al. (2017) makes the case that
relic ice could have persisted in the mouths of various valleys
well after the Ross Ice Shelf retreated in McMurdo Sound,
so ice shelf retreat may not correlate exactly with the timing
of GLW drainage. Other studies (Horsman, 2007; Arcone et
al., 2008; Toner et al., 2013) suggested that GLW was much
smaller and only occupied western TV in the Lake Bonney
basin.
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Much of the past lake level chronology in TV has been es-
tablished by dating paleodeltas, which form where streams
enter the lake and deposit sediment. Previous studies have
utilized radiocarbon dating of algal mats within these deltas
(Hall and Denton, 2000) and optically stimulated lumines-
cence (OSL) dating of quartz grains (Berger et al., 2013) to
constrain the age of the paleodeltas. Hall and Denton (2000)
postulate that a large lake occupied the full TV, reaching an
elevation of up to 350 ma.s.l., between a period of 8340 and
23 800 years BP, suggesting lake levels dropped below mod-
ern levels by 8ka (Fig. 4). Berger et al. (2013) determined
that delta deposits are systematically younger than the “C
dates at comparable elevations by ~ 5000 years (Fig. 4), sug-
gesting a lake level drop below sill level between 5 and 8 ka.

The disagreement of spatial distribution and timing of pa-
leolake levels in TV highlights the need to further constrain
lake level history. This study provides a third method for esti-
mating lake level history during the previously unconstrained
Mid to Late Holocene (5 ka to present) using a novel appli-
cation of electrical resistivity data to identify the subsurface
thermal legacy of paleolake levels in TV.

2 Site description and field campaign

The MDVs are located within the Transantarctic Mountains
and make up the largest ice-free region in Antarctica (Levy,
2013). Mean annual valley bottom temperatures in TV range
from —14.7 to —23.0 °C (Obryk et al., 2020), and the region
receives between 3—50 mm water equivalent of precipitation
per year (Fountain et al., 2010). Lakes in the MDVs have 3—
5 m thick perennial ice covers and vary in volume, chemistry,
and biological activity (Lyons et al., 2000). During the aus-
tral summer, a short melt window occurs between December
and February, which accounts for most of the stream input to
the lakes (Chinn, 1987). Open-water moats form around the
perimeter of the lakes during the summer, and water loss oc-
curs due to sublimation of lake ice and evaporation of open
water (Dugan et al., 2013; Obryk et al., 2017).

Lake Fryxell, located in TV, is one of the largest lakes in
the MDVs, at roughly 5.5 km long, 1.75 km wide, and 22 m
deep (Fig. 1). Lake level measurements show that from 1972
to 2020, Lake Fryxell has undergone ~ 2.61 m of total lake
level rise as measured by manual lake level surveys at an
average rate of ~ 5.4cmyr~! (Fig. 5) (Doran and Gooseff,
2020). The lake level record is characterized by high inter-
annual variability in both lake level change (magnitude) and
direction (rise versus fall) (Fountain et al., 2016).

2.1 Resistivity surveys
SkyTEM, a time domain airborne electromagnetic sensor
system, was flown over TV in 2011 (see Fig. 6 for SkyTEM

data collection flight lines). The measurement involves puls-
ing a strong current in a transmitter coil suspended beneath a
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Figure 1. Overview map of the McMurdo Dry valleys. Lake Fryxell is located in the eastern portion of Taylor Valley, and the study area is
outlined in yellow. Satellite imagery from Landsat Imagery Mosaic Antarctica (LIMA) published 2009.
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Figure 2. Stable isotope (6180) record from Taylor Dome ice core
and paleotemperature reconstruction. A reference line for 0 AT
(°C) is shown in red, representing deviation from modern tempera-
tures. Modified from Monnin et al. (2004).

helicopter. When these currents are turned off rapidly, a pri-
mary magnetic field propagates throughout the subsurface,
which induces eddy currents in the subsurface at depth. The
decay of these eddy currents in turn generates a secondary
magnetic field, the strength and time dependence of which
are measured inductively by a receiver coil that is also sus-
pended beneath the helicopter (Foley et al., 2016). The re-
sulting data, which consist of time derivatives of the sec-
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ondary magnetic field, are used to estimate the resistivity
in the subsurface (Ward and Hohmann, 1988). Data collec-
tion occurs while the helicopter flies at speeds up to approx-
imately 100kmh~!. The 2011 airborne electromagnetic sur-
vey collected 560 km of resistivity data in eastern TV. Flight
lines were approximately 500 m apart, and nodes (individ-
ual sounding points) were collected every ~ 25 m along each
flight line (Fig. 6). For more details and in-depth discus-
sion behind SkyTEM methodology and data collection, see
Sgrensen and Auken (2004), Mikucki et al. (2015), and Fo-
ley et al. (2016).

Specialized inversion software, called Aarhus Workbench,
was used to process raw resistivity data and invert for layer
models of subsurface resistivity (Foley et al., 2016). Mean
resistivity maps, which illustrate the mean resistivity of the
subsurface at fixed elevation intervals, were generated in
Workbench using a spatially constrained (“‘quasi-3D”) inver-
sion of the data collected from Fryxell basin in 2011 (Viez-
zoli et al., 2008). These maps are valuable for illustrating
lateral continuity and extent of resistivity structures at depth.
Slices of constant elevation from 250 to —300ma.s.]. that
are 5m thick were interpolated to generate mean resistiv-
ity maps using a 1000 m search radius and kriging interpo-
lation. Kriging involves the use of a semi-variogram to de-
termine weights during the interpolation, which makes this
method well suited to capture spatial correlations. The var-
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Figure 3. (a) Glacial Lake Washburn extending up Taylor Valley
(300 ma.s.l.). Extent of grounded Ross Ice Sheet is estimated from
maps of Ross Sea drift moraine locations (Hall and Denton, 2000);
(b) Holocene extent of paleolake, limited by 81 m a.s.1. sill between
Lake Fryxell and the McMurdo Sound. Modern-day lake levels
shown in dark blue. Extent of alpine glaciers (Canada and Com-
monwealth glaciers in white) is estimated. The DEM (1 m resolu-
tion) is from 2014-15 lidar survey, accessed via OpenTopography
(Fountain et al., 2017).

iogram model used in the kriging interpolation is a simple
exponential function with log-transformed resistivity values,
a sill value of 0.16, and a range of 1520 m.

Mean resistivity maps were imported into ArcGIS and
then overlaid on a digital elevation model (DEM) (Fountain
et al., 2017) and high-resolution DigitalGlobe satellite im-
agery (WorldView-3, provided by the Polar Geospatial Cen-
ter) to visualize the location and extent of low-resistivity re-
gions. The digital elevation model used for this study was
generated from a lidar campaign flown over the McMurdo
Dry Valleys in 2015. The digital elevation model has 1 m spa-
tial resolution and covers all of TV (Fountain et al., 2017).

The depth of investigation was determined in Workbench
and represents the maximum depth of reliable resistivity
models. Regions of low resistivity (< 1000 Qm, typical of
lake water and brine-saturated sediments) have a lower depth
of investigation (< 100 m) due to signal attenuation in con-
ductive materials, whereas regions of high resistivity (>
1000 2m, typical of ice, permafrost, and bedrock) have a
greater depth of investigation (> 300 m) because the elec-
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tromagnetic signal penetrates deeper with less attenuation
in these conditions (Christiansen and Auken, 2012; Mikucki
et al., 2015; Foley et al., 2016). We are using the threshold
of ~ 1000 2 m to broadly distinguish between “high” versus
“low” resistivity based on observations from both McGinnis
and Jensen (1971) and Mikucki et al. (2015), who broadly de-
fine sediments as brine-bearing if they have resistivity from
10 to 1000 2m.

Subsurface characteristics and chemistry can be inferred
from the relationship of bulk resistivity to temperature, salin-
ity, and liquid volume fraction (Mikucki et al., 2015). Per-
mafrost resistivity varies and can be broken into subgroups
depending on degree of saturation and confining proper-
ties as described in McGinnis and Jensen (1971). Confining
permafrost does not allow any fluid flow, whereas McGin-
nis and Jensen (1971) define lower-resistivity “aquifrost”
as permafrost that allows groundwater flow due to local
conditions such as salinity and porosity. Confining layer
permafrost tends to have much higher electrical resistivi-
ties (< 10000 2m) than aquifrosts (50-1000 2m) depend-
ing on temperature and degree of saturation of the aquifrost
(McGinnis and Jensen, 1971).

The regions of low resistivity underlying higher resis-
tivities are interpreted as liquid-brine-saturated sediments
capped by permafrost and represent the liquid groundwater
extent in Fryxell basin (Mikucki et al., 2015). To calculate
the thickness of the permafrost above this briny aquifer, we
performed a search from the surface to the first instance at
depth of resistivity values at or below a threshold value of
100 Q2m. The 100 2m threshold broadly distinguishes be-
tween “dry” or hard-frozen permafrost (above 100 2 m) and
aquifrost or unfrozen ground with a significant liquid fraction
in pore spaces (Mikucki et al., 2015; Foley et al., 2016). We
chose 100 2m as our cutoff based on the Dry Valley Drilling
Project borehole data comparison in Foley et al. (2016, Fig. 7
therein) that shows resistivity measurements. The borehole
DVDP-11 was drilled within our study area, and tempera-
ture and salinity were measured within the borehole. These
borehole data can be compared to our resistivity profile taken
near the borehole site (Foley et al., 2016, Fig. 7 therein).
Foley et al. (2016) show a rapid decline in resistivity, from
about 100 2m down to < 5 Qm, within only 20-30 m. This
sharp resistivity gradient corresponds well to an abrupt jump
in salinity with depth. Such a salinity increase is consistent
with a transition from frozen sediments to liquid brine.

Workbench was then used to export location, elevation,
and depth to brine for each node point of resistivity data col-
lected. Depth-to-brine values for each node were interpolated
to map distribution of the permafrost—brine boundary. Depth-
to-brine maps were smoothed using a low-pass filter in Ar-
cGIS to reduce noise, which was particularly high around the
edges, where data density was lower, and signal-to-noise ra-
tios were less favorable.
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Figure 4. Age of delta deposits from '#C dating of preserved algal mats (Hall and Denton, 2000) shown as circles with associated error bars
(age). Samples from all of Taylor Valley and just Fryxell basin shown as cyan and black circles, respectively. Age estimates using optically
stimulated luminescence (OSL) dating shown as red squares with associated error bars (age) (Berger et al., 2013). The vertical blue line
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Figure 5. Lake level elevation in meters above sea level (ma.s.l.)
of Lake Fryxell from 1972 to 2020. Lake levels are determined by
manual survey. Data can be accessed at https://mcm.lternet.edu (last
access: 16 July 2020; Doran and Gooseff, 2020).

2.2 Modeling permafrost thickness and age, analytical
model

Permafrost thickness, which is taken as the depth to the
100 2m boundary, was used to calculate time since initia-
tion of permafrost freeze-back resulting from lake drainage.
We adapted Eq. (5) from Osterkamp and Burn (2003):

https://doi.org/10.5194/tc-15-3577-2021

d* - Hi
=S,
2kp - (_Tps)

where ¢ is the age of permafrost in years, s is a conversion
factor from seconds to years, d is the thickness of permafrost
(m), H is the volumetric latent heat of fusion for sediments
corrected for porosity in joules per cubic meter (Jm™3), ky,
is the bulk thermal conductivity of permafrost in watts per
meter per kelvin (W m~! K1), and Tps is the temperature
difference between the atmosphere and permafrost freezing
front (K). The average air temperature of Lake Fryxell is
—20°C (Obryk et al., 2020), and freezing temperature of
brine-saturated sediments is between —5 and —10 °C (Foley
etal., 2016). Here we use an average brine freezing tempera-
ture of —5 °C and a maximum brine freezing temperature of
—8°C. Therefore, the average Tps is —15K, and maximum
Tps is —12 K. The volumetric latent heat of fusion for sedi-
ments corrected for porosity is estimated using Eq. (2):

Hs=Hy-¢-(1—-¢a), 2)

where H; is the volumetric latent heat of the sediments, H,
is the volumetric latent heat of water (334 MIm~3), ¢ is the
porosity of the sediment, and ¢, is the fraction of air in pore
space. Bulk thermal conductivity of permafrost (kp) is esti-
mated using Eq. (3):

ey

ki = krln—zp .k;p(lfwa) ke, 3)
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etal., 2017).

where kpy, is the thermal conductivity of the matrix (Pringle,
2004), kt is the thermal conductivity of the fluid (Engineer-
ing Toolbox, 2004), and k, is the thermal conductivity of air
(Engineering Toolbox, 2009). All thermal conductivity terms
are in units of Wm~! K1, and values are summarized in Ta-
ble 1.

To calculate a range of possible permafrost ages for each
elevation, a Monte Carlo statistical analysis was performed.
Each input variable was assigned a standard deviation; ¢,
¢a, Tps, and ky, were assigned a standard deviation of 20 %,
and k¢ and k, were assigned a standard deviation of 2 % as
they are better constrained. We then draw 10 000 realizations,
where each input variable is drawn from a normal distribu-
tion with mean value and standard deviation as listed in Ta-
ble 1. For each realization we calculate permafrost age as-
suming completely saturated sediment (¢, = 0) as well as
partially saturated sediment. This approach assumes a nor-
mal distribution of all parameters and a homogeneous sub-
strate in both space and time for simplification purposes.

To produce a deterministic upper bound of permafrost
ages, Eq. (1) was calculated using the maximum or mini-
mum possible value within 1 standard deviation for each in-
put variable. Hy was maximized by assigning a maximum
¢ (adding 1 standard deviation), with and without air in the

The Cryosphere, 15, 3577-3593, 2021

pore space. Minimum kp, was calculated by minimizing &y, by
subtracting 1 standard deviation and maximizing ¢ by adding
1 standard deviation, with and without air in pore space. Tps
was minimized by adding 1 standard deviation from the av-
erage value (Table 1).

2.3 Modeling permafrost thickness and age, 1D
numerical vertical diffusion model

The model in Sect. 2.2 uses Eq. (1) to calculate permafrost
age, assuming a constant 7ps through time for simplification;
however paleotemperature reconstructions point to a grad-
ual cooling during the Holocene (Steig et al., 2000; Mon-
nin et al., 2004). In order to explore this further, we used
a second approach to calculating permafrost ages using a
1D numerical (finite-difference) model, solving the classi-
cal Stefan problem of vertical heat diffusion coupled with
latent heat release during freezing. The upper boundary con-
dition is a prescribed temperature that is |7ps| lower than the
freezing point of the sub-permafrost brines. 7ps can be ei-
ther held constant during numerical experiments (described
in Sect. 2.2) or can be prescribed to vary with time. The bot-
tom boundary condition of the numerical model is a constant
heat flux, set to the geothermal flux of 0.080 W m~2, con-

https://doi.org/10.5194/tc-15-3577-2021
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Table 1. Input values for Eq. (1) through Eq. (4) and Monte Carlo analysis to calculate permafrost ages. Max/min value column shows values

within 1 standard deviation resulting in the oldest permafrost ages.

Variable Mean value  Standard deviation =~ Max/min value  Description

1] 0.30 20 % 0.36  Porosity

Pa 0/0.20 20 % 0/0.24  Fraction of air in pore space, fully saturated/partially saturated
Tps —15 20 % —12  Temperature difference (K)

ke 2.25 2% 2205 Thermal conductivity (TC) of fluid (=5°C) (Wm~! K1)
ka 0.0236 2% 0.0231  TC of air (—~10°C) (Wm~ ! K~1)

km 3.50 20 % 2.80  TC of rock matrix (—=5°C) (Wm~! K1)

kb, s 3.07 - 257  Bulk TC (Wm~! K1), fully saturated

kb, ps 2.33 - 1.73  Bulk TC (Wm~! K~1), partially saturated

Hg 15 100.2 - 120.2  Vol. heat of fusion (MJ m_3), fully saturated

Hs, ps 80.2 - 91.4  Vol. heat of fusion (MJ m™3), partially saturated

sistent with two borehole-based estimates proximal to the
study area (boreholes DVDP-6 and CIROS-1 in Table 1 of
Morin et al., 2010). Other model parameters are based on
the same permafrost properties listed in Table 1. Existing ob-
servational constraints indicate that under modern conditions
in the study area, the temperature at the bottom of the per-
mafrostis ca. —10°C (e.g., Foley et al., 2016, Fig. 7 therein),
while ground surface temperature is ca. —20 °C (Obryk et al.,
2020), yielding Tps of about —10°C. We then applied a lin-
ear cooling rate of 1, 2, 3, and 4 °C over the last 10 000 years
to model the cooling trend observed in the Holocene Taylor
Dome paleotemperature reconstructions (Steig et al., 2000;

https://doi.org/10.5194/tc-15-3577-2021

Monnin et al., 2004). The ice core constraints appear to be
best approximated by the linear cooling trend of 3 °C per
10000 years. The numerically obtained permafrost thickness
evolution with time can be fit well (R% = 0.9996) with an
empirical power relation:

d=4.52.194% “)

where (like Eq. 1 above) ¢ is the age of permafrost in years,
and d is the thickness of permafrost in meters. Note that
Eq. (1) can be rewritten in the same power-law form with
a time exponent of 0.5 rather than 0.424.
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3 Results

Airborne resistivity data were used to map groundwater
and permafrost extent within Fryxell basin. A large low-
resistivity region (< 100 2m) extends hundreds of meters
away from the modern lake extent (Figs. 6, 7). The edges
of the resistivity map shown in Fig. 6 commonly show a very
strong gradient of resistivity, which are mostly artifacts of the
interpolation. Defining the interpolation search radius (here
we chose 1000 m) is a balance in allowing enough overlap
between surrounding model nodes to avoid gaps in the spatial
mapping. However, a larger search radius does produce some
interpolation artifacts around the edges. The interpolation ar-
tifacts are not a concern for regions where data coverage is
good (for example, in the center of the map in Fig. 6), and the
search radius is interpolating between nodes on all sides. We
therefore truncated the maps (shown as black basin outline in
Fig. 6) to the edge of the flight lines to remove extrapolation
artifacts.

In addition to mapping groundwater, higher resistivities
overlaying low-resistivity brine in the valley floor are in-
terpreted as regions of permafrost which range from ~ 5m
thick around the lake edge to over 200 m thick higher up
on the valley walls (Fig. 7). Permafrost is thinnest near the
modern lake edge and increases in thickness with increas-
ing distance from the lake edge (Fig. 8). Permafrost thick-
ness frequency displays a bimodal distribution, with one
mode < 50 m thick (near lake edge) and another peak around
150 to 200 m, which occurred farther up the valley walls
(Fig. 9). Permafrost resistivity varies depending on water
content and temperature. Confining permafrost generally had
values above 10000 2m, which was only observed in some
regions of Fryxell basin (Mikucki et al., 2015; McGinnis and
Jensen, 1971). A lower-resistivity permafrost layer (between
100 and 1000 2m) extends from the brine layer to approxi-
mately 81 ma.s.1. (Fig. 7).

Calculated permafrost ages are plotted against ranges of
possible porosity, bulk thermal conductivity, and tempera-
ture differences (Fig. 10). The effect of a partially saturated
versus fully saturated substrate on the volumetric latent heat
of fusion for sediments corrected for porosity (H) and bulk
thermal conductivity (kp) was also investigated (Fig. 10).
We assumed partially saturated conditions to yield the old-
est possible permafrost ages; however we recognize that as-
suming a homogeneous partially saturated substrate at this
permafrost-brine boundary is an oversimplification.

Lower depth-to-brine values (thinner permafrost) found at
low elevations (< 80 ma.s.l.) yielded a smaller range in pos-
sible ages. A wide range of calculated ages is seen at higher
elevations (> 80 ma.s.l.), and therefore the deeper and older
permafrost ages are less constrained (Fig. 11). Maximum
permafrost ages for partially saturated conditions (0.24 air
fraction in pore space) yielded slightly older ages compared
to the first-order calculation using average inputs and fully
saturated conditions, resulting in a ~ 500-year increase in
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age (approximately 1.5 to 1ka) for shallow brines between
“average” and “maximum” results (Fig. 11). Figure 12 shows
the range of possible ages for a discrete depth to brine (per-
mafrost thickness) of 50, 140, and 200 m as calculated from
the Monte Carlo analysis for both partially saturated and
fully saturated conditions. The age uncertainty is smallest
for shallower brines (thinner permafrost) compared to deeper
brines (thicker permafrost) (Fig. 12). The middle panel of
Fig. 12 shows the age probability distribution for 140 m thick
permafrost, which roughly corresponds to the 81 ma.s.l. sill
level.

Permafrost age was mapped using both methods outlined
in Sect. 2.2 and 2.3. First, we mapped permafrost age using
the analytical model (using maximum value, partially satu-
rated inputs in Table 1), which calculated permafrost age us-
ing depth to brine—permafrost boundary and Eq. (1) (Fig. 14).
We then mapped permafrost age using the 1D numerical ver-
tical diffusion model using the best fit (Eq. 4) from Fig. 13 as-
suming a 3 °C linear cooling trend of the last 10 ka (Fig. 15).
The age of permafrost was capped at 30ka in Fig. 15 be-
cause this method is not as accurate for very thick permafrost
(around the edges of the map), and so this model is best used
for younger and thinner permafrost. Both methods produce
relatively young permafrost ages around Lake Fryxell; how-
ever the model based on 1D numerical vertical diffusion out-
put (Eq. 4) yields slightly older ages.

Permafrost ages from the two methods were then plot-
ted as a function of sounding point elevation to compare to
previously reported '*C and OSL ages at corresponding el-
evations (Figs. 16, 17). A comparison of all three methods
shows that even maximum permafrost age calculations can-
not reproduce '“C ages of paleodeltas from Hall and Denton
(2000). OSL dates are in rough agreement with permafrost
age calculations, especially for low elevations surrounding
the modern lake edge (< 30ma.s.l.) (Figs. 16, 17).

4 Discussion

In polar regions, ubiquitous permafrost isolates surface wa-
ter from deeper groundwater systems by forming a relatively
impermeable layer. Exceptions occur where large lakes form
and have formed in the past. This is because adding a lake
and changing lake levels drastically alter the surface thermal
boundary conditions from, for example, —20 °C (i.e., the typ-
ical mean annual air temperature in Taylor Valley; Obryk et
al., 2020) when no lake is present to around 0 °C when year-
round liquid water occupies the surface. Airborne resistivity
data revealed a low-resistivity groundwater signal that ex-
tends hundreds of meters away from the modern lake edge of
Lake Fryxell. In the MDYV, this groundwater system is over-
laid by permafrost O to hundreds of meters thick. We propose
that this region of low resistivity beneath higher-resistivity
permafrost is a relic thaw bulb from higher lake levels of
the past. The presence of a large paleolake would have al-
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Figure 8. Map showing depth to 100 2 m brine—permafrost boundary generated from SkyTEM data. Interpolation was smoothed using a
low-pass filter in ArcGIS to reduce edge noise. Edges (higher elevations and deeper brine layers) are less reliable because of inversion
interpolation artifacts and limitations of depth of investigation. The thick black polygon (basin outline) represents the extent of reliable data,
which was truncated at the edge of each flight line to reduce extrapolation artifacts. DEM (1 m resolution) is from a 2014-15 lidar survey,

accessed via OpenTopography (Fountain et al., 2017).
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Figure 9. Elevation in meters above sea level (ma.s.l.) versus depth
to 100 2 m brine—permafrost boundary in Fryxell basin. Each point
represents an individual SkyTEM node (shown as the flight lines
in Fig. 6). Data density is displayed as a color ramp, where yellow
points indicate higher data density, and blue points indicate lower
data density.

tered the thermal regime of inundated regions, allowing for
a broader groundwater connection throughout much of TV.
As the lake level dropped to modern levels, the paleolake bed
was exposed to subfreezing surface temperatures, resulting in
permafrost growth from the top down. Gradual freeze-back
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of past lake beds following lake level drop (transient talik)
has been observed in the Arctic, and permafrost continues to
form until steady-state conditions are reached (Neill et al.,
2020).

Permafrost age calculations can be compared to paleotem-
perature records from Taylor Dome to correlate paleocli-
mate events with hydrologic responses. Lake levels appear
to have been the highest around or after 12ka (OSL date
from ~ 250 ma.s.l.), the end of a warming period from 15
to 12ka (Steig et al., 2000). Lake levels likely remained
high from 12 to 8ka and subsequently dropped due to the
retreat of the grounded Ross Ice Shelf from the mouth of
TV (Hall and Denton, 2000; Hall et al., 2004; Anderson et
al., 2016; Spector et al., 2017). After the removal of the ice
dam, lake levels would not be able to exceed the sill level
at Coral Ridge (Fig. 1). We measure sill elevation to be 78—
81 ma.s.l. based on the digital elevation model of Fountain
et al. (2017). Since channel erosion rates are unknown, we
use the present-day bank elevation (81 ma.s.l.) as the to-
pographic threshold that defines the boundary of the Lake
Fryxell watershed. Any additional hydrologic input into Lake
Fryxell above this 81 ma.s.l. level would spill into the Mc-
Murdo Sound via the channel that cuts through Coral Ridge
(Fig. 1).

During the Late Holocene, a much larger talik would have
existed beneath a larger paleolake, and the thickness of per-
mafrost above this relic talik can be used to calculate time
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Figure 10. Monte Carlo sensitivity analysis of permafrost age inputs; ky, and H include partially saturated (ps) and fully saturated (fs)
substrate conditions. Panels (g)—(i) show how variations in temperature, bulk TC, and porosity affect the age of permafrost. Data density is
displayed as a color ramp, where yellow points indicate higher data density, and blue points indicate lower data density.

High

} == =Max inputs, 0.24 air in pore space
== Average inputs, 0.20 air in pore space]

} == =Max inputs, fully saturated

\

= Average inputs, fully saturated
=== Monte Carlo average

20000 @_ _ _ponte Cario standard dev

a8
@©
£
15000 3
o
& z
[ 3 [
5 g
5 z
< 3
o
[}
o

100 200 300 400 500
Thickness of permafrost (m)
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since lake drainage. This study uses both an analytical model
(Eq. 1) and a numerical model (Eq. 4) to calculate permafrost
age. Neither of the two models takes into account the rate of
lake level drop, and both model results would be the same if
we assume a constant rate of lake level drop or an instanta-
neous lake level drop. The analytical model assumes constant
T for simplification; however we explored the scenario of a
variable Tjs (3 °C cooling over 10 000 years) in the numerical
model (Eq. 4, Figs. 13 and 15). Lateral heat flux from mod-
ern and ancient lakes is not addressed in this study; however
it may be important to understand equilibrium thresholds for
this evolving groundwater system.

When it comes to analyzing the potential importance of
putative lake level variability at elevations < 81 ma.s.l,, it is
important to note in our Fig. 9 that the cluster of thin per-
mafrost at low elevations occurs for elevations < 50 ma.s.1.,
where permafrost is estimated to be < 50 m thick. Compar-
atively few of our estimates of permafrost thickness fall be-
tween 50 and 140 m, with corresponding surface elevations
between 50 and 81 ma.s.l. The only other high-abundance
cluster of permafrost thickness is 140-200 m, with corre-
sponding surface elevations between 81 and 150 m a.s.1. This
cluster represents the lake levels that occurred when the ice
dam was still present. When the ice dam is not present, the
hydrology of Fryxell basin favors lake levels that are consid-
erably lower than the sill level of 81 ma.s.l. and that reach
mostly up to ca. 50 ma.s.l., which corresponds to the other
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Figure 12. Age estimates from Monte Carlo analysis as discrete depth to 100 2 m brine—permafrost boundary. Each panel shows Monte
Carlo analysis results for partially saturated (blue) and fully saturated (orange) conditions at three discrete depths to brine. The shallowest
depth to brine (a, 50 m) shows how age of permafrost is relatively well constrained. Thicker depths to brine (b, 140 m or ¢, 200 m) show how
increasing depth to brine also results in less constrained ages of permafrost. A partially saturated substrate (blue bars) results in slightly older
permafrost ages compared to a fully saturated (orange bar) substrate.
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Figure 13. Results from 1D numerical (finite-difference) model
solving the classical Stefan problem of vertical heat diffusion cou-
pled with latent heat release during freezing. The plot shows how
age of permafrost increases with increasing permafrost thickness
for various linear cooling trends to simulate lowering temperatures
in the Holocene. The equation shown above shows the best fit line
for an applied linear cooling rate of 3 °C over 10000 years (green
line; Eq. 4).

cluster of common permafrost thicknesses that are < 50m
thick.

Permafrost age calculations indicate Late Holocene lake
level high stands (up to ~ 81 ma.s.l., 63 m higher than mod-

https://doi.org/10.5194/tc-15-3577-2021

ern Lake Fryxell) from roughly 1.5ka (Fig. 14) to 4ka
(Fig. 15) that would have filled both Lake Fryxell and Lake
Hoare basins (Fig. 3b). Permafrost ages span a wide range of
elevations because the depth-to-brine boundary only roughly
follows surface topography (Figs. 16, 17). This is probably
an indication of subsurface heterogeneity (bedrock, till, la-
custrine sediment, and buried ice distribution), which is also
apparent in resistivity maps. Shallower depth-to-brine values
(younger ages) are better constrained compared to older and
higher-elevation brines, as suggested by Monte Carlo statis-
tical analysis, and can be used as an estimate of uncertainty
(Figs. 11, 12). For this reason, we are not using this method
to necessarily date the timing of the highest lake levels. This
paper discusses GLW in the context of past lake level high
stands; however other methods are likely better at determin-
ing very old lake levels compared to this method of using
resistivity data.

Application of a linear cooling of 3°C in the last
10000 years to a numerical model of permafrost growth
(Eq. 4) still yields fairly young ages for elevations below
the 81 ma.s.l. sill level (< 150 m thick permafrost results
in ~4ka; green line below). This would be about 2.5ka
older than our original approach using the analytical solu-
tion (Eq. 1) (Osterkamp and Burn, 2003). Even though the
results vary between the two methods, the data still suggest
that a larger lake occupied Fryxell basin between 1.5 ka (an-
alytical method) and 4ka (1D vertical diffusion model ex-
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Figure 14. Analytical model results of maximum permafrost age distribution in Fryxell basin calculated using Eq. (1) (Osterkamp and Burn,
2003). Age is calculated using depth to permafrost—brine boundary (defined as 100 2m). Contours represent age of permafrost in years
before present, implying higher lake levels (up to 81 ma.s.1. sill level) during the Late Holocene, ~ 1.5ka. Note that contours switch to 5000-
year intervals after 10 000 years. Because of such a large permafrost age gradient at high elevations, the 1000-year contours were illegible.
The DEM (1 m resolution) is from a 2014-15 lidar survey, accessed via OpenTopography (Fountain et al., 2017).

Numerical Model
Eq. (4)
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Figure 15. Numerical model results of permafrost age distribution in Fryxell basin calculated using Eq. (4). Age is calculated using depth to
permafrost—brine boundary (defined as 100 2m). Contours represent age of permafrost in years before present, implying higher lake levels
(up to 81 ma.s.L sill level) during the Late Holocene, ~ 4 ka, which is older than the results from the analytical model shown in Fig. 14.
Note that contours end at 30 000 years BP. Because of such a large permafrost age gradient at high elevations, contours were illegible. The
color ramp also stops at 30 000 years BP since the model is not accurate for thick (hence older) permafrost. DEM (1 m resolution) is from a
201415 lidar survey, accessed via OpenTopography (Fountain et al., 2017).
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Figure 16. Permafrost ages calculated using the analytical model
(Eq. 1) applied to SkyTEM resistivity data. Depth to brine
(100 2m) and inputs from Table 1 were used in Eq. (1) to calcu-
late maximum permafrost age. Permafrost ages are colored by data
density, where yellows and greens represent higher data density, and
blues represent lower data density. Ages are better constrained for
younger, shallower permafrost, so ages were cut off at 400 m depth
to brine (corresponding to permafrost ages of ~ 11000 years BP).
14C (Hall and Denton, 2000) and OSL (Berger et al., 2013) ages
collected from deltas in Lake Fryxell basin are plotted for compari-
son.

plained above). At higher elevations with permafrost thick-
nesses > 200 m we obtain ages between 7-8 ka.

Using two methods to calculate permafrost ages from re-
sistivity data, it was still not possible to yield ages for lake
occupation that fully agreed with those estimated by '4C
ages of delta deposits (Hall and Denton, 2000) (Figs. 16,
17). Radiocarbon dating from Hall and Denton (2000) sug-
gests that lake levels were higher than modern between 22
to 5ka. OSL dates (Berger et al., 2013) estimate past lake
level high stands to be more recent, existing between 12—
5ka. Neither OSL nor '“C suggests lake level high stands
younger than 5ka. Our permafrost age calculations agree
more with the OSL chronology than the '“C at all eleva-
tions (Figs. 16, 17), but both chronologies have their limi-
tations. OSL records the burial age of the quartz grain, which
may be different from the deposition age. Rates of past sed-
iment transport and deposition are not currently known, so
this lag in deposition versus burial time is unresolved. Sec-
ondly, OSL dates are collected from some depth below the
surface, meaning the dates may not be an accurate represen-
tation of the most recent occupation of that delta or lake level
elevation (this will also be true for '“C samples collected
away from the surface). Several studies have shown a sub-
stantial radiocarbon reservoir effect in the MDVs, but mod-
ern lake edges and streams have been shown to be mostly
well equilibrated with the modern atmosphere (e.g., Doran
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Figure 17. Permafrost ages calculated using the numerical model
(Eq. 4) applied to SkyTEM resistivity data. Depth to brine
(100 2m) was used to calculate permafrost age, assuming a
3°C/10000 years cooling trend over the Late Holocene. Permafrost
ages are colored by data density, where yellows and greens rep-
resent higher data density, and blues represent lower data density.
Ages are better constrained for younger, shallower permafrost, so
ages were cut off at 400 m depth to brine (corresponding to per-
mafrost ages of ~ 21000 years BP). l4c (Hall and Denton, 2000)
and OSL (Berger et al., 2013) ages collected from deltas in Lake
Fryxell basin are plotted for comparison.

et al., 1999; Hendy and Hall, 2006). Doran et al. (2014) did
note some exceptions. In fact, out of four moat microbial mat
samples dated (all in < 1 m of water), only one was equili-
brated with the modern atmosphere. The others carried '4C
ages of 2324 £96, 9334 £ 71, and 2608 £ 48 years BP. So
clearly, even in modern lakes it is possible for lake edge ma-
terial to carry a significant carbon reservoir. A large glacial
lake of the past may have had even more ancient unequili-
brated carbon associated with it due to melt coming from the
ancient Ross Ice Shelf without the opportunity for significant
equalization with the atmosphere (e.g., through direct sub-
aqueous glacial melt and moats being more closed to the at-
mosphere). Moreover, under climates colder than today lake
ice may have been thicker and '*C equilibration with ambi-
ent atmosphere more restricted. Levy et al. (2017) point out
that '4C have consistently produced dates 5—10 ka older than
OSL samples from the same locations in Garwood Valley.
Multiple lines of evidence support our permafrost age cal-
culation. Permafrost at approximately 81 ma.s.l. dates at 4
and 1.5ka using the numerical and analytical models, re-
spectively. During this time, Taylor Dome ice core records
show a highly variable Holocene climate with temperatures
up to 5°C above modern until 1-2ka, when temperatures
came down to modern levels (Steig et al., 2000; Monnin
et al., 2004). Multiple studies in the MDVs make a direct
connection with air temperatures and hydrologic response
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Figure 18. Maximum permafrost ages calculated using the analytical model (Eq. 1) are shown as pink contours and indicate roughly 1.5ka
permafrost at 81 ma.s.l. (yellow elevation contour). An extremely well-preserved delta on Crescent Stream is located at roughly 81 ma.s.l.
and shown in inset map (green box). Image © 2017 DigitalGlobe, Inc. provided by the Polar Geospatial Center.

(Obryk et al., 2017; Doran et al., 2008, 2002b), which sup-
ports a potential connection between higher lake levels dur-
ing the relatively warm Holocene. Also, at roughly the sill
level (~ 81 ma.s.l.), there is a large and very well-preserved
delta on Crescent Stream in Fryxell basin, with nearly zero
slope and sharp transitions between the topset and foreset,
suggesting low degrees of weathering (Fig. 18). Weather-
ing of delta deposits has not been rigorously addressed in
previous literature, and we cannot quantify the relationship
between delta appearance with age because there are many
unknown variables (i.e., deposition rate, geology, duration
of lake occupation, and erosion rate); however, through vi-
sual comparison in the field as well as using DEMs and
satellite imagery, the delta on Crescent Stream is the most
well-defined delta in Fryxell basin. Because this delta oc-
curs at 81 ma.s.l., the maximum possible lake level without
grounded ice at the mouth of TV, the delta may have formed
through multiple cycles of filling and drainages. Lake Fryxell
could have reached 81 ma.s.l. multiple times in the past, and
we suggest that periods with warmer-than-modern conditions
such as the Late Holocene could result in this common lake
level elevation, and any additional hydrologic input would re-
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sult in spillover into the McMurdo Sound. The combination
of a highly preserved delta deposit at 81 m a.s.l., the approxi-
mate permafrost age of 1.5 to 4 ka, and warmer-than-modern
temperatures in the Late Holocene suggests that it was pos-
sible for lake level to be at the sill level sometime in the last
few thousand years. This is somewhat at odds with previous
studies that have shown evidence for drawdown events (sig-
nificantly lower than modern) between 1-4 ka (Lyons et al.,
1998) or at 6.4, 4.7, 3.8, and 1.6 ka (Whittaker et al., 2008).
A partial desiccation event or events in the Late Holocene
cannot be resolved using either paleodelta age or resistivity
data from this study.

5 Conclusions

Lake levels in TV have fluctuated in the past, leaving behind
a complex history of overprinted lacustrine deposits and sub-
surface thermal signatures. A novel approach using airborne
transient electromagnetic surveys provides new evidence that
supports the existence of much higher lake levels in Fryxell
basin by constraining lake level timing and extent. This study
provides new insight on lake level evolution in TV during the
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Holocene, a period in which past studies are contradictory,
and significant gaps remain. Lake levels were higher poten-
tially during and after the LGM, when an ice dam blocked
the mouth of TV, allowing for lake levels to increase by over
280m compared to modern levels. Taylor Dome ice core
records indicate an abrupt warming of > 15°C from 15—
12 ka, (Steig et al., 2000), which may have coincided with
the maximum lake level of GLW. Following ice sheet re-
treat approximately 8 ka, GLW drained, and lake level likely
fluctuated from at or below modern levels (18 ma.s.l.) up to
81 ma.s.l. between 8 and 1.5 ka. Around 4-1.5ka, lake lev-
els were at the 81 ma.s.l. sill level and have subsequently
dropped to or below modern levels. Our chronology of Fryx-
ell basin lake level history based on modeling of the thermal
legacy of the lake is better supported by previously published
OSL ages than *C ages of paleodeltas on the valley walls.

Small changes in climate such as a 5 °C higher tempera-
ture in the Late Holocene (Monnin et al., 2004) could have
sustained up to 60 m higher lake levels in Fryxell basin.
Closed-basin MDV lakes are characterized by high vari-
ability and extreme sensitivity to both climate and geologic
drivers. Modern and paleohydrologic evidence indicates a
highly dynamic system in which modest temperature forc-
ings can initiate a large-scale hydrologic response.

Data availability. Lake level data for Fig. 5
are available at https://mcm.lternet.edu/content/
lake-level-surveys-mcmurdo-dry-valleys-antarctica- 1991-present
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SkyTEM data collected in 2011 are
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