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Abstract: The McMurdo Dry Valleys of Antarctica are the largest ice-free region on the continent. These
valleys contain numerous water bodies that receive seasonal melt from glaciers. For forty years, research
emphasis has been placed on the larger water bodies, the permanent ice-covered lakes. We present results
from the first study describing the geochemistry of ponds in the higher elevations of Taylor Valley. Unlike
the lakes at lower elevations, the landscape on which these ponds lie is among the oldest in Taylor Valley.
These upland ponds wax and wane in size depending on the local climatic conditions, and their ionic
concentrations and isotopic composition vary annually depending on the amount of meltwater generated
and their hydrologic connectivity. This study evaluates the impact of changes in summer climate on the
chemistry of these ponds. Although pond chemistry reflects the initial meltwater chemistry, dissolution and
chemical weathering within the stream channels, and possibly permafrost fluid input, the primary control is
the dilution effect of glacier melt during warmer summers. These processes lead to differences in solute
concentrations and ionic ratios between ponds, despite their nearby proximity. The change in size of these
ponds over time has important consequences on their geochemical behaviour and potential to provide water
and solutes to the subsurface.
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Introduction

Since the early 1960s, geochemists and limnologists have
been intrigued by the biogeochemistry of aquatic systems in
the McMurdo Dry Valleys, Antarctica. Studies in “extreme”
environments such as these provide insights to system
dynamics that are overwhelmed by other processes in more
temperate, mesic and biotic-friendly systems. The primary
efforts in studying geochemical processes in the McMurdo
Dry Valleys (MCM) have been focused on the larger lake
systems, especially in Taylor and Wright valleys, where data
go back to the early 1960s (Angino et al. 1962). Investigations
continued through the 1970s-1980s (e.g. Wharton et al.
1987, Green et al. 1988) with ongoing biogeochemical
monitoring since 1993 through the McMurdo Dry Valleys
Long-Term Ecological Research (MCM-LTER) project (e.g.
Lyons e al. 1998). However, there are many smaller lakes
and ponds situated throughout Victoria Land and along the
Scott Coast. Many of these aquatic systems have been
sampled sporadically over the past 20 years, and much is
known about their geochemistry (Torii e al. 1989, Webster
et al. 1994, Timperley 1997, Borghini & Bargagli 2004,
Healy et al. 2006, Webster-Brown ef al. 2010). These ponds

have been referred to in the literature as either “coastal” or
“inland”, depending on their location and elevation
(Borghini & Bargagli 2004, Wait es al. 2006). However,
no published information exists on the geochemistry of
the higher elevation, or “upland”, ponds in Taylor Valley,
which are found at ¢. 350 m and 750 m elevation.

Healy er al. (2006) have demonstrated that the
composition of meltwater ponds at elevations above 400 m
in Wright and Victoria valleys (both north of Taylor Valley)
reflects two processes: the dissolution of salts in the soils that
water flows over and through, and the cryoconcentration of
ions via the freeze/thaw process. Working in the Darwin
Glacier region, Timperley (1997) has argued that chemical
weathering can also add solutes to the ponds, and the
differential solubility of salts can affect the geochemistry
of cold desert ponds. This differential solubility can be
enhanced if a series of ponds are interconnected via down-
slope drainage (Timperley 1997). For example, during
colder years, the upslope ponds may not melt and during
the freezing process, certain binary salts are precipitated.
During warmer years, the most soluble salts could redissolve
and potentially be transported into the down-slope ponds,
thereby enriching the down-slope ponds in these ions while




4 W. BERRY LYONS et al.

depleting the upslope ponds (Timperley 1997). Similarly, the
differential solubility of binary salts has been demonstrated
to occur in hot desert playa systems (Drever & Smith 1978).
Healy er al. (2006) have also shown that chemical
weathering is an important process in these upland pond
systems, as Ca’" is much more enriched in the Victoria
versus the Wright Valley ponds due to their differences in
catchment lithologies. Additionally, the Victoria Valley
ponds are more CI rich than those in Wright Valley, which
have a higher proportion of both SO4* and NO;™ (Healy
et al. 2006). However, all of the inland ponds in Victoria and
Wright valleys and in the Darwin Glacier region (~ 80°S)
are enriched in NO;™ compared to the surface waters of the
larger MCM lakes. These NO5™ enrichments are thought to
be due to the higher NO5™ salt concentrations observed in the
soils in these inland and/or upland elevations as compared to
the soils found lower in the valleys (Keys & Williams 1981,
Healy et al. 20006).

Healy et al. (2006) have elegantly demonstrated that as
the Wright and Victoria Valley ponds freeze in the winter,
CaSO4-2H,0 (gypsum) then Na,SO, salts precipitate
from solution in accordance with thermodynamic model
prediction. The Na,SO, salts redissolve in the summer as
the ponds melt. Previous work showed that CaCOs removal
also can occur early on in the evolutionary process in these
pond waters (Webster e al. 1994). Apparently, at no time do
the Wright and Victoria Valley ponds precipitate nitrate
salts, and it is speculated that these very soluble salts can
only occur through the subaerial evaporation of residual
pond water or through pond ice ablation (Healy et al. 2006).
Timperley (1997) has predicted that salt precipitation of

relatively insoluble salts such as CaCO; and CaSO,4-2H,0O
will also lead to the fractionation of solutes in ponds that are
interconnected, with the down-slope ponds having not only
higher TDS, but enrichments in the most soluble salts (i.e.
CI" and NOj5™ binary salts).

Over a nine year period we sampled a series of ponds in
Taylor Valley in order to better determine their chemical
composition, sources of both solutes and water, and response
to climate variation. We conducted this investigation
because our observations in the larger lakes on the floor of
Taylor Valley demonstrate important yearly geochemical
changes brought about by changes in freshwater input
(Welch et al. 2000, Foreman et al. 2004). These variations in
hydrologic input are directly related to variations in summer
temperatures (Doran et al. 2002). We hypothesize that these
ponds may have a more complex response to fluctuating
hydrological regimes than the larger lakes because they
contain much smaller water volumes. Therefore, variations
in water input (through summer glacial melt) or loss (via
surface ice sublimation) may have greater relative influence
on their geochemical compositions than exhibited by the
lakes. However, because these ponds are found at much
higher elevations than the lakes, changes in summer
temperatures are less extreme and therefore the ponds may
not be as greatly impacted by glacial melt as the larger lakes
at lower elevations. It has been clearly demonstrated in the
Arctic that variation in the chemistry of shallow ponds can be
an excellent sentinel of climate variation (Smol & Douglas
2007). Our initial hypothesis was that changes in hydrologic
inflow control the major solute geochemistry of these
ponds. This link between summer meteorology and water
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balance has been clearly demonstrated in the larger lakes
on the valley floor of Taylor Valley (Welch et al. 2000).
Because of the smaller size of these ponds, annual
variations in water balance should be a major control on
solute chemistry. As noted by Timperley (1997) in a
conceptual model developed for interconnected or nested
Antarctic ponds, increasing temperatures should lead to a
transfer of salts, particularly mobile ones such as CI", down
the flow path into the “terminal” pond.

Although our dataset includes information for many of
the ponds throughout Taylor Valley, we focus our
discussion in this paper on a series of ponds above 700 m
in elevation above the Nussbaum Riegel, south of Andrews
Ridge in south-central Taylor Valley (Fig. 1). We also
discuss ponds located ¢. 4 km to the east of the Nussbaum
Riegel at 350 m. These ponds have been referred to in
previous papers (Moorhead et al. 2003, Moorhead 2007)
as  “upland ponds/wetlands”, and we continue this
terminology. The flow of liquid water to these features is
irregular, with some years having no flow at all (Moorhead
et al. 2003, Moorhead 2007). Clearly these fluctuations
exert great control on the size and geochemistry of these
ponds and Moorhead (2007) has argued that these
fluctuations can play a major role in the distribution of
organic matter through the valley soils. In this paper
we evaluate longer-term (i.e. annual to decadal) changes
in the geochemistry of these upland ponds. The work
of Healy et al. (2006) clearly demonstrated that the
geochemistry of similar McMurdo region ponds vary
through an annual cycle. However, until our work, there
were limited data from ponds where sampling had been
conducted over a multi-year period. Thus, this study
reflects one of the few time-series of pond geochemistry
in this part of Antarctica. We will compare our geochemical
record to the size variation of these ponds over a decade in
an attempt to relate climatic and hydrologic changes
to our measurements of chemical variations. Finally, we
will use a model that computes glacier melt driven by the
MCM-LTER temperature records on the Taylor Valley
floor to compare the measured pond size with the modelled
melt production.

Table I. Pond sizes and hydrologic properties.

Study area

The McMurdo Dry Valley’s landscape is a mosaic of
bedrock, soils, glaciers, ice-covered lakes and ephemeral
streams in southern Victoria Land between 77-78°S
latitude. The climate is considered a polar desert with
mean annual temperatures on the valley bottom between
-14.8 to -30.0°C (Doran et al. 2002) and precipitation
~ 5cma’ (Witherow er al. 2006). The upland ponds under
investigation here consist of two separate complexes in the
south-central portion of Taylor Valley, one above the
Nussbaum Riegel, a 700m ridge (Marr ponds), and one
c¢. 4km to the east of the Nussbaum Riegel in a topographic
depression at 350 m (Parera ponds). The geology of this
region consists of two major series of meta sedimentary
rocks, one rich in carbonate and one not, including schists,
quartzites and marbles, which are in turn in contact to the
west with a granodiorite; these formations are cut by
lamprophyric dykes (Haskell e al. 1965). The western
portion of Nussbaum Riegel is dotted with recent McMurdo
Volcanic basaltic cones. The glacial drift and morainal
materials overlying portions of the metamorphic and
granodiorite rocks is thought to be derived from the
advance of the Taylor Glacier (i.e. East Antarctic Ice Sheet)
from the west, and is termed Taylor IV drift. The surface on
which the Parera ponds are located is between 1.5 and
2.55Ka old (Wilch er al. 1993). The surfaces occupied by
the Marr ponds at 750 m a.s.l. investigated here are thought
to be the oldest surfaces in Taylor Valley (Marchant &
Denton 1996).

The Nussbaum Riegel serves as a climatic delineation, as
the altitude of the glacier equilibrium line (i.e. the separation
between mass gain and mass loss), changes abruptly at the
Riegel, shifting from ~ 400m on the east side, closer to
the coast, to ~ 1200 m inland on the west side of the Riegel
(Fountain et al. 1999). Local meteorological data from
the Nussbaum Riegel are not available. The MCM-LTER
program has maintained a series of automated weather
stations in the valleys since 1993, with the closest stations
being on the Howard Glacier ~ 8km to the east of the
Riegel at 473 m elevation and at Lake Bonney, ~ 7 km west

max. measured  min. measured inflow (sources) outflow approx. stream length source of sediment
area (m?) area (m°) from source glacier (m)  deposition®
Marr pond 1 11500 7000 Marr GL Marr pond 2 200 Ice marginal moraine
of Marr Glacier
Marr pond 2 3200 1800 Marr Gl., Marr pond 1 Marr pond 3 250
Marr pond 3 7000 3700 Marr Gl., Marr pond 2 Marr pond 4 200
Marr pond 4 24 800 9300 Marr Gl., Marr pond 3 (Terminal) 1000
Parera Pond 50300 15600 Marr Gl., Moa Gl., (Terminal) 4000 (Goldman Gl.)- Pre-LGM Ross Sea
Goldman Gl., Parera west 6000 (Moa Gl.) Drift
Parera south 4500 not present Goldman GI. Parera Pond 3500
Parera west 4700 not present Marr GI., Moa Gl., Goldman Gl.  (Terminal) 5700

“Marchant & Denton 1996
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of the Reigel at 64m elevation (Fig. 1). Since 1993, the
mean annual temperatures at these locations are -17.2°C and
-16.9°C respectively.

There is a strong spatial gradient of snowfall in Taylor
Valley, where less snow falls inland because the Nussbaum
Riegel acts as a barrier, blocking low-level clouds that
move moisture inland from the ocean (Fountain ef al.
2010). Precipitation measured at the nearby Howard
Glacier, the closest site to the upland ponds area, ranged
from 2-74 mm water equivalent (weq) from 2004-06 (only
data available). However, net accumulations can be higher
due to wind drifting events (20-87 mm weq) (Fountain
et al. 2010). Our observation during the period of the
MCM-LTER project is that much, if not all, of the spring
and summer precipitation is rapidly sublimed and
unavailable as runoff, especially at these elevations.

The location of the Taylor Valley upland ponds is shown
in Fig. 1. Table I provides a brief description of the ponds
and their hydrologic properties. The Marr ponds (unofficial
name — officially known as the Kaki Ponds) are at an
elevation of c. 750 m a.s.l. and consist of five ponds. Marr
ponds 1, 2, 3, and 5 receive direct meltwater input from
the Marr Glacier. Marr ponds 1-4 are also connected
hydrologically: Pond 1 flows into Pond 2 which flows
into Pond 3, which finally flows into Pond 4, the terminal
pond. Marr pond 5 is on a bedrock ridge and volcanic cone
to the west of the other Marr ponds, and receives melt from
the Marr Glacier but is not hydrologically connected to the
other ponds.

The Parera Ponds complex is at ¢. 350 m, and includes
associated wetlands and extended hyporheic zones in the
down slope areas of the drainage. This pond complex
consists of one large pond (Parera Pond also referred to as
“Highland Pond” in Moorhead 2007) and two smaller
more ephemeral ponds referred to here as Parera west
and Parera south (Fig. 1). These ponds receive meltwaters
from the Goldman, Moa and the Marr glaciers (Fig. 1).
The water in these ponds has extensive interaction with
their inflow channels, showing large “wetting zones” or
hyporheic interactions many meters away from their
primary channels. Water occasionally ponds along the
edges of these channels in late December/early January and
“wetland” regions can be extensive.

Methods

Water samples were collected by hand by individuals
wearing clean polyethylene gloves into precleaned
polyethylene bottles along the edges of the ponds in the
melted out moats (Moorhead ef al. 2003). Only one sample
per pond was collected during each year. There was no
attempt to determine whether the ponds were stratified at
the time of sampling, and the samples should be considered
“surface” samples only. The bottles were rinsed with
18-M() distilled-deionized water (DDW) three times

and then filled with DDW for a minimum of 24 hr. Major
ion and dissolved reactive silicate (H4SiO4) samples
were filtered through 0.4 pm Nuclepore™ filters using
precleaned plastic filter towers within 24 hr of sample
collection, and were stored in clean plastic bags in the dark
at ~5°C prior to analysis at the Crary Laboratory in
McMurdo Station. Major cations and anions were analysed
with a DX-120 ion chromatograph using the methods
outlined in Welch et al. (1996, 2010). The precision of
these measurements was 5% or better. Container blanks
of DDW were analysed in every sample run. Alkalinity
(i.e. HCO;3') was determined via charge balance difference.
We have measured alkalinity by titration in over 900 stream
samples in the McMurdo Dry Valleys through the years of
the MCM-LTER project and have compared results to
alkalinity values computed via charge balance. The mean
difference for measured values >0.50m eq 1" is + 14%
(calculations were done eliminating two very saline streams
draining into the north-west portion of West Lake Bonney).
Therefore, we estimate the precision of our alkalinity
estimates to be +14%. Reactive silicate (H4SiO4) was
determined using a standard colorimetric molybdate
technique on samples that had never been frozen. These
analyses took place in the USA. Precision was 10% or
better. Stable isotope samples were analysed on non-filtered
samples at INSTAAR, University of Colorado, using the
techniques outlined in Gooseff et al. (2006).

Samples from the Marr features were collected during
the late portion of the melt season in the 2001/02-2009/10
summer seasons. Goldman Glacier melt features were
sampled in 2001-02, 2002-03, and 2005/06-2009/10
summers. Complete ice cover sometimes precluded
sample collection from some ponds. The earliest sample
collected at the Marr ponds was 23 December in 2004,
while the latest collection occurred on 28 January in 2002,
though the majority of collections took place between
14-28 January each year. Although only one sample per
pond was collected each summer, all the samples from
the Marr ponds were collected between 23 December—
28 January. The Taylor Valley streams usually experience
maximum flows between 21 December and the first week
of January (www.mcmlter.org). It would have been ideal
to collect samples at the same time every year, but due to
logistical and other workload constraints, this was not
possible. However, with the exception of the first two
samples from the Parera Pond complex, all ponds were
sampled during the end of, or after, the major valley floor
meltwater flows of each summer. The timing of sample
collection allows comparability across summers because
water input had occurred prior to collecting pond samples
each season.

In addition to the geochemical sampling, we have
analysed data sources to determine the variation in sizes
of these ponds through time (Table II). Data sources
include US Geological Survey aerial photography, direct
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The anionic diagram (Fig. 2b) shows a wide range of
HCO5™ and CI', but a much smaller range of SO,* values.
Only three of the Parera Pond samples have SO, > 20%,
with relative CI' concentrations varying between 95 and
~50%. The Marr pond 5 samples contain the highest
relative HCO5™ concentrations. The Ca-Na-Cl Marr pond 5
waters are very unusual in the MCM region; the Parera
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Fig. 3. Sodium versus chloride in millimolar concentrations for
the pond samples. The seawater line represents the ionic ratio
of Na to Cl in seawater.

Pond waters are Na-Cl and Mg-Cl. Clearly this is a very
wide diversity of chemical composition within a close
proximity. The Na-Cl rich waters reflect the primary
precipitation signal of the marine aerosol, as the majority of
samples have Na:Cl slightly less than 1:1 (Fig. 3). The
enrichment of Ca?”, Mg”" and/or HCO5™ clearly suggests
that the chemical weathering of alkaline earth-rich minerals
within the catchments is a major process even at these
low mean annual temperatures. This enrichment may also
be due to the dissolution of CaCOs-rich dust introduced by
Aeolian processes, especially in the winter. The source
of the CaCOs-rich dust is unknown, but it is found on the
alpine glaciers in Taylor Valley with some of the highest
values on the nearby Howard Glacier (Witherow er al.
2000).

Because Ca’" and CO5” binary salts are the least soluble
in these types of environments (Healy et al. 2006), the
enrichment of these ions in the pond waters is not due to
selective loss of the other major ions in the solution. In the
Marr pond 5 region, as noted above, the abundance of
McMurdo volcanic rocks must be a major source of solute
acquisition via weathering. Unlike previous work in both
the Labyrinth ponds in Wright Valley and the ponds in
Victoria Valley, the enrichment of HCO;z; over SOf'
makes the Marr pond 5 pond waters unusual. Also unlike
the Wright Valley ponds, these Taylor Valley ponds have
very low NO;  concentrations (Appendix A), with the
highest values being only a few .M. Because our samples
were collected in December and January and because all
these ponds have abundant algal mats associated with them
(Moorhead ef al. 2003), we speculate that most of the input
of N into these systems is rapidly taken up by the benthic
mats. Total N along the edges of these ponds has been
determined to be ~ 11 M with C:N molar ratios of 9:1
(Moorhead et al. 2003).

CI" concentrations in these ponds range over three orders
of magnitude (Fig. 3), demonstrating the significance of
evapoconcentration via freezing and sublimation (i.e. water
loss) and salt dissolution (i.e. salt gain) as major processes
controlling their geochemistry, supporting the earlier work of
Torii et al. (1989), Webster et al. (1994), Timperley (1997),
Healy et al. (2006) and Wait ef al. (2006). Although the Na:Cl
ratio is similar to seawater, suggesting a marine aerosol source
as indicated by Torii er al. (1989) for the Labyrinth ponds in
Wright Valley and the upland ponds in Victorian Valley
(Healy er al. 2006), most of the ponds are slightly enriched
in CI' relative to seawater (Fig. 3). At Na* concentrations
above 2mM, the CI" enrichment becomes greater, perhaps
suggesting loss of Na™ via Na,SO, precipitation or the
dissolution of more soluble CI" rich salts over time. The
highest CI"and Na™ values occur in the lowest elevation pond
with the longest flow path: the Parera Pond complex.

The Ca:Cl ratio of all the ponds is greater than that of
seawater, but approaches the seawater value at the highest
CI" concentrations (Fig. 4). We interpret this to mean that
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Fig. 4. Calcium versus chloride in millimolar concentrations for
the pond samples. The seawater line represents the ionic ratio
of Ca to Cl in seawater.

Ca”" is gained through rock/soil weathering (above marine
aerosol values) and is lost via CaCOj precipitation as the
pond waters are concentrated via freezing and/or evaporation,
as suggested by Webster e al. (1994). The highest Ca®"
enrichment to CI” (~1:1) relative to seawater is in Marr
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Fig. 5. The sum of bicarbonate and sulphate versus the sum of
magnesium and calcium as milliequivalents per litre for pond
samples.
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pond 5 where abundant basalt outcroppings occur and where
chemical weathering may be more extensive.

Figure 5 shows the Mg*" + Ca®" data plotted vs 2 x HCO5”
(alkalinity) + SOf‘. Points close to the 1:1 line reflect either
the dissolution of Mg + Ca:CO; + SO, salts or the initial
marine aerosol input (this is particularly true at the lower
concentrations). Points with excess HCO3 + SO, (above 1:1)
reflect chemical weathering of minerals and/or dissolution
of salts with cations other than Ca*" or Mg2+, while those
data falling below the line indicate samples enriched in Ca”"
and Mg”" relative to HCO5 and SO,*. These latter samples
may represent what Healy e «l. (2006) have termed
“suprapermafrost fluids” enriched in CaCl, brines. These
fluids have lost Na through Na,SO, precipitation as the
waters are concentrated. It is possible that these few samples
do contain a fraction of hypersaline Ca-Cl fluid, but the
Marr ponds samples also have higher concentrations of
HCO5™ + SO, suggesting that they are a mix of this
suprapermafrost brine plus slightly evaporated surface
waters containing weathering products. Because we have
little knowledge of the hydrology and sub-surface water
movement in these regions, we cannot definitively determine
the sources of water or the solutes in these ponds. Clearly, our
data suggest that these ponds are more complex geochemically
than many of the other ponds in the McMurdo region. The
complexity of these ponds could be a result of their relative
elevation, long flow paths and large catchments.

Dissolved Si concentrations in the ponds range from
0.022-0.123 mM with no geographic pattern (Appendix A).
These values are within the range observed in the streams
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Fig. 6. 8'%0%o versus chloride for pond samples. Not all of the

pond samples have been analysed for oxygen isotopic ratio.
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on the Taylor Valley floor (Welch et al. 2010). Because
dissolved Si can only be derived from the chemical
weathering of aluminosilicate minerals, it is apparent that
even at extremely low mean annual temperatures, chemical
weathering is occurring in the stream channels going to and
from these ponds.

Role of evaporation in concentrating solutes

We analysed a number of pond water samples for their
stable isotopic composition (Fig. 6). The initial glacier melt
should reflect the 8'%0 value of the snow/ice of the glaciers.
Moving inland from the ocean in Taylor Valley, the 8'0 of
the precipitation becomes lighter, with Howard Glacier
(east of Marr Glacier) having a 3'%0 value of -27%o and
Hughes Glacier (to the west of Marr Glacier) having a
value of -30.8%o0 (Gooseff et al. 2006). Although we have
not analysed any samples from the Marr Glacier, based on
our previous work on the glaciers throughout Taylor
Valley, the Marr Glacier should have values between -28
and -29%o (Gooseff ef al. 2006). A water sample collected
in 2004 from a stream flowing directly from the Marr
Glacier yielded a 3'%0 value of -29.2%o, suggesting that our
8'%0 isotopic composition estimate for the Marr Glacier
melt is appropriate. As water evaporates, the '°O is
preferentially lost and the liquid remaining becomes
enriched in '"®0. The freshest pond waters have 8'30 of
-28.2%o and -27.2%o (Fig. 6), perhaps suggesting that even
these lowest Cl” waters have experienced some degree of
evaporation. All but one of the samples above SmM CI°
have 8'%0 more enriched than -26%o, with one Parera Pond
sample having a value of -18.3%o0 and a Marr pond sample
having a value of -17.3%0. Water is lost from these ponds
from sublimation of their ice covers, especially during
colder years. This loss is replaced by the freeze-on of ice at
the ice-water interface. The production of ice from liquid
water at the surfaces of these ponds also fractionates the
isotopes leading to ice covers with more enriched isotopic
values (Horita 2009). The isotopic enrichment of ice with
respect to water ranges from 1.00291-1.0048 for '*0/'°0
with 1.00291 thought to be the best estimate (Horita 2009).
Therefore, the more enriched stable isotope values of the
water cannot be produced from ice development as the
fractionation is in the wrong direction. Both evaporative
loss of '°O and the sublimative loss of 'O complicate
the interpretation of the isotope data. Clearly, many of the
samples are greatly enriched in '®O relative to the Marr
Glacier melt. These samples indicate evaporative processes
have occurred in the ponds or in streams in transit to the
ponds, or both. With one exception, the most 80-enriched
samples are in the Parera ponds, which are at the lowest
elevations (i.e. warmer locations) and have the longest
stream lengths (Table I; Fig. 1). Samples with glacier-like
3'%0 signatures but higher dissolved salt concentrations
may reflect recent unevaporated glacier melt that has

redissolved previously precipitated salt or mixed with
“flushed out” preconcentrated salt from the upflow ponds
(Timperley 1997). This process has explained similar
chemistries in hot desert ecosystems (Drever & Smith 1978).

Role of climate variation on pond evolution

The size, chemistry and even existence of these ponds
depend primarily on the amount of glacier melt produced
during the summer. The MCM-LTER has done extensive
work since 1993 to document the linkage between changing
meteorological conditions, primarily temperature, glacier
melt and stream flow (e.g. McKnight er al. 1999, Ebnet
et al. 2005). The geochemistry of the surface waters of the
large lakes in Taylor Valley (i.c. lakes Bonney, Fryxell and
Hoare) has responded to changes in meltwater inflows. For
example, the CI” concentration in Lake Hoare, the freshest
of these lakes, increased by a factor of ¢. 2 during the low
flow years between 1993-94 and 1997-98 (Welch et al.
2000). In addition to glacial melt, substantial melt can
occur from multi annual snowpacks and subsurface melting
of permafrost during extremely warm years, although these
contributions to the overall hydrology of the valley are
probably small (Lyons er al. 2005, Harris et al. 2007).
Temperature data from the LTER’s network of automatic
weather stations have been used to model the generation of
glacier melt, and these models have been validated using
the LTER’s stream gauge records (Jaros 2002, Ebnet ef al.
2005). We have used the model developed by Jaros (2002)
to predict meltwater generation from both the Marr and the
Goldman glaciers from the 1990/91-2008/09 seasons
(Table II). This model uses temperature data collected at
the Taylor Valley floor (Lake Fryxell station) and an
adiabatic lapse rate calculation to predict temperatures
at the elevations of these glaciers. Although a simple
approach, this model has worked very successfully at
predicting the flows from the lower elevation glaciers in the
eastern portion of Taylor Valley including Commonwealth,
Canada and Howard glaciers (Jaros 2002). During this
period, according to our model, melt from the Goldman
Glacier occurred in all but five years, although flow volume
varied by approximately a factor of 9 during the 14
summers when flow did occur. Conversely, for the Marr
Glacier, flow occurred only in three summers during this
period, according to our model simulations. These summers
were the warmest of this period, and only one with
substantial melt (i.e. >1000m’) took place since the
establishment of the MCM-LTER (i.e. 2001-02).

In previous work, Moorhead et al. (2003) noted that
Marr 3 pond was almost dry and Marr ponds 1, 2 and 4 had
extensive algal mat distribution beyond their shorelines
and had “thick ice with high albedo” but with melted
out margins. During 2000-01, there was stream flow into
Marr 2 pond and from the eastern portion of the Marr Glacier,
but it did not reach the Parera ponds as it disappeared 50 m
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down slope (Moorhead et al. 2003). There was also no flow
observed between the ponds as normally observed (Fig. 1,
Table I). These earlier observations by Moorhead et al.
(2003) suggest that our model simulations may underestimate
melt from these glaciers into these ponds. There is no doubt
that the 2001-02 summer produced extensive melt and
surface water flow through both Taylor and Wright valleys
(Foreman et al. 2004). This increase in melt also occurred at
higher elevations in the valley as shown in the measured pond
areas in Table II, and suggests that the hydrology of the valley
is extremely sensitive to the short, intense warming events
(Doran et al. 2002, Lyons et al. 2005).

Our modelled flows can be compared to the actual
measurement of the pond sizes during this time period
(Table II). In general, the Marr ponds and the large Parera
Pond are relatively small from 1992/93-2000/01, and
Parera south and Parera west were not present in 1992-93.
Most of the summers in this period were very cool with
medium to very low flows in the valley streams (Doran
et al. 2002). From 2000/01-2002/03, the ponds increased
in size. The 2001-02 summer was an extremely high flow
season (deemed the “flood year”) when the valley lakes
increased greatly in volume (Foreman ef al. 2004). There was
another increase in size in the large Parera Pond during
2003-04, with only slight but significant fluctuations in size
after this time. The measured CI” concentrations in Marr pond 1
and Marr pond 2 reflect the pond sizes at least generally.
CI" concentrations decrease from 2001/02-2002/03, increase
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Marr Pond 2
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Fig. 7. Chloride concentrations for pond samples plotted
versus time.

in 2003-04, change little during 2005-06 with a slight
decrease in 2006-07 and increases in 2008-09 and
2009—-10 (Table II, Fig. 7). In general, variations over this
period fit the picture of our knowledge of austral summer
temperature variations and the subsequent hydrologic
response on the Taylor Valley floor (www.mecmlter.org).
There are years when all the Marr ponds and the Parera
Pond complex have similar CI” values (2009-10, 2001-02,
2002-03), and years when the two groups of ponds
vary greatly in their CI” concentrations (2007-08 and
2008-09). In 2002-03, it appears that the Parera system
was diluted while the Marr system was also diluted, but the
concentrations between Marr ponds varied by almost an
order of magnitude. This difference in the Marr ponds’
CI” concentration may be due to lack of sufficient water to
“flush” the system (this is similar to the fractionation of
soluble salts as proposed in the Timperley (1997) model),
or the preferential loss of ice-cover and more enhanced
evaporative loss in some of the ponds. The lowest
Cl" concentrations were in the uppermost ponds (Marr
pond 1 and Marr pond 2) suggesting ClI” was flushed from
these ponds downstream into the lower elevation ponds.
These data demonstrate that depending on the year, the
amount of flow and surface solute concentrations can vary
by at least an order of magnitude.

Our original hypothesis was that during “warm”
summers when abundant melt is produced from the high
elevation glaciers in Taylor Valley such as the Marr
and Goldman, the upper set of nested ponds would “flush”
salt that was previously concentrated during cooler
summers to the terminal pond. Between 2003-04 and
2006-07, Parera Pond was at its largest area and in January
2006 it also had the highest measured solute concentrations
(Cl"=225mM). This suggests that the high flow event in
2001-02 and perhaps another in 2002-03 (Table II)
transported large amounts of salt into the pond. The
anion composition is dominated by CI” with low SO4* and
extremely low HCO3" concentrations as proposed by
Timperley (1997) for flow-through pond systems. Two
years after the maximum solute concentrations in Parera
Pond, the CI” decreased by a factor of 45 times. Where
had all this salt gone? We propose that during these
accumulations of salt, the terminal ponds (such as Parera
Pond) act similar to a “recharge playa” in warm, arid
regions of the world. The brackish water accumulated by
the flush of meltwater through the upstream pond is lost
through sinkage at the bottom of the pond. We also propose
that this salt water could flow down-slope at the bottom of
the active layer (i.e. top of the permafrost) and become a
potential liquid water source lower in the valley. Recent
work by Levy ef al. (in press) suggests that “water tracks”
found in the Lake Hoare region could originate from
similar processes. Solute transport by this mechanism may
play an important role in transporting both salt and water in
the lower valley soils (Levy et al. in press).
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Conclusions

We have made single surface water measurements in a
series of “upland™ ponds (elevations 350m and 750 m)
above the Taylor Valley floor in the McMurdo Dry Valleys
region of Antarctica. These measurements have been made
at least once per year from 2000-2010. Even though these
ponds are spatially close, their geochemistrys are diverse,
ranging from Na-rich to Ca-rich and Cl-rich to HCO;-rich
in a small area. The ponds respond to summer temperature
variations, with more meltwater, and hence chemical
dilution, occurring during the warmest summers.
Variations in summer melt input affects both the bulk
chemical concentrations of these ponds and their stable
isotopic composition. “Terminal” ponds in a nested pond
sequence like the Marr and Parera complex may play an
important role in the discharge of water and solutes into the
subsurface.
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Appendix A. Major lon and Stable Isotope Data

Location Sample date Na mM K mM Mg mM Ca mM Cl mM SOy mM Alk meql” Si mM 30
(dd/mm/yyyy)

Parera Ponds complex

Parera Pond 07/12/2001 4.84 0.386 1.40 0.579 7.84 0.494 0.356

Parera Pond 12/12/2002 1.69 0.178 0.390 0.201 225 0.177 0.446 0.022

Parera Pond 11/01/2006 86.3 4.06 56.3 13.3 225 7.03 -18.5

Parera Pond 30/01/2008 3.46 0.259 1.24 0.433 591 0.395 0.368 -20.3

Parera Pond 13/01/2009 4.25 0.337 1.49 0.937 7.39 0.646 0.748 0.072 -35.1

Parera Pond 05/01/2010 0.965 0.098 0.264 0.190 1.42 0.117 0316 -21.2

Parera south 07/12/2001 61.3 3.73 20.0 9.74 104 9.92 0.476

Parera south 12/12/2002 1.36 0.191 0.510 0.560 242 0.396 0.479 0.038

Parera south 11/01/2006 2.82 0.398 1.32 0.756 4.98 0.880 0.628 -24.3

Parera south 30/01/2008 8.67 0.941 3.61 3.29 16.9 2.51 1.47 -15.8

Parera south 13/01/2009 1.54 0.176 0.728 1.36 4.55 0.561 0.205 0.102 -24.4

Parera south 05/01/2010 20.0 1.81 7.83 2.84 36.1 2.06 2.88 -15.5

Parara west 07/12/2001 6.60 0.494 2.20 0.780 11.6 0.789

Parara west 30/01/2008 50.9 5.80 26.2 7.88 112 5.70 1.25 -23.0

Parara west 13/01/2009 51.7 6.19 25.1 8.79 113 5.83 1.13 0.108 -16.5

Parara west 05/01/2010 3.62 0.447 1.59 1.69 6.88 0.895 1.94 -14.8

Marr ponds complex

Marr pond 1 28/01/2002 2.06 0.159 0.730 0.490 3.0l 0.204 0.637

Marr pond 1 17/01/2003 0.370 0.047 0.120 0.120 0.570 0.037 0.253 0.039

Marr pond 1 31/12/2003 0.854 0.150 0.237 0.180 1.25 0.104 0.380 0.034 -17.3

Marr pond 1 20/01/2006 0.630 0.073 0.218 0.261 1.01 0.149 0.349 0.053 -27.4

Marr pond 1 19/01/2007 0.434 0.083 0.135 0.239 0.530 0.070 0.595 0.078 -9.5

Marr pond 1 06/01/2010 0.499 0.060 0.143 0.251 0.733 0.059 0.496 -27.8

Marr pond 2 28/01/2002 1.82 0.150 0.650 0.480 3.23 0.196 0.608

Marr pond 2 17/01/2003 0.650 0.088 0.230 0.250 0.960 0.093 0.552 0.097

Marr pond 2 23/12/2004 0.770 0.110 0.300 0.343 1.05 0.179 0.758 0.098 -28.4

Marr pond 2 20/01/2006 0.705 0.088 0.290 0.285 1.10 0.132 0.577 0.103 -27.0

Marr pond 2 19/01/2007 0.868 0.113 0.318 0.274 1.30 0.120 0.625 0.105 -28.3

Marr pond 2 22/01/2008 0.706 0.120 0.264 0.324 0.747 0.178 0.899 -19.5

Marr pond 2 06/01/2010 0.783 0.117 0.198 0.269 1.13 0.096 0.509 -27.4

Marr pond 3 28/01/2002 1.84 0.159 0.700 0.540 3.29 0.219 0.751

Marr pond 3 17/01/2003 1.51 0.171 0.470 0.360 2.17 0.238 0.695 0.100

Marr pond 3 23/12/2004 1.17 0.140 0.370 0.349 1.52 0.213 0.802 0.103 -27.9

Marr pond 3 20/01/2006 1.23 0.140 0.441 0.388 1.77 0.243 0.770 0.105 -25.2

Marr pond 3 19/01/2007 1.68 0.193 0.507 0.407 2.22 0.350 0.774 0.102 -27.9

Marr pond 3 14/01/2009 0.946 0.123 0.426 0.402 1.62 0.187 0.732 0.122 -26.5

Marr pond 3 31/12/2009 1.78 0.188 0.445 0.364 2.55 0.312 0.417 -26.0

Marr pond 3 31/12/2009 1.50 0.159 0.336 0.303 2.06 0.251 0.374 -26.6

Marr pond 3 06/01/2010 2.09 0.225 0.562 0.442 2.86 0.367 0.730 -25.6

Marr pond 4 28/01/2002 9.57 1.10 3.56 1.14 17.0 1.06 0.943

Marr pond 4 17/01/2003 0.920 0.128 0.350 0.160 1.56 0.140 0.228 0.024

Marr pond 4 23/12/2004 1.07 0.150 0.350 0.332 1.27 0.186 0.942 0.072 -26.5

Marr pond 4 20/01/2006 1.96 0.224 0.729 0.386 3.05 0.341 0.686 0.123 =253

Marr pond 4 19/01/2007 0.908 0.124 0.320 0.184 1.45 0.131 0.324 0.035 -25.6

Marr pond 4 22/01/2008 0.856 0.129 0.244 0.178 1.26 0.108 0.355 -23.1

Marr pond 4 31/12/2009 0.420 0.076 0.101 0.099 0.505 0.048 0.294 -24.0

Marr pond 4 31/12/2009 0.474 0.102 0.114 0.111 0.580 0.052 0.342 -25.4

Marr pond 4 06/01/2010 0.476 0.087 0.119 0.114 0.580 0.054 0.340 -24.1

Marr pond 5 17/01/2003 1.88 0.242 0.820 0.230 3.60 0.178 0.262 0.021

Marr pond 5 20/01/2006 5.11 0.443 2.67 0.687 10.4 0.610 0.585 0.035 -25

Marr pond 5 06/01/2010 4.63 0.536 1.56 0.517 8.10 0.326 0.559 -25.0
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