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ABSTRACT. One of the unusual features of Lakes Fryxell and Hoare in Taylor Valley,
southernVictoria Land, Antarctica, is their perennial ice cover. This ice cover limits gas
exchange between the atmosphere and the lake water, and causes a very stable stratifica-
tion of the lakes. We analyzed a series of water samples from profiles of these lakes and
their tributaries for 8" C of the dissolved inorganic carbon (DIC) in order to qualify the
carbon flux from the streams into the lakes, and to investigate the carbon cycling within
the lakes. Isotopic values in the uppermost waters (6”C = +1.3%o to 5.3% in Lake Hoare,
+04%o to +3.0%o in Lake Fryxell) are close to the carbon-isotope values encountered in
the streams feeding Lake Fryxell, but distinctively heavier than in streams feeding Lake
Hoare (6”C = ~2.3%o to 1.4%o). These ratios are much heavier than ratios found in the
moat that forms around the lakes in January-February (6”C = ~10.1%a). In the oxic photic
zones of the lakes, photosynthesis clearly influences the isotopic composition, with layers
of high productivity having enriched carbon-isotope signatures (8”C = +2.7%o to +6.1 %o
In both lakes, the isotopic values become lighter with depth, reaching minima of ~3.2%o
and ~4.0%o in Lakes Iryxell and Hoare, respectively. These minima are caused by the
microbial remineralization of isotopically light organic carbon. We present DIC flux cal-
culations that help to interpret the isotopic distribution. For example, in Lake Hoare the
higher utilization of COgy,, and a substantially smaller inflow of CO, from streams cause
the heavier observed isotopic ratios. Differences in the hydrology and stream morpholo-

gies of the tributaries also greatly influence the carbon budgets of the basins.

INTRODUCTION

Closed-basin lakes are excellent indicators of changes in
climate. Due to their nature, water levels can vary dramati-
cally, as precipitation and evaporation change over time. Evi-
dence of these changes can be found in the form of perched or
flooded shorelines (Gilbert, 1890; Jones and others, 1971; Cut-
field, 1974), and salt deposits in lake sediments (Hardie and
others, 1978; Eugster, 1980). Changes in lake level and water
volume often correspond with changes in the water chemis-
try. During water-level rises, solutes are diluted, while during
water depletion solutes can be concentrated. Minerals, such
as calcite, can be precipitated if their saturations are reached.
These chemical changes, in turn, affect the biology of the
lakes, as higher nutrient concentrations cause higher produc-
tivity, and higher solutes generally limit the number of spe-
cies present in a lake (Melack, 1983). Biological activity in
these types of lakes, as anywhere on Earth, is closely con-
nected to the carbon cycle. Photosynthesis and respiration de-
plete and enrich inorganic carbon in lakes. These processes

can change the stable carbon isotopic composition (6”C) of

the lake water. Shifts in rates of productivity and mineraliza-
tion can cause the organic contents of lake sediments to vary.
These changes in the quality (isotopic) and quantity (organic
vs inorganic matter) of the carbon have heen used widely to
deduce paleo-conditions from lake sediments (McKenzie,
1985). In order to interpret sedimentary records it is essential
to qualify and quantify present closed-basin lake systems,
Closed-basin lakes in Antarctica respond like lakes in

more moderate climates (Doran and others, 1994). Because
they are located in the driest desert of the Earth, and are
recharged only by glacial meltwater, their water levels are
very sensitive to climate changes (Clow and others, 1988;
Wharton and others, 1992). The amount of recharge can
vary drastically from year to year, and is controlled by the
temperature (Chinn, 1985). These lakes are also covered
with a perennial ice cover. This “lid” affects the lakes by re-
ducing gas exchange, excluding wind mixing and absorbing
97-99% of the incoming light (Vincent, 1987; Lizotte and
Priscu, 1992; Wharton and others, 1992). The balance
between ice-cover gain (by freezing of water to the bottom
of the ice) and loss (via ablation from the surface) itself is
aftected by climate variation, and as a result the thickness
changes over time (Wharton and others, 1992). This in turn
directly influences the transmissivity, and the productivity
in these partially light-limited lake systems.

SITE DESCRIPTION

Lakes Hoare and Fryxell are located inTaylor Valley, south-
ern Victoria Land, Antarctica (Fig. 1. In 1993 a US.
National Science Foundation- (NSF-)supported long-term
ecological research (LTER) site was established in Taylor
Valley, and various chemical, physical and biological pa-
rameters have been monitored by the LTER team on a rou-
tine basis. The valley is located ~100km northwest of
McMurdo Station, at 76-78° S, 160-164° E. The valley is
arid, with a precipitation of <100 mma ' (Clow and others,
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Fig. 1. Map of the eastern part of Taylor Valley, Antarctica.
Glaciers are light gray, lakes dark gray; white areas constst of
morainal material and bedrock. All streams feeding Lake
Hoare flow along Canada and Suess Glaciers. The lake levels
are a few meters above sea level. The Ross Sea is about 5 km lo
the east.

1988). The average annual temperature is less than —20°C,
but temperatures rise above freezing during a few days of
the summer. No vascular plants grow in the valley. There
are algae and lichens growing in the soil (Campbell and
Claridge, 1987). but most plants are located in algal mats in
the lakes and the streams (Wharton and others, 1983). As a
result, terrestrial input of organic matter into the lakes is
very limited (McKnight and others, 1991, 1993). Lake Hoare
is a fresh-water lake (total dissolved solids (TDS) = 300—
750 mgl ') of 30 m depth, that is oxygenated all the way to
the bottom, except for some small anoxic pockets in its dee-
pest parts. Lake Fryxell is 18m deep, is brackish
(TDS = 300-8000 mg1 " and has a steep chemo- and oxy-
cline at 9 m depth.

METHODS

Water samples were collected at the location of the greatest
water depth. Holes were drilled and melted at the beginning
of each season. The holes could be used during the whole
season (October—January). Five-liter Niskin bottles were
lowered through the holes, and samples collected 3—4 times
per season. pH was measured electrometrically (Beckman
portable pH meters with various silver—silver-chloride glass
electrodes; accuracy 4 0.05) in the field within hours after
sample collection. Temperature was measured with a Sea-
Bird CTD probe. Dissolved inorganic carbon (DIC)
samples from the lakes were stabilized with chloroform,
stored in cooler boxes at ~4°C. The samples were injected
into 6 N H,SO,, sparged with nitrogen gas and measured
with an MSA Lira infrared gas analyzer (personal commu-
nication from J. C. Priscu, 1997), generally within 2 weeks of
sampling. For streams, alkalinity was determined by titra-
tion and Gran plot (Drever, 1988). The relative standard de-
viations for the DIC and alkalinity analyses were 4 3%.
The samples for major cations/anions were filtered through
Whatman 04 um filters in the field, and analyzed in
McMurdo Station by ion chromatography (Welch and
others, 1996), using a Dionex DX-300 chromatograph.
Those analyses were finished within ~2months after
sampling, and the error, expressed as percentage errors in
the charge balance between cations and anions, was 3.4%
for the streams and 3.0-1.4% for the lakes. The speciation
models PHREEQE and PHROQPITZ (Parkhurst and
others, 1980; Plummer and others, 1988) were used to cal-
culate CO, concentrations in the water. Samples for §°C
analysis were filtered into pre-evacuated 60 ml serum bot-
tles, using Whatman 0.4 ym GF-F filters, and stabilized with
0.2 ml concentrated mercuric chloride solution. They were
analyzed at the NASA Ames Research Center on a modi-
fied Nuclide 6-60RMS mass spectrometer (Hayes and
others, 1977).

Table 1. Stream length ( Alger and others, 1997), annual water discharge, alkalinity concentrations and alkalinily fluxes, and 50

values for streams in Lake Fryxell and Lake Hoare basins

1995-94 1994-95 1995-96
Length  Discharge  Alk. conc Alk. flux  Discharge  Alk. cone. Alk. flux Discharge  Alk. conc. Alk, flux  DIC—6 “6

km m'a mM mol a mia mM mola ' mia ' mM mola’
Fryxell Basin 824200 0.596 440670 152750 0.737 77430 403 860 0.799 240590 -168
Canada Stream 1.5 130910 0.135 17690 41710 0.209 8720 75350 0.200 15100 =27
Huey Creek 21 51390 1.076 55310 1170
Lost Seal Stream 192110 0.571 109 630 20 630 0.808 16 670 56 480 0.489 27600 —0.89
Aiken Creek 57050 0.982 56050 9710 0.935 9080 23530 1.094 25740 1.65
Von Guerard Str. 49 68140 0.801 54590 7220 1.093 7890 33270 1.112 37010 1.18
Crescent Stream 38960 L¥53 18 810 2110 1.453 3070 17200 1.346 23160 112
Delta Stream 11.2 63310 0467 29590 3280 0.915 53000 29400 1.249 36 710 -4.85
Green Creek 1.2 60950 0.407 24790 29120 0.380 11070 64 810 0.367 23770 —4.55
McKnight Creck 40580 0.630 25580 6800 0.967 6580 16470 0.990 16 300
Harnish Creck 52840 2500 1.264 3160 24 370 L1l 7840
Bowles Creek 0.9 21970 0.530 11640 10 480 0.570 5980 23330 0.601 14 020
Mariah Creek 26310 0.177 4670 12520 0.094 1180 27600 0.348 9610
Andrews Creek 19 680 0.118 2320 6670 0.154 1030 12050 0.310 3730
Hoare Basin 136710 0.417 58 640 71350 0.480 34950 85670 0.439 34820
Anderson Creek 1.4 53780 0.440 23650 16 050 0.475 7620 39180 0.292 11430 -0.32
House Stream 2 21740 0430 9350 14180 0.400 5670 11920 0438 5220
Wharton Creek 1 37970 0479 18180 25520 0.544 13 880 21460 0.562 12060
McKay Creek 23220 0.321 7460 15600 0499 7780 13110 0466 6110

Note: 1995-96 data in italics are estimates based on the behavior of the other streams over the three seasons.
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RESULTS

Data for the DIC flux in the streams entering Lakes Fryxell
and Hoare are shown inTable 1. The values for the 1993-94
season had to be calculated from the charge balance since
no direct alkalinity measurements were made. The alka-
linity in streams of Fryxell basin is generally higher than in
Hoare basin; the averages are 0.7 and 0.4 mM, respectively.
Both water and carbon discharge varied greatly: for
example, during the 1993-94 season more than 800 000 m*
of water and 440000 mol alkalinity were discharged into
Lake Fryxell, whereas in the 1994-95 season the amounts
were 152000 m” and 77400 mol alkalinity (i.e. a reduction
of >80% ). As a result, the carbon input into the lakes is pri-
marily controlled by the variation in annual discharge. The
changes in flow of the streams entering Lake Hoare were
much smaller than those of the streams entering Lake Fryx-
ell. In the same two seasons, flow was reduced by only 50%.
In the 1995-96 season the influx of alkalinity into Lake
Fryxell tripled over the previous season, while it remained
about the same in Lake Hoare basin.

8" C values of some streams during the 1994-95 season
are shown in Table 1. Isotopic compositions ranged from
~4.85%o to +1.18%o. The streams vary considerably in length,
amount of algal mats present, gradients and exposure to
direct radiation. The heaviest isotopic compositions occur
in the streams with the highest alkalinities, Von Guerard
and Crescent Streams (Tig, 1). If weighted by discharge, the
average inflow into Lake Fryxell has a 6”C of —17%a In
Lake Hoare basin, only Anderson Creek has been sampled
for carbon isotopes, and the values are —0.32%o and —3.21%o
for samples collected at different dates.

[DIC] and 6"™C profiles for Lakes Fryxell and Hoare are
shown in Figure 2. The [DIC!] profiles are from November
1994. Both lakes show an increase in [DIC] with depth.
Lake Hoare’s values increase to 5.9 mM at 18 m depth, and
then remain constant, while values in Lake Fryxell increase
to the bottom, reaching 59 mM. At the end of the austral
summer, both lakes show a trend of decreasing DIC in the
uppermost parts of the water column (Fig. 3). The isotope
profiles of Lakes Fryxell and Hoare are similar in shape.
Values are enriched in the upper part of the water column.
In Lake Fryxell, they decrease below the chemocline at 9 m
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Fig. 2. (a) Concentrations of bicarbonate in Lakes Hoare and
Fryxell. Lake Fryxell has an oxyeline and chemocline at 9m
depth; salinities increase sharply below. (b) DIC-3"C dis-
tributions in the same lakes. Data_for Lake Hoare are from
Wharton and others (1993).

https://doi.org/10.3189/1998A0G27-1-685-689 Published online by Cambridge University Press

Newmann and others: Carbon-isotope distribution in Tavior Valley lakes

depth and are lowest at the bottom, with values of —3.02%o
and —2.64% in 1994 and 1995, respectively. Values below the
chemocline are identical for the two years, but the DIC in
the upper, oxic part of the lake is heavier in 1995, with a
maximum 0°C of +3.03%o. In 1994, the heaviest value
observed was +0.41%o The data for Lake Hoare are from
Wharton and others (1993) and were measured in 1987. The
DIC has its heaviest value in the upper waters
( M = +5.3%0). To a depth of 10 m the values are constant,
then they drop to —4.0%o at 30 m depth.

DISCUSSION
Streams

In absolute terms, streams put a large amount of DIC into the
lakes (Table 1). All the streams in both basins are undersatu-
rated with respect to caleite. Caleite has been observed in
soils (Campbell and Claridge, 1987), and a longer exposure
of the water to calcite will result in a higher DIC load in the
water, For example, the substantially longer streams in the
Lake Fryxell basin generally exceed Lake Hoare basin
streams in their DIC concentration. Alkalinity, which under
the pH conditions encountered in these streams is roughly
equivalent to [HCOj |, varies by one order of magnitude
within Fryxell basin streams. The shortest streams (Table 1),
Andrews, Mariah and Green Creeks, have the lowest [ DIC].

Algal mats are common in many of the stream heds, but
are not evenly distributed (Alger and others, 1997). Most of
the streams consist of slow-flowing stretches that are covered
with algae, and fast-moving parts that flow over soil and
morainal material. Algal mats could [unction both as a sink
and as a source of DIC to the streams. When they are photo-
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Fig. 3. Seasonal changes in DIC and CO 5, concentrations in
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synthetically active they may take up DIC, and increase the
8C of the DIC remaining in the water by preferential up-
take of light ¢ (Des Marais and Canfield, 1994; Des Mar-
ais, 1993). When they respire, they add isotopically light CO,
to the water. Of the short streams, Mariah Creek had no sig-
nificant mats present over the period of sampling, while
large parts of the bed of Green Creek were covered with
mats. However, the DIC is roughly the same in both streams.
On the other hand, Green Creek had a 6°°C of ~4.55%.. DIC
in equilibrium with the atmosphere should have 8" C values
of +3%o to +2%o, for temperatures of 0—10°C. The low values
observed in Green Creek can only be caused by the respira-
tion of light organic matter, i.c. algal mats. Accounting for
the various discharge rates of the streams, the average DIC
input into Lake Fryxell has a 5"C of —1.7%a. Even given the
uncertainties caused by the incomplete measurements
(~20% of the inflow was not sampled), this value is more
negative than the value expected for DIC equilibrated with
the atmosphere. The two samples in Lake Hoare basin were
taken at the mouth of Anderson Creek at two times of the
season, and had 3" values of —0.32%o and —3.21%o. The al-
gal mats are less important for the DIC loading than the
stream length, but they seem to have a significant impact
on the isotopic composition of the DIC.

Lakes

The chemical compositions of Lakes Hoare and Fryxell
have been discussed extensively (e.g. Angino and others,
1962; Wilson, 1979; Green and others, 1988; Lawrence and
Hendy, 1989; Wharton and others, 1989). The isotopic data
for Lake Hoare from Wharton and others (1993), data for
Lake Fryxell in 1994 from Neumann and others (1993) and
additional data for both lakes from the 1995-96 season are
shown in Figure 2. Lake Hoare and Lake Fryxell profiles are
strikingly similar: both have bottom waters with negative
values that increase toward the surface. The stecpest
increase of 6 “C values in Lake Fryxell occurs at the chemo-
cline at 9 m depth, In 1995 the uppermost part of the water
column of Lake Fryxell had the same structure as Lake
Hoare, with the heaviest 8”C compositions with values
around +3%o just below the ice. In 1994 the uppermost
sample had a value of +0.41%.. The fractionation of ”C in
the water column is a result of biological activity. The Fryx-
ell profile reflects primary production maxima at 9m and
just beneath the ice. The maxima are caused by availability
of nutrients at the chemocline (which also is a “nutricline”
Priscu, 1995), and the highest irradiance in the lake just un-
derneath the ice.

[DIC] also increases with depth in both lakes (Fig. 2).
[DIC] in the bottom water of Lake Fryxell is one order of
magnitude larger than the concentration in Lake Hoare.
[COg]aq also increases with depth. The difference between
[DIC] and [COy,, is that, in the uppermost meter of the
water column, [DIC] decreases over the seasomn, while
[COg]aq values increase (Fig. 3). Over the austral summer
199495, pH values decreased from 8.8 to 8.5 in Lake Hoare,
and from 7.6 to 7.0 in Lake Fryxell. This can be caused by two
processes: the melting of lake ice and associated percolation
of low-DIC meltwater into the lake water, and the influx of
stream water in the late season. Stream water is low in
[DIC], but high in [COy],, (Table 2), while the uppermost
lake water in Lake Hoare is depleted in [COg],, (Fig. 4).
The pH values are also slightly lower in the stream waters
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(7-8: see Table 1) than in Lake Hoare (8.5-8.8). Stream water
should be relatively buoyant in Lakes Hoare and Fryxell,
thus remaining directly underneath the ice. Stream water
entering Lake Fryxell has negative o"C values, and that
can be reflected in the lighter composition of the uppermost
lake water.

To calculate the inorganic carbon balance for Lakes
Fryxell and Hoare, we modified an equation from Quay
and others (1986):

'|/£DIQE = IDIC; — §
dt
where V is volume of the lake, I is inflow (m*s ), §'is con-
version of DIC to organic carbon and removal to deeper
water (mol sfl), and DIC;. and DIC; are dissolved inorganic
carbon concentrations in the lake and inflows (mol m ™). A
factor that is not accounted for in this equation is the re-
moval of DIC by calcite precipitation. In Lake Washington,
the dissolution and/or precipitation of CaCO3 was not sig-
nificant (Quay and others, 1986). Our calculations show that

Table 2. Water discharge, pH, pCOs and [COy]q flux in
Lake Fryxell and Lake Hoare basins, 1994-95

Discharge pH pCO;s C0, GO flux
mia’ molm * mola '
Fryxell 152 750 0.0610 9900
Canada Stream 41710 74 308 0.0343 1430
Lost Seal Stream 20630 72 247 0.2021 4170
Aiken Creek 9710 82 -383 0.0175 170
Von Guerard Stream 7220 7.8 =319 0.0488 350
Crescent Stream 2110 80 2.92 0.0571 120
Delta Stream 3280 79 =321 0.0407 130
Green Creek 29120 78 =355 0.0582 1690
McKnight Creek 6800 7 301 0.0551 380
Harnish Creek 2500 78 3.25 0.0752 190
Bowles Creek 10 480 68 306 0.0544 570
Mariah Creek 12520 73 3.65 0.0175 220
Andrews Creek 6670 6.8 301 0.0715 480
Hoare 71350 0.0188 1310
Anderson Creek 16 050 16: =382 0.0370 590
House Stream 14180 83 419 0.0128 180
Wharton Creek 25520 79 388 0.0137 350
McKay Creek 15600 82 38l 0.0119 190
Lake Fryxell Lake Hoare
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the upper meters in Lake Fryxell change from super- to
undersaturation with respect to CaCOj through the season.
In Lake Hoare, water above 15 m is supersaturated with re-
spect to calcite, and CaCO4; minerals have been found in
sediments (Wharton and others, 1989). At present, we have
no data that would allow any qualitative estimate of calcite
precipitation in these lakes, and we cannot include this pro-
cess in our calculation.

Lake Fryxell should be affected more strongly by the DIC
input from streams than Lake Hoare because it receives much
higher loads of DIC: (Tables | and 2). Using the modified for-
mula, normalizing the DIC input with the lake area and
assuming a mixing of the incoming stream water with the
uppermost meter of the lake’s water column, Lake Fryxell an-
nually received 3.8%, 07% and 2.1% (average = 2.2%) of
the DIC pool in the uppermost meter. The values for Lake
Hoare are 9.3%, 5.5% and 5.5% (average = 6.8%). The ab-
solute influx into Lake Hoare is much smaller, but because
the lake has such a low concentration of DIC: it plays a more
important role than in Lake Fryxell.

Primary productivity rates (PPRs) from Priscu (1995)
were used to compare the average annual uptake of carbon
at various lake depths with the available DIC. At 5-8m
depth, the annual uptake accounts for 0.43% of the DIC in
Lake Hoare, and for 076% of the DIC in Lake Fryxell.
These ratios are very similar, given that the PPR in Lake
Fryxell is roughly four times as high as in Lake Hoare, and
do not explain the different isotopic signatures found in the
lakes. Most algae do not use all DIC as source for carbon,
but rather a small fraction of it, [COs], [CO3],, is much
smaller in Lake Hoare (see Fig. 3), due to lower DIC and
higher pH. The resulting ratio of [CO,],, uptake vs supply
shows a large difference between the two lakes (Fig. 4).
While in Lake Fryxell the annual carbon uptake accounts
for only 9% of the [COg]., at 5-9 m depth, in Lake Hoare
(5—8 m) it accounts for 64%. This higher percentage uptake
of COy in Lake Hoare explains why the carbon-isotope
composition in the uppermost water column is consistently
heavier than in Lake Fryxell. Wharton and others (1993)
showed that a large part of the organic matter produced in
the upper part of the water column is respired before it
becomes incorporated into the sediment. This respiration
results in increased [DIC] values and light 1sotopic compo-
sition in the lower part of the water column.

How will the carbon cycle and the isotopic signatures of
Lakes Fryxell and Hoare react to climate changes? An
increase in temperature would increase water and DIC dis-
charge into the lakes. The main effect would be to raise lake
level. The carbon budget of Lake Hoare will be greatly im-
pacted, because the original [DIC] is much lower than that
of Lake Fryxell. However, inflow of low-TDS stream water
would dilute the nutrients dissolved in the lake and probably
decrease the productivity. This will lead to less carbon uptake,
and lighter carbon-isotopic compositions in the lake too. In
situ produced calcite will have light 6”C values, or the
[ DIC] will become so low that caleite will be undersaturated.

A decrease in temperature and discharge would lower
the water and DIC input into the lakes. In Lake Hoare this
should lead to a heavier carbon-isotope composition, The
already small carbon supply would be utilized further, and
the DIC would become heavier. Increased calcite precipita-
tion would effectively remove carbon from the system, po-
tentially making the system carbon-deficient. Calcite
precipitated in these conditions will be isotopically heavy.
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Lake Fryxell water level would also drop, but the high
[DIC] will reduce effects on the carbon cycle. These shifts
in isotopic composition are possible only because the lake
waters are separated from the atmosphere by the perennial
ice cover. In lakes in higher latitudes deficits in CO,,, are
compensated by dissolution of atmospheric CO, into the
water. Thus Lakes Fryxell and Hoare offer sedimentary re-
positories that could yield important paleoclimatic and pa-
leobiological information.

CONCLUSIONS

The carbon cycle in the perennially ice-covered lakes in
Taylor Valley is mainly governed by three factors: (1) the ice
cover that limits gas exchange with the atmosphere, (2) the
amount of DIC recharge via streams, and (3) the primary
productivity in the lakes. Removal of inorganic carbon via
calcite precipitation may also be important, but currently
this process cannot be quantified. The amount of DIC in
the streams is dependent on the stream length, with longer
streams having higher DIC values due to more extensive
dissolution of calcites. Algal mats in the streams seem to
have little influence on the DIC concentration, but might
have an effect on the isotopic composition. In the lakes,
[DIC] and [COy],, increase with depth, while PPR and iso-
topic composition decrease. A seasonal decrease of DIC and
pH and an increase of pCOy occur in the uppermost water
column. The annual carbon uptake by phytoplankton at 5—
9 m depth represents 9% of the COy,q in Lake Fryxell, but
64% of the COy,,, in Lake Hoare. This high utilization rate
causes the continuously heavier 8"C composition in Lake
Hoare. Lakes Hoare and Fryxell will react differently to
climate changes, with Lake Hoare, with its small pool of
DIC, being affected more directly than Lake Fryxell, with
its higher DIC concentrations,
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