sidered on zoogeographic grounds to
mark the separation of the Atlantic-
Caribbean and Indo-Pacific faunal prov-
inces (32). On the basis of the chronol-
ogy of the section, this level has an age
of about 3.8 Ma, in good agreement with
the previously estimated minimum age of
3.6 Ma (32).

The Blake Plateau section, then, is a
record of both tectonic and climatic
events as they have affected the North
Atlantic circulation. The results in gener-
al support the generally although not uni-
versally held view that the planetary cir-
culation should be invigorated during
times of glacial climate (33). But instead
of short-term (10 to 10* years) glacial-
interglacial fluctuations, such as those of
the late Pleistocene on which this con-
cept is based, the Blake Plateau section
seems to be a response to climatic trends
extending over a period of 10° to 10¢
years that can perhaps be characterized
as fluctuations between long-term rela-
tively glacial and relatively nonglacial
modes of circulation.

Ansis G. KANEPS
3211 Cadencia Street,
Carlsbad, California 92008
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Dynamic Chemical Equilibrium in a Polar Desert Pond:

A Sensitive Index of Meteorological Cycles

Abstract. The dramatic variation in the composition of a brine pond in Antarctica
is a seasonal phenomenon. The phase relations of salts in solution are such that
hydrologic conditions and temperature determine composition during the austral
summer. Temperature is the primary determinant of composition during the winter.

Don Juan Pond is situated in a closed
basin in the ice-free region (/) of south-
ern Victoria Land, between the East
Antarctic Ice Cap and the Ross Sea. The
pond, discovered in 1961 (2), has at-
tracted considerable attention because of
its extraordinary, highly variable chem-
istry and because it remains unfrozen for
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Fig. 1. (A) Hydrograph of Don Juan Pond, 27
October 1975 to 20 January 1976. (O) Date of
sample for chemical analysis; samples are
numbered sequentially. Precipitation of salts
was first observed on 9 December; stream-
flow began between 3 and 6 January. (B) Net
loss rate. (C) Mean air temperature at the soil
surface 100 m southwest of the pond. (D) Av-
erage of evaporation rates in two pans con-
taining pond water, one at the southwest and
the other at the northeast edge of the pond.
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most of the year in a region where the
mean annual air temperature is approxi-
mately —18°C. Salinities ranging from
200,000 to almost 400,000 parts per mil-
lion (ppm) have been reported, and 90
percent of the salt is calcium chlo-
ride (3, 4). The mineral antarcticite
(CaCl, - 6H,0), discovered in 1965 (5), is
peculiar to the Don Juan basin. Geo-
physical studies (6) preliminary to the
Dry Valley Drilling Project (DVDP) (7)
indicated that rock units underlying the
basin are highly saline and perennially
unfrozen, suggesting the presence of a
reservoir of liquid groundwater. Drilling
revealed that unfrozen water with a sa-
linity of almost 200,000 ppm and a tem-
perature of about —16°C is present to a
depth of at least 75 m; the basin is,
in fact, the site of the only known
Antarctic occurrence of groundwater
discharge from a confined aquifer (8).

During the austral summer of 1975 to
1976, two of us studied the mass balance
of the pond as part of a research program
begun in 1973 (9). The study included (i)
bathymetric mapping, (ii) continuous
measurement of fluid levels in the pond
and DVDP borehole number 13, (iii) con-
tinuous measurement of air temperature,
(iv) pan measurement of pond water
evaporation rates, and (v) sampling of
waters for chemical analysis. We can
now demonstrate that the peculiar chem-
ical behavior of Don Juan Pond is con-
trolled by both hydrologic factors and
temperature.

The flux of pond water occurs by four
distinct mechanisms, of which at least
three are highly sensitive to meteoro-
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logical conditions. Water is lost only
through evaporation or sublimation; the
striking correlation between variations in
net loss rate and variations in mean air
temperature at the soil surface reveals
the dependence of evaporation rate on
weather (Fig. 1). Both in magnitude and
in seasonal variation, the evaporation
rates we report are similar to ice ablation
rates measured elsewhere in Wright Val-
ley. Long-term studies at Lake Vanda
recorded mean ablation rates in excess
of 2.0 mm/day during midsummer (No-
vember through January) and on the or-
der of 0.25 to 0.5 mm/day during the
winter (April through September) (/0).
Short-term studies gave midsummer
rates ranging from 1.9 to 3.5 mm/day
(11). If winter ablation rates at the pond
and Lake Vanda are the same, at least
16,000 m? of water is lost from the pond
annually.

Water enters the pond from three
sources. During the period of record,
one light snowfall (< 1 cm of snow) oc-
curred, with no effect apparent in the hy-
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drograph. Mean annual precipitation in
the Dry Valley Region is between 5 and
10 g/cm?, suggesting that precipitation
accounts for 15 to 30 percent (2400 to
4800 m?® of the annual budget of the
pond. In late December and January,
there is melting in the active layer of ice-
cemented permafrost lying west of the
pond; the resulting flows of unconfined
groundwater form small freshwater
(< 500 ppm of dissolved solids) streams
having highly erratic discharges. This
streamflow effected a flattening of the
hydrograph during two short intervals in
January; total volume of flow was about
1500 m®. Confined, saline groundwater
discharged to the pond at a rate of more
than 25 m¥day (9100 m¥year) during the
period of the hydrograph. This deep

groundwater flux is most clearly evi-

denced between 27 October and 12 No-
vember; in spite of evaporation ex-
ceeding 0.5 mm/day, net loss from the
pond was negligible.

These data indicate that between Janu-
ary 1975 and January 1976, the pond lost

7

Antarcticite (CaClg - 6Hg0)

Hydrohalite (NaCl - 2H30)

(] s o

He0 (parts per hundred)

/70

/
/
/
\/\ 67/%'55/ /ﬂé_s//

CaClq (parts per hundred)

ya /80
2
N GW
10 ey
0
\20 \
/ /80
B
E
., F & 2
. .
: 0
\40 \ \30 \ \20 \

Fig. 2 (A) Component triangle showing region
identifying minerals (solid phases) occurring in

(shaded) of phase diagram. (B) Key for (C),
region of phase diagram. (C) Phase diagram.

Phase boundaries are heavy lines separating patterned areas; isotherms, in degrees Celsius, are
dotted lines, and all but the 0° isotherm are of negative temperatures. (D) Phase diagram of (C)

with our pond water (@) and groundwater (GW)

analyses plotted; pond analyses are connected

by a solid line and numbered in sequence, the numbers correspond to those in Fig. 1A. Phase
boundaries are heavy lines; isotherms are dotted lines. (E) Phase diagram with previous pond
water analyses plotted (@); lettered analyses are explained in the text.
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two to three times its greatest measured
volume (8000 m?) without going dry. Un-
der current climatic conditions, this pre-
carious equilibrium is maintained by the
two groundwater fluxes; if either should
cease, the pond would be dry within a
year. Indeed, at the third DVDP Seminar
(Tokyo, 5 to 10 June 1978), P. N. Webb
reported that the pond did not exist in
the summer of 1957 to 1958, and T. Torii
reported that in 1977 to 1978 the pond
was at its smallest volume since 1961.
That the pond has persisted since 1961
suggests that at least 200,000 m?® of
groundwater has discharged to the basin.
The chemistry of the pond is highly
sensitive to fluid balance and to temper-
ature. We show this sensitivity by using
a trilinear phase diagram (Fig. 2C) con-
structed with laboratory data (/2). The
diagram is of a type unconventional for
aqueous systems, both because it in-
cludes water as a component and be-
cause it is drawn for a range of temper-
atures. As is customary, the composition
of the fluid phase is indicated by the
three scales bordering the diagram; the
fields of stability of solid phases are sep-
arated by heavy lines and designated by
the patterns keyed in Fig. 2B. At any
particular fluid composition, the temper-
ature determines whether the appropri-
ate mineral or minerals are stable. For
example, ice would not be stable (that is,
it would dissolve) in a solution having 21
parts per hundred (pph) of CaCl, and 0
pph of NaCl at temperatures above
—20°C; however, such a solution would
“‘precipitate’’ ice if the temperature were
lowered to —20°C or less. Precipitation
of ice would have the effects on the fluid
phase of decreasing the concentration
(causing dilution) of H,0, increasing the
concentration of CaCl,, and lowering the
freezing point; these effects would be
seen in the phase diagram as a leftward
displacement, a shift away from the H,O
vertex of the component triangle.
Chemical analyses of ten fluid samples
taken between 27 October and 20 Janu-
ary at a single location in Don Juan Pond
are plotted in the phase diagram as a
numbered sequence (Fig. 2D). The date
of each sample is indicated in Fig. 1A,
allowing comparison of the hydrology,
temperature, and chemistry of the pond.
Analyses of 21 samples of groundwater
taken on the same dates at various
depths in borehole 13 are plotted as a sol-
id bar labeled GW in Fig. 2D. During the
86 days of record the composition of the
pond varied markedly, passing across
the stability fields of all four minerals. In
fact, six stages of development, five of
which are directly evidenced in the
phase diagram, may be identified. These
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stages, and their relation to hydrology
and temperature of the pond, are dis-
cussed below.

Stage 1 (samples 1 through 3): stasis in
chemical composition, or perhaps a very
slight dilution of CaCl, and concentra-
tion of H,O. Loss of H,O from the pond
by evaporation was approximately bal-
anced by discharge of deep groundwater.

Stage 2 (samples 3 through 7): concen-
tration of CaCl, and NaCl and dilution of
H,O. Evaporative loss of H,O far ex-
ceeded replacement by groundwater,
causing concentration of salts dissolved
in the pond.

Stage 3 (samples 7 and 8): precipi-
tation (dilution) of NaCl. The precipi-
tation evidenced in the diagram was de-
tected in two other ways. We first ob-
served white isometric crystals at the
sampling site on the date of sample 7; ad-
ditional salt precipitated between sam-
ples 7 and 8. We also calculated the mass
of each ion dissolved in the entire pond
on the date of each sample; the mass of
dissolved NaCl decreased between sam-
ples 7 and 8. Although precipitation took
place in the field of hydrohalite (/3), the
mean temperature was near 0°C. This
suggests either that hydrohalite precipi-
tated metastably or that the phase
boundaries or isotherms, or both, are in-
correctly placed. As in stages 4 and 5,
continued net loss of H,O by evapora-
tion effected precipitation by forcing the
composition of the pond into a region of
salt stability or metastability.

Stage 4 (samples 8 and 9): continued
precipitation of NaCl, concentration of
CacCl,, and dilution of H,O. Precipitation
was also detected visually and by mass
balance calculations. Evaporation again
far exceeded inflow.

Stage 5 (sample 9): precipitation of
CaCl, - 6H,0. Precipitation is not direct-
ly apparent in the diagram but is sug-
gested by the position of the analysis,
near the 0°C isotherm on the boundary of
the antarcticite stability field. We first
saw poorly crystallized salts similar in
appearance to antarcticite on the date of
sample 9; the mass of dissolved CaCl,
decreased slightly between samples 6
and 9.

Stage 6 (samples 9 and 10): concentra-
tion of H,O, slight concentration of
NaCl, and dilution of CaCl,. The late
season inflow of fresh stream water
caused dilution of dissolved CaCl,; all of
the antarcticite and some of the NaCl
precipitated earlier were seen to have re-
dissolved. As the sampling site was situ-
ated near the mouth of a stream in order
to detect the first effects of streamflow,
sample 10 was not representative of the
entire pond on 20 January. It is probable
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that sample 9 was also diluted in CaCl,
by fresh stream water.

By contrast with the chemistry of the
pond, that of the deep groundwater was
temporally invariant. The small variation
shown was a function only of depth in
borehole 13, the deepest samples being
the most saline. Althought the geologic
history of the salts in the Don Juan basin
remains problematic, the position of
these analyses suggests that groundwa-
ter is the proximate origin of salts in the
pond. Once the groundwater discharges,
the polar desert climate effects a net loss
of water, causing a concentration of the
salts.

Although we took no samples during
winter, our phase diagram allows predic-
tion of the winter composition of the
pond. The midwinter air temperature in
Wright Valley is about —50°C; at this
temperature, the fluid phase would be in
equilibrium with the precipitates antarc-
ticite, hydrohalite, and ice. Sublimation
would remove water from the ice-cov-
ered pond without changing the compo-
sition of the fluid phase. The path of
compositional evolution effected by the
transition from summer to winter tem-
peratures would be a function of the
composition at the end of the summer.

Earlier chemical analyses (2-4) gave
the impression that the composition of
the pond varied dramatically from year
to year. In most years, however, only a
single sample was taken. When the ap-
parently diverse yearly analyses are as-
sembled in the context of the phase dia-
gram (Fig. 2E), they fall into a pattern
much like the one we observed in the
course of a single austral summer. In

fact, the few published analyses of sam- -

ples taken during a single summer show
stages of development like those we ob-
served. Analyses A and B (7 January and
15 January 1971) and C and D (18 De-
cember 1975 and 5 January 1976) in-
dicate a freshwater influx like that during
our stage 6; analyses E through H (1 No-
vember 1974 through 9 January 1975) in-
dicate a net loss of water like that during
our stage 2. Analyses I (April 1974) and J
(July 1974) are of the only winter sam-
ples known to us; the surface of the pond
was frozen during sampling (/4) and ice
was probably included in the samples, in
which case they would not represent
equilibrium winter compositions of the
liquid phase. Analyses K are also of par-
ticular interest; Torii and co-workers (¢,
5) found antarcticite when the samples
were collected.

The demonstrated sensitivity of Don
Juan Pond to meteorological conditions,
together with its persistence in a climate
marked by severe seasonal variations,

suggests that the chemistry of the pond
exhibits a recurring, seasonal pattern
of development. The dramatic variations
in composition reported previously re-
flect the season when the pond was
sampled.

H. J. H. HARRIS

K. CARTWRIGHT
Hllinois State Geological Survey,
Urbana 61801

. T. Tor1x

Japan Polar Research Association,
Tokyo, Japan
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