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Abstract. The McMurdo dry valleys of Antarctica represent the largest of the ice-free areas on

the Antarctic continent, containing glaciers, meltwater streams, and closed basin lakes. Previous

geochemical studies of dry valley streams and lakes have addressed chemical weathering reac-

tions of hyporheic substrate and geochemical evolution of dry valley surface waters. We examine

cation transport and exchange reactions during a stream tracer experiment in a dry valley glacial

meltwater stream. The injection solution was composed of dissolved Li+, Na+, K+, and Cl).

Chloride behaved conservatively in this stream, but Li+, Na+, and K+ were reactive to varying

degrees. Mass balance analysis indicates that relative to Cl), Li+ and K+ were taken up in

downstream transport and Na+ was released. Simulations of conservative and reactive (first-

order uptake or generation) solute transport were made with the OTIS (one-dimensional solute

transport with inflow and storage) model. Among the four experimental reaches of Green Creek,

solute transport simulations reveal that Li+ was removed from stream water in all four reaches,

K+ was released in two reaches, taken up in one reach, and Na+ was released in all four reaches.

Hyporheic sediments appear to be variable with uptake of Li+ in two reaches, uptake of K+ in

one reach, release of K+ in two reaches, and uptake of Na+ in one reach. Mass balances of the

conservative and reactive simulations show that from 1.05 to 2.19 moles of Li+ was adsorbed per

reach, but less than 0.3 moles of K+ and less than 0.9 moles of Na+ were released per reach. This

suggests that either (1) exchange of another ion which was not analyzed in this experiment or (2)

that both ion exchange and sorption control inorganic solute transport. The elevated cation

concentrations introduced during the experiment are typical of initial flows in each flow season,

which flush accumulated dry salts from the streambed. We propose that the bed sediments (which

compose the hyporheic zone) modulate the flushing of these salts during initial flows each season,

due to ion exchange and sorption reactions.
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1. Introduction

The McMurdo dry valleys is a polar desert that constitutes the largest ice-free
area of Antarctica. Stream waters within the dry valleys are derived from
dilute glacial melt and take on increased dissolved solid loads due to inter-
actions in streambed sediment, which makes up the hyporheic zone of these
streams. As a result of these upstream processes, closed-basin lakes receive
stream waters that are enriched in solutes compared to meltwater originating
at the glaciers. Previous studies of chemical weathering in the dry valleys have
shown that denudation rates are higher than expected for such a cold, dry
climate (Lyons et al., 1997; Nezat et al., 2001; Gooseff et al., 2002; Maurice
et al., 2002). Hyporheic exchange in dry valley streams controls the transport
of water through storage and evaporation (Gooseff et al., 2003), and controls
stream water dissolved solute loads through in-hyporheic chemical weath-
ering and dissolution of marine aerosols and calcium carbonate (Gooseff
et al., 2002). Dissolved nutrients are retained and/or transformed by benthic
and hyporheic microbial communities (Gooseff et al. in press; McKnight
et al., 1999; McKnight et al., 2004). We propose that in addition to primary
weathering reactions, ion exchange processes on streambed sediment surfaces
influence inorganic stream chemistry and solute loads in dry valley streams.
Lemmens and Roger (1978) showed that cation exchange was an important
control on the dissolved ion concentration of meltwater streams in the
foreland of Swiss glaciers, and we believe that this may be important in dry
valley meltwater streams too.

Previous studies have shown that stream sorption processes (one-way loss
of stream solutes on to streambed sediments) and ion exchange processes
(replacement of ions on sediment surfaces by stream solutes) control stream
solute concentrations. Several studies have assessed the transport and fate of
introduced reactive inorganic and radioactive solutes in temperate streams
(Bencala, 1984; Bencala et al., 1984; Cerling et al., 1990; Forsman et al., 2002).
Specific reach-scale studies by Kuwabara et al. (1984) demonstrated that
dissolved Cu2+ was taken up by stream algae and sorbed to bed sediments
over a 700 m reach of Convict Creek, California. Bencala (1983) showed that
dissolved Sr2+ sorbed on to streambed sediments in Uvas Creek, California.
Each of these studies focused on sorption processes, rather than ion exchange
processes, though ion exchange processes have been found to be an important
control on dissolved cation transport in several stream systems (Nakagawa
and Iwatsubo, 2000; Hodson et al., 2002). Freeman et al. (1995) investigated
the transport of dissolved K+ in a temperate stream and found that it was
subject to ion exchange reactions, as its downstream progression was re-
tarded, compared to co-injected Br). On a much smaller scale, ion exchange
dynamics of sediments have been studied in slurry or microcosm experiments,
with respect to implications in larger natural systems (e.g., Shih and Gloyna,
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1969). Given the dilute nature of dry valley stream water, we expected that
cation exchange reactions would be significant at the stream-reach scale.

In this paper, we investigate stream-reach scale ion exchange reactions in a
glacial meltwater stream, which may exert an important control on stream
water chemistry. We present the results of a stream tracer experiment in
which stream solute concentrations of Li+, K+, Na+, and Cl) are elevated for
several hours. We used mass balance analysis to identify differences in major
cation behavior. Simulations of transport of Cl), Li+, K+, and Na+,
assuming conservative (no reaction) and first-order decay reactivity (reaction
proportional to the solute concentration), are presented and analyzed. We
interpret these results as indicating that ion exchange reactions within the
streambed sediments preferentially adsorb Li+, and release K+ and Na+. We
propose that these exchange reactions may be important in these meltwater
streams during initial flows each flow season, when elevated concentrations
of inorganic solutes are observed in the streams.

2. Study Site

The McMurdo dry valleys are located at roughly 78 �S latitude, on the
western coast of McMurdo Sound, Antarctica (Figure 1). Glaciers, open

Figure 1. Location map of the Taylor Valley (inset) and Green Creek, which originates at

the southeastern corner of the Canada Glacier and terminates in Lake Fryxell. Solute

injection and stream water collection sites are noted.
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expanses of barren patterned ground, stream channels, and permanently ice-
covered, closed basin lakes dominate the landscape. The climate is defined by
a mean annual air temperature of )20 �C, less than 10 cm water equivalent
of precipitation, as snow, and austral summers with 24 hours of sunlight.

Glacial melt is the main source of streamflow, which generally lasts for
6–12 weeks during the austral summer. Streambeds are composed of por-
ous, unconsolidated alluvium, in which hyporheic zones are established,
extending several meters from the edge of the stream (Conovitz et al.,
1998). Streams exchange water with different lateral zones of the hyporheic
zone over time scales of hours to months (Runkel et al., 1998; Gooseff
et al., 2003). In shallow-gradient stream reaches, freeze–thaw cycles have
produced a stable stone pavement, which allows for extensive microbial mat
coverage (predominantly Nostoc and Phormidium species) on top of the
pavement (McKnight et al., 1998, 1999). We present results from an
experiment performed on Green Creek, which originates at the southeastern
corner of the Canada Glacier in Taylor Valley, and extends about 1 km
from the base of the glacier, terminating in Lake Fryxell (Figure 1). Stream
discharge, water temperature and specific conductivity are recorded at a 15-
min interval at a stream gauge located roughly half way down the reach.
Stream chemistry samples are collected by MCM-LTER (McMurdo Dry
Valleys Long Term Ecological Research Project) personnel periodically
(during site visits on an irregular schedule) throughout each flow season to
monitor major ion concentrations. Early season concentrations of Li+,
Na+, K+, and Cl) average 0, 167, 25, and 183-lM in Green Creek (n ¼ 6
first-of-season samples, http://huey.colorado.edu/LTER), though flow-sea-
son average concentrations are 0, 110, 20.8, and 105 lM, respectively
(McKnight et al., 2004).

As a result of multiple lithologic sources and dry valley glacial history,
the sediment comprising dry valley streambeds has a heterogeneous com-
position of granite, gneiss, dolerite, Beacon sandstone (Péwé, 1960; Doran
et al. 1994), and carbonate deposits (Hendy et al., 1979). The lithology of
the Green Creek streambed sediment is varied, dominated by igneous and
high-grade metamorphic rocks, and roughly equal amounts of felsic,
intermediate and basic compositions (Gooseff et al., 2002). This variability
of the sediment lithology is a result of the diverse geology and lacustrine
history of the Fryxell basin (Denton et al., 1989; Doran et al., 1994). The
few sedimentary minerals that have been reported were probably rafted into
the valley bottom during an incursion of sea ice during the Pleistocene
(Denton et al., 1989). Gooseff et al. (2002) report a geometric surface area
of 3.79 � 10)3 m2 g)1 (assuming spherical sediment particle shape) and a
BET surface area of 1.23 m2 g)1 for the bulk sediment. The difference in
surface area computation is typical as the geometric surface areas assume
an idealized sediment shape, but BET surface areas are computed based on

224 MICHAEL N. GOOSEFF ET AL.



gas adsorption to sediment surfaces. The <2 lm fraction from Green
Creek contained 35% muscovite/illite/smectite and kaolinite, and roughly
22% primary minerals, and, based on XRD analysis, has mineralogy gen-
erally consistent with the lithologies. The courser fraction is mostly primary
silicate minerals with some kaolinite and muscovite/illite/smectite. The 2–
63 lm fraction has a mineralogy similar to the coarse fraction, except that
it is somewhat enriched in amphibole and plagioclase (Gooseff et al., 2002).
Low totals for the crystalline material suggest the presence of considerable
amorphous weathering products, on the order of 40–65% by weight of the
<2 lm size fraction (<0.3 wt% of the bulk sediment).

Dry valley stream water chemistry is results from both chemical weath-
ering and dissolution of marine aerosols (Green et al., 1988). Lyons and
Welch (1997) point out that Li+ in lakes and streams is generally derived
from both of these sources. Gooseff et al. (2002) found that Cl) and Na+ also
shared these sources, but that dissolved K+ came primarily from chemical
weathering. Angino et al. (1962) suggest that thenardite (Na2SO4) dissolution
contributes Na+ to stream water chemistry, and Claridge and Campbell
(1977) attributed dissolved K+ concentrations to dissolution of muscovite
micas.

3. Methods

3.1. STREAM TRACER EXPERIMENT

To test our hypothesis that ion exchange reactions in hyporheic sediments
(surface and subsurface sediments through with which stream water comes
into contact) influence stream water cation concentrations, we preformed a
solute tracer and enrichment experiment in Green Creek on January 13
1996, as part of a nutrient enrichment experiment (see McKnight et al.,
2004 for details). The choice of ions and the concentrations in the injection
solution were dictated partially by the nutrient concentration enrichment
targets, which were to be high enough to observe a definite pulse down-
stream, but not high enough to enhance stimulation of biotic uptake. The
6.5 L addition solution was composed of 4.13 M Cl) and Li+, 0.12 M K+,
and 0.24 M Na+, corresponding to 26.8 mol Cl) and Li+, 0.8 mol K+, and
1.6 mol Na+. The enriched solution was added to the stream at a rate of
50 mL min)1 for a period of 3 hours (at the 0 m station in Figure 1).

During the experiment, streamflow decreased from 3.0 L s)1 to 0.3 L s)1

at the stream gauge located just downstream of the 226 m sampling site
(Figure 2). To accommodate the large decrease in streamflow, estimates of
the flow rate and main channel cross-sectional area at the injection site and
sampling sites were obtained using a kinematic wave routing model (see
Runkel et al., 1998; McKnight et al., 2004 for details).
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3.2. STREAM WATER ION CONCENTRATION ANALYSIS

Stream water samples were collected at 50, 226, 327, and 497 m down-
stream, and filtered upon collection using a peristaltic pump with 0.4-lm
pore size, 145 mm diameter Gelman membrane filters. Analysis of Cl) was
performed by ion chromatography, and analysis of Na+ was performed
with a Jarrel–Ash model 975 inductively coupled plasma (ICP) spec-
trometer using standard methods. Li+ and K+ analyses were performed
with flame atomic absorption spectroscopy on a Perkin Elmer model 5000
spectrometer.

3.3. SOLUTE MASS BALANCE AND CONCENTRATION COMPARISONS

The changes in solute concentration during the experiment were analyzed in
two ways at each stream sampling station. A molar mass balance for each
solute at each stream sampling site was developed according to the following:

MðxÞ ¼
Z

CBCTðtÞQðtÞdt ð1Þ

Figure 2. Green Creek hydrograph at sampling station 226 m downstream of injection

point, during the tracer experiment. Time 0 is 22:00 hour on 13 January 1996. Diurnal

streamflow variation is typical in dry valley streams during the austral summer.

226 MICHAEL N. GOOSEFF ET AL.



where, M(x) is the molar mass of solute passing a sampling location down-
stream (moles); CBCT(t) represents the solute breakthrough curve (rise of
stream solute concentration due to the injection experiment) from data col-
lected at that particular location minus background concentrations at each
sampling site (M); and Q(t) represents the hydrograph for the particular
location (L s)1). To compare reactive solute dynamics utilizing the molar
mass changes downstream, ratios of ion concentration (Li+, K+, and Na+) to
that of Cl) (C(t)ION/C(t)Cl), the conservative tracer, are also calculated. The
temporal changes in these ratios represent the proportion of change in molar
mass relative to the conservative tracer during the observed solute break-
through curves. An increase in the ratio indicates that the mass of one ion has
increased relative to the mass of the conservative tracer Cl).

3.4. TRANSIENT STORAGE/ION EXCHANGE SIMULATIONS

Results of the solute enrichment experiment were simulated using a one-
dimensional solute transport model that includes inflow, transient storage,
and first order uptake of solute (OTIS, Runkel, 1998). Solute concentrations
in the main channel (C) and transient storage zone (CS) are given by:

@C
@t

¼ �Q
A
@C
@x

þ 1

A
@

@x
AD

@C
@x

� �
þ aðCS � CÞ þ kIONC ð2Þ

dCS

dt
¼ a

A
AS

ðC � CSÞ þ kS;IONCS ð3Þ

where A is the main channel cross-sectional area (m2), AS is the storage zone
cross-sectional area (m2), D is the dispersion coefficient (m2 s)1), Q is the
volumetric flow rate (m3 s)1), t is time (s), x is distance (m), a is the exchange
coefficient (s)1), kION is the first-order rate coefficient for reactive solute loss
(<0) or gain (>0) in the stream (s)1), and kS,ION is the first-order rate
coefficient for reactive solute loss or gain in the storage zone (s)1). First-order
type reactions increase or decrease stream solutes in proportion to the con-
centration of the solute present in the stream (kION) or hyporheic water
(kS,ION). The storage zone consists of both the hyporheic zone and open
water areas adjacent to the main channel (side pools, etc.). Due to the
shallow nature of Green Creek, open water areas are considered negligible
and we assume that the storage zone is equivalent to the hyporheic zone.
Model simulations were performed for each reach utilizing the upstream
sampling station solute observations for the boundary conditions. OTIS
takes into account these varying solute boundary conditions as well as the
varying hydrograph (Figure 2) computed at each sampling site from kine-
matic discharge routing (McKnight et al., 2004).
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Parameter estimates were obtained in two steps. First, observed Cl�1 con-
centrations were used in conservative (k ¼ 0, therefore Cl) experiences no
reaction) OTIS-P (one-dimensional solute transport model with inflow and
storage and a parameter estimation package, Runkel, 1998) simulations to
estimate the hydrologic parameters describing physical solute transport (AS, D,
a) (McKnight et al., 2004). First-order rate coefficients (kION, kS,ION) for
Li+, K+, and Na+ were then optimized in individual simulations for each ion
and each reach utilizing UCODE (a universal computer model parameter
optimization code, see Scott et al. (2003) for application to OTIS). Three
reaction simulations were considered for each stream reach: stream reactions
only, storage zone reactions only, and stream and storage zone reactions
combined. The optimal simulation scenario was one that resulted in the best
fit to the observations, and, in the case of the stream and/or storage zone
reaction scenario, resulted in a model fit without highly correlated para-
meters (kION, kS,ION). UCODE provides information on both agreement
between simulated and observed values, and correlations among optimized
parameters.

In order to determine the mass increase or decrease downstream, we also
integrate the solute breakthrough curves to compute molar masses passing
each site for the conservative, observed, and reactive transport simulations.
Change in molar mass is computed as the difference between the reactive or
observed and conservative integrated molar masses:

DMðxÞION ¼
Z

CRðtÞQðtÞdt �
Z

CCðtÞQðtÞdt ð4Þ

where, CR(t) is the simulated or observed reactive breakthrough curve for a
particular solute, and CC(t) is the simulated conservative breakthrough curve
for a particular solute.

4. Results

Chloride was assumed to be conservatively transported downstream, al-
though Cl) molar masses (Figure 3) and plateau concentrations decrease
downstream (Figure 4). With the exception of the Cl) data collected at 497 m,
it appears that the injected pulse was completely sampled at the sampling sites
during the experiment (Figure 4). The downstream decreases are due to two
potentially competing factors. Firstly, the large size of the hyporheic zone
compared to the stream (compare AS in Table I to A, which was found to
decrease from 0.07 to 0.02 m2) induces a dilution effect downstream. As Cl)

concentrations come to steady state with the hyporheic zone concentrations,
much of the Cl) mass is in storage (see McKnight et al., (2004) for additional
information). Secondly, the fact that discharge, and therefore stage,
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decreased substantially during the experiment (Figure 2), indicates that there
was likely some abandoned injected solute that had entered the hyporheic
zone in sediments that were no longer actively exchanging water with the
stream after discharge recession. At each downstream sampling location the
rise and decrease of the Cl) breakthrough curves become broader (Figure 4),
evidence of the greater impact of hyporheic exchange on stream solute
transport. The increase in solute concentrations after the passing of the in-
jected pulse is most likely due to the strong decrease in stream discharge,
resulting in less dilution of stream solute concentrations.

In contrast, clearly Li+ was lost from the stream water as evidenced by the
increased rate of decrease of Li+ molar mass downstream compared to that
of Cl) (steeper declines for Li+ in Figure 3). Conservative simulations of
downstream Li+ transport did not fit the observed stream concentrations
(Figure 4). Best-fit reactive simulations of Li+ downstream transport were
accomplished with stream uptake of Li+ in all four reaches and hyporheic
uptake in Reaches 2 and 3 (Table I). Ratios of observed Li+ concentrations
to observed Cl) concentrations decrease downstream, especially during the
time of Cl) plateau concentrations at each site (Figure 5), further evidence of
reactive transport compared to Cl). For the four reaches, comparisons of
reactive and conservative molar masses show that losses of 1.05–2.1 moles
of Li+ per reach occurred within the experimental reaches, but comparisons
of observed and conservative molar masses show losses ranging from 1.07 to
4.47 moles of Li+ per reach (Table II). The conservative simulations take into
account the influence of hyporheic exchange on solute transport, but no

Figure 3. Integrated molar masses of each ion passing each sampling station, as calculated

with Equation (1). Values at 0 m represent the amount of solute injected.
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reactions. Thus the conservative simulations represent the potential mass
passing each sample collection point.

Stream K+ concentrations were simulated with reactive transport (Fig-
ure 4), with release of K+ in Reaches 1 and 3, and uptake of K+ in Reaches 2
and 4 (Table II). The optimized simulations of reactive transport of K+ were
best-fit by stream reactions only in Reaches 2–4, but combined stream and
hyporheic reactions in Reach 1 (Table I). Comparison of K+ concentrations
to Cl) concentrations also point to this inter-reach variability with minor
changes of K+:Cl) ratios during plateau concentrations between Reaches 1
and 2 and Reaches 3 and 4, but an evident increase between Reaches 2 and 3
(Figure 5), indicating the increase of K+ concentrations in Reach 3.

Conservative Na+ transport resulted in underestimates of stream Na+

concentrations in all reaches (Figure 4). For site 226 m, the conservative
simulations underestimated Na+ concentrations for the entire sampling

Figure 4. Observed, simulated reactive and simulated conservative solute breakthrough

curves from Green Creek stream tracer injection. Cl) is the conservative tracer; Li+, K+,

and Na+ were not transported conservatively.
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period. However, at the 327 m and 497 m sites, the conservative simulation
matched the observations for the leading edge of the experiment before the
arrival of the injected pulse. Stream Na+ concentrations were best-fit
simulating Na+ release from bed surface sediments in Reaches 1, 3, and 4,
and hyporheic release of Na+ in Reach 2 (Table I). Increasing Na+:Cl+ ratios
downstream also point to the increase of Na+ (Figure 5). Computed molar
mass passing values decrease downstream (Figure 3), but have less decrease
downstream than Cl), the conservative tracer. Comparison of integrated
observed and conservative breakthrough curves shows that from 0.41 to
1.53 moles of Na+ are released from a given reach, while comparison of
simulated reactive to conservative molar masses shows that reaches release
from 0.24 to 0.81 moles of Na+ (Table II).

Mass loss rates per meter stream length indicate the greatest loss of Li+ in
Reach 1, the highest rate of K+ reactivity (gain or loss) in Reach 1 (Table II).
Na+ reactivity was mixed between the observed versus conservative, which
suggests that Reach 1 has the highest activity rates, and reactive versus
conservative differences, which suggests that Reach 2 has the highest activity
rates (Table II).

5. Discussion

5.1. REACH-SCALE EXPERIMENTAL APPROACH

Hydrologists and stream ecologists widely use conservative solute tracer
techniques to determine hyporheic exchange parameters. Less conservative

Table I. Solute transport model optimized parameters, where AS is the cross-sectional area of the

storage zone, a is the exchange rate coefficient, and kION is the first order reaction coefficient for

each particular ion

Parameter Stream Reach

0–50 m 50–225 m 225–327 m 327–497 m

AS (m2) 4.77� 10)2 0.398 0.385 6.97� 10)2

a (s)1) 3.46� 10)5 1.89� 10)4 2.72� 10)4 1.14� 10)4

Stream Ion Exchange Coefficients

kLi (s
)1) )3.05� 10)5 )3.87� 10)5 )6.98� 10)5 )1.56� 10)4

kK (s)1) 1.05� 10)4 )4.39� 10)4 7.29� 10)5 3.32� 10)5

kNa (s
)1) 2.47� 10)5 0 1.37� 10)5 1.72� 10)5

Storage Zone Ion Exchange Coefficients

kS,Li (s
)1) 0 )7.25� 10)5 )2.31� 10)4 0

kS,K (s)1) 3.14� 10)6 0 0 0

kS,Na (s
)1) 0 5.17� 10)6 0 0

Values of k > 0 represent a loss of ion within a reach, values of k > 0 represent a net gain of

that ion within a reach.
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inorganic cations, such as Li+, Na+, and K+, compared to more conservative
anions Cl) and Br) have generally been avoided, depending on specifics of a
stream system (pH, stream chemistry, etc.). This work shows that the reactive
nature of these alternative ions may in and of itself provide a compelling

Figure 5. Ratios of observed stream water ion concentrations to observed Cl) concen-

trations during stream solute enrichment experiment on Green Creek. Increases in these

ratios (relative to Cl)) suggest a mass increase in the ion of interest along the specified sub-

reach.
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geochemical story, with respect to streambed sediments controlling the
transport of such ions. One important benefit of the approach taken in this
study is the acceptance and integration of the range of heterogeneity within
the experimental reach. Laboratory experimental results are inherently biased
by the size of the sample collected, and therefore reflect information about
single points in space. The stream reach scale experiment presented here
incorporates 497 m of stream reach and over 410 m3 of sediment (computed
as AS * reach length/porosity of 0.3), yielding a more integrated result of
stream reach controls on inorganic stream water cation dynamics.

5.2. REACTIVE SIMULATIONS

The reactive transport model used in this study is not well suited to an
analysis of ion exchange at the reach scale because solute reactions are
simulated occurring independent of one another. The fact that the model
contains this limitation and probably limits the match of the fit of the reactive
solute breakthrough curves suggests that there is indeed an interaction be-
tween the arrival of elevated Li+ concentrations and changes in K+ and Na+

concentrations. The model is fairly well-suited for reactive Li+ transport;
because background concentrations are so low in this stream, the reaction
terms in Equations 2 and 3 do not influence stream concentrations prior to
the arrival of the injected pulse (Figure 4). On the other hand, because of the

Table II. Gains and losses of observed and simulated ion molar masses based on the difference

between integrated observed and conservative breakthrough curves, and reactive and

conservative simulated solute breakthrough curves, for Green Creek solute enrichment

experiment, January 1996

Reach Li+ Mass

(mol)

Li+ Rate

(mol m)1)

K+ Mass

(mol)

K+ Rate

(mol m)1)

Na+

Mass

(mol)

Na+ Rate

(mol m)1)

Net Mass

Change

(mol)

Observed difference in molar masses

0–50 m �4.47 �0.089 0.38 0.008 0.71 0.014 �3.38

50–225 m �3.44 �0.020 �0.18 �0.001 1.53 0.009 �2.09

225–327 m �1.28 �0.013 0.30 0.003 0.41 0.004 �0.57

327–497 m �1.07 �0.006 �0.15 �0.001 0.95 0.006 �0.27

Simulated difference in molar masses

0–50 m �1.18 �0.024 0.24 0.005 0.17 0.003 �0.77

50–225 m �2.19 �0.012 �0.28 �0.002 0.81 0.005 �1.66

225–327 m �1.10 �0.011 0.25 0.002 0.24 0.002 �0.61

327–497 m �1.05 �0.006 �0.22 �0.001 0.60 0.004 �0.67

Total mass gained or lost is presented as well as the reach-averaged mass per unit length gained

(>0) or lost (<0). Net mass change is a sum of ion mass changes for each reach.
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first-order reaction approach incorporated by OTIS, the model simulates
elevated background concentrations of K+ and Na+ prior to the arrival of
the injected pulse during reactive transport simulations; this is particularly
evident in the Na+ reactive simulations in Reaches 3 and 4 (Figure 4).

It is surprising that there were so few reactive simulations in which the
hyporheic zone reactions contributed to an optimal simulation. This is likely
because the changes in stream concentrations of ions (gains and losses) occur
on a faster time scale than hyporheic exchange. Gooseff et al. (in press) also
found this to be the case in a study of incomplete dissimilatory nitrate
reduction to nitrite, though they attributed their observed nutrient dynamics
to the benthic microbial mats that cover the streambed of Green Creek. In
the case of the rapid losses of Li+ and K+, and gains in K+ and Na+, it is
likely that the reactions are occurring within a thin surficial layer of
streambed sediments. The chemistry of the water in the pore space of these
near-surface sediments is likely to be very similar to stream water, compared
to deeper interstitial waters, which tend to be more enriched in dissolved
solids, and probably less likely to be involved in ion exchange reactions
(Gooseff et al., 2003).

5.3. EVIDENCE OF ION EXCHANGE

Our interpretation that Li+ exchanges with Na+ is consistent with a study of
Arctic proglacial watersheds, which concluded that Na+ transport is con-
trolled by ion exchange reactions (Hodson et al., 2002). Our interpretation is
also consistent with a stream acidification study (Norton et al., 2000), in
which ion exchange was found to control dissolved Na+ transport. We ex-
pected that balanced ion exchange reactions would explain the downstream
loss of Li+ and increase of K+ and Na+. Because the first-order reactive rate
coefficients invoke proportional losses or gains to simulated solute concen-
trations (Equations 2 and 3), none of the kION or kS,ION values were expected
to balance. That is, we did not expect to compute the same value of k for Li+

loss in one reach, matched by a k for K+ or Na+ within the same reach,
because Li+, K+, and Na+ concentrations were not the same in each reach.
Rather, we expected that the mass of lost Li+ and gained K+ and/or Na+

would be balanced. Conservative transport of all three cations in all four
reaches did not agree well with observed concentrations (Figure 4). The
analysis of our integrated simulation and observed breakthrough curves
show that more Li+ was taken up by the sediments than K+ and/or Na+ was
released for all reaches (Table II). Further, because the reactive simulations
influence the Na+ and K+ concentrations prior to the arrival of the injected
solutes, the comparison of observed versus simulated conservative molar
masses is the most accurate estimate of ion mass gains and losses within
Table II. The imbalance indicates that our hypothesis is partially confirmed.
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We propose two potential reasons for the discrepancy in mass balances: (1)
that Li+ (and K+ in reach 2) exchanged with ions for which we did not
analyze stream water samples (e.g., Ca2+, Mg2+, etc.), or (2) that a combi-
nation of ion exchange and adsorption reactions were occurring in the
streambed sediments. The latter explanation is more likely as it is thermo-
dynamically less efficient for Li+ to exchange with divalent ions, which are
preferentially held on sediment exchange complexes, though physically, be-
cause Li+ has such a small ionic radius, Li+ ions should be able to replace
most exchangeable ions, regardless of charge. Alternatively, a combination of
these two explanations could be occurring, such that the Na+ that was re-
leased may have been exchanged with either Ca2+ or Mg2+, which is more
likely than Li+ exchange with divalent ions. The results presented here do not
allow us to differentiate potential ion exchange controls on stream cation
transport versus potential biological influences. Given the likelihood that
these cations are micronutrients and generally in good supply in these
streams, it is unlikely that the biota would respond to such short-term
elevated concentrations.

A comparison of the four experimental reaches indicates that there is
appreciable hydrologic and geochemical heterogeneity. Reach 2 appears to
be unique compared to Reaches 1, 3, and 4 with the largest storage zone, a
rapid hydrologic exchange rate (a), and a greater sensitivity to hyporheic Na+

release than stream Na+ release (Table I). Reach 2 releases the most Na+

mass, and has the greatest Na+ release rate per meter stream length in sim-
ulated difference of molar masses (Table II). Alternatively, Reach 1 is evi-
dently a very reactive reach with the highest Li+ uptake and K+ release in
total mass and the highest rates of Li+ uptake and K+ release per meter
stream length (Table II), but not the greatest magnitude in first-order uptake
rates (Table I). This heterogeneity suggests that future studies of reactive
transport in dry valley streams should consider spatial gradients of biogeo-
chemical processes so that an accurate assessment of stream function can be
obtained.

6. Conclusions

We present the results of conservative and reactive solute transport simu-
lations for four solutes in Green Creek, Antarctica. Lithium is consistently
removed from the water column along all four reaches of the stream, K+ is
both taken up by and released from the bed sediments, and Na+ is con-
sistently released to the water column. The quantity of lost Li+ is not
balanced by release of K+ and/or Na+, indicating that either liberation of
another solute from the sediments is occurring, or that both Li+ exchange
and sorption are occurring. The latter is more likely as it is thermody-
namically unlikely that divalent cations are being removed by a monovalent
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cation. At the dry valley landscape scale, the buffering of Li+ concentra-
tions (and to some degree K+ concentrations also) downstream may be an
important process when solute-rich waters move downstream during
streamflow initiation each flow season.

Dry valley streams control the quantity and solute load of glacial melt
water to closed basin lakes. McKnight et al. (1999, 2004) and Gooseff et al.
(in press) show that the microbial communities of dry valley meltwater
streambeds and hyporheic zones control inorganic nutrient fluxes to dry
valley lakes, particularly fluxes of nitrate. Our results show that dry valley
streambed sediments also modulate fluxes of Li+ and to some degree K+ to
dry valley lakes. In the context of the dry valleys landscape, cation exchange
and adsorption reactions are potentially important controls on the geo-
chemical evolution of surface waters.

Acknowledgements

We thank A. Butt, P. Glenday, and H. House for field assistance, and Rich
Sheibley, Suzanne Anderson, and two anonymous reviewers for helpful re-
view comments. This study was supported by the McMurdo Dry Valleys
Long Term Ecological Research Project, National Science Foundation Office
of Polar Programs OPP-9211773, and the Utah State University Agricultural
Research Station.

References

Angino E. E., Armitage K. B. and Tash J. C. (1962) Chemical stratification in Lake Fryxell,

Victorialand, Antarctica. Science 138, 34–36.

Bencala K. E. (1983) Simulation of solute transport in a mountain pool-and-riffle stream with a

kinetic mass transfer model for sorption. Water Resour. Res. 19, 732–738.

Bencala K. E., Kennedy V. C., Zellweger G. W., Jackman A. P. and Avanzino R. J. (1984)

Interactions of solutes and streambed sediment: 1. An experimental analysis of cation and

anion transport in a mountain stream. Water Resour. Res. 20, 1797–1803.

Bencala K. E. (1984) Interactions of solutes and streambed sediment: 2. A dynamic analysis of

coupled hydrologic and chemical processes that determine solute transport. Water Resour.

Res. 20, 1804–1814.

Cerling T. E., Morrison S. J., Sobocinski R. W. and Larsen I. L. (1990) Sediment-water inter-

action in a small stream: Adsorption of 137Cs by bed load sediments. Water Resour. Res. 26,

1165–1176.

Claridge G. G. C. and Campbell I. B. (1977) The salts in Antarctic soils, their distribution and

relationship to soil processes. Soil Sci. 123, 377–384.

Conovitz P. A., McKnight D. M., MacDonald L. H., Fountain A. G. and House H. R. (1998)

Hydrological processes influencing streamflow variation in Fryxell Basin, Antarctica. In:

Ecosystem Dynamics in a Polar Desert: The McMurdo Dry Valleys, Antarctica (ed. J. C.

Priscu), Antarctic Research Series, Vol. 73, American Geophysical Union, Washington,

D.C., pp. 93–108

236 MICHAEL N. GOOSEFF ET AL.



Denton G. H., Bockheim J. G., Wilson S. C. and Stuiver M. (1989) Late Wisconsin and early

Holocene glacial history, inner Ross embayment, Antarctica. Quatern. Res. 31, 151–182.

Doran P. T., Wharton R. A. and Lyons W. B. (1994) Paleolimnology of the McMurdo Dry

Valleys, Antarctica. J. Paleolimnol. 10, 85–114.

Forsman K. J., Johansson H. and Jonsson K. (2002) The effects of partly irreversible solute

exchange: Comparison between conservative and sorptive transport in streams. J. Hydrol.

256, 1–15.

Freeman C., Chapman P. J., Gilman K., Lock M. A., Reynolds B. and Weather H. S. (1995) Ion-

exchange mechanisms and the entrapment of nutrients by river biofilms. Hydrobiol. 297,

61–65.

Gooseff M. N., McKnight D. M., Lyons W. B. and Blum A. E. (2002) Weathering reactions and

hyporheic exchange controls on stream water chemistry in a glacial meltwater stream in the

McMurdo Dry Valleys. Water Resour. Res. 38: 1279, doi:1210.1029/2001WR000834.

Gooseff M. N., McKnight D. M., Runkel R. L. and Vaughn B. H. (2003) Determining long-

timescale hyporheic zone flow paths in Antarctic streams. Hydrol. Proc. 17, 1691–1710.

Gooseff M. N., McKnight D. M., Runkel R. L. and Duff J. H. (in press) Denitrification and

hydrologic transient storage in a glacial melt water stream, McMurdo Dry Valleys, Ant-

arctica Limnol. Oceanogr.

Green W. J., Angle M. P. and Chave K. E. (1988) The geochemistry of Antarctic streams and

their role in the evolution of four lakes of the McMurdo Dry Valleys. Geochim. Cosmochim.

Acta 52, 1265–1274.

Hendy C. H., Healy T. R., Raymer E. M., Shaw J. and Wilson A.T. (1979) Late Pleistocene

glacial chronology of the Taylor Valley, Antarctica and the global climate. Quatern. Res. 11,

172–184.

Hodson A., Tranter M., Gurnell A., Clark M. and Hagen, J.O. (2002) The hydrochemistry of

Bayelva, a high Arctic proglacial stream in Svalbard. J. Hydrol. 257, 91–114.

Kuwabara J. S., Leland H. V. and Bencala K. E. (1984) Copper transport along a Sierra Nevada

stream. J. Environ. Eng. 110, 646–655.

Lemmens M. and Roger M. (1978) Influence of ion exchange on dissolved load of alpine

meltwaters. Earth Surf. Proc. 3, 179–187.

Lyons W. B. and Welch K. A. (1997) Lithium in waters of a polar desert. Geochim. Cosmochim.

Acta 61, 4309–4319.

Lyons W. B., Welch K. A., Nezat C. A., Crick K., Toxey J. K. and Mastrine J. A. (1997)

Chemical weathering rates and reactions in the Lake Fryxell Basin, Taylor Valley: Com-

parison to temperate river basins. In: Ecosystem Processes in Antarctic Ice-free Landscapes

(eds. W. B. Lyons, C. Howard-Williams and I. Hawes), Balkema Press, Rotterdam, The

Netherlands, pp. 147–154.

Maurice P. A., McKnight D. M., Leff L., Fulghum J. E. and Gooseff, M. (2002) Direct

observations of aluminosilicate weathering in the hyporheic zone of an Antarctic Dry Valley

stream. Geochim. Cosmochim. Acta 66, 1335–1347.

McKnight D. M., Alger A. S., Tate C. M., Shupe G. and Spaulding S. (1998) Longitudinal

patterns in algal abundance and species distribution in meltwater streams in Taylor Valley,

Southern Victoria Land, Antarctica. In: Ecosystem Dynamics in a Polar Desert: The

McMurdo Dry Valleys, Antarctica (ed. J. C. Priscu), Antarctic Research Series, Vol. 73.

American Geophysical Union, Washington, D.C., pp. 109–128.

McKnight D. M., Niyogi D. K., Alger A. S., Bomblies A., Conovitz P. A. and Tate C. M. (1999)

Dry Valley streams in Antarctica: ecosystems waiting for water. BioScience 49, 985–995.

McKnight D. M., Runkel R. L., Duff J. H., Tate C. M. and Moorhead D. (2004) Inorganic

nitrogen and phosphorous dynamics of Antarctic glacial meltwater streams as controlled

REACH-SCALE ION EXCHANGE IN A MELTWATER STREAM 237



by hyporheic exchange and benthic autotrophic communities. J. N. Am. Benthol. Soc 23,

171–188.

Nakagawa Y. and Iwatsubo G. (2000) Water chemistry in a number of mountainous streams of

east Asia. J. Hydrol. 240, 118–130.

Nezat C. A., Lyons W. B. and Welch K. A. (2001) Chemical weathering in streams of a polar

desert (Taylor Valley, Antarctica). Geol. Soc. Am. Bull. 113, 1401–1408.

Norton S. A., Wagai R., Navratil T., Kaste J. M. and Rissberger F. A. (2000) Response of a first-

order stream in Maine to short-term in-stream acidification. Hydrol. Earth Sys. Sci. 4,

383–391.
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