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Abstract

" lrz’ngefo?ilt; z;?d 1Cd cgncgntrations are repor_ted for Lake Van@a, a closed-basin, meromictic, Antarctic
metal Ty frOmntghe Igajor m.flow, the Onyx R1ve1.'. Trace metfil distributions in the upper lake and annual
the chemaagie s B s nyx River were used to estimate chemical residence times in the mixed zone above
years fonoc ér- e51de§1ce times, based qn total metal loads, were 9.4 years for Mn; 1.4 years for iron; 174
Setom aes lﬁil ,tan. l2 ye.ars fo'r cadmu.xm. Controls on the steady. state concentrations of metals in this
e iy y to inc u_d.e. particle settlmg of Fe and Mn; scavenging of minor elements on metal oxide
algal m ’t e prec1p1tat19n from the anoxic brine; and possibly uptake of metals on the surface of benthic

ats. Model calculations show that metal removal by sinking phytoplankton can account for only a

small fraction of the annual loss.

Introduction

ticTr}:lrgi gtlz{c1er-carved valleys cut the Transantarc-
These v‘ntams t.o the west of McMurdo Sound.
Snowfi Irtually ice-free oases extend from the high

lelds of the Polar Plateau eastward to the

mare;
argins of the Ross Sea, and they occupy an area of

;?;Ty4;;?00' km?, For Antarctica, these valleys are
icand rYI?.l(Eal landscapes of exposed metamorph-
quentlf iaTtlc rock, overla.in by sandstones and fre-
thic regiorrll {uded by dolerite sills. Scattered within
Which oo 1s a group of gold-desert lakes, most of
their permupy Cl(?sed basins and contain, beneath
and s anent ice covers, saline waters of.varied

T k(::metlmes complex origin.
bor deredvzncii is located in Wright Valley and is
Iympus 1{' e high rock walls of the Asgard and
smooth eanges. The lake, which is capped by a
5.6 km’l Permanent, fqur-meter-thick ice cover, is
ong, 1.5 km wide, and 68.8 m deep in the

Weste ;
™ depression. Water is supplied by the Onyx

River during a six-week period from about mid-
December to early February. The Onyx, which has
its source at the Wright Lower Glacier 28 km to the
east, has an annual discharge rate of about
2 billion liters (Chinn, 1982).

Lake Vanda is a meromictic, two-layer system
(Angino et al, 1965). The waters above 54 m are
fresh, while those below become progressively sa-
line with depth. A convection current having a ve-
locity of 1 cm sec™! was detected in the upper lay-
er (Ragotzkie & Likens, 1964) and this is likely to
be responsible for the relative homogeneity of the
waters in this region. An extremely important fea-
ture of the lake’s hydrodynamic regime is the
remarkably stable diffusion zone which exists be-
low 54 m. Diffusion in this region has presumably
been the major mechanism of ionic and molecular
transport for the past 1200 years (Wilson, 1964).

This closed-basin lake has been the source of a
rich and varied literature over the past two decades.
The geochemical work of Angino et al. (1965) first
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established the major element chemistry of the wa-

ter column, and since that time numerous hypothe-
ses have been advanced to account for the lake’s cu-
rious CaCl, composition. Green & Canfield (1984)
have recently summarized this literature.

Based on a study of the Onyx River and on a
reinvestigation of the lake’s major ion geochemis-
try, Green & Canfield (1984) argued that the salts
in the lake are derived from two principal sources:
namely, the deep-groundwater reservoir of the Don
Juan Basin and the Onyx River itself. The mixing
model, using deep groundwater and the Onyx River
as end members, shows that the groundwater once
contributed most of the Ca?* and Cl- found in

the lake, while the Onyx River was the dominant :

source of Mg?*, K*, SO}~ and HCO; . Na* ap-
pears to have come equally from both sources.

The biology of Lake Vanda has been described
by Goldman ef al. (1967), and most recently by
Vincent & Vincent (1982). The lake is recognized as
one of the clearest and most oligotrophic in the
world, with low algal standing crops as well as low
rates of primary productivity observed at all
depths, except for a narrow band of more produc-
tive water located just above the anoxic zone
(60 m). Of additional interest, an extensive popula-
tion of blue green algae has been discovered on the
lake bottom (Love er al,, 1983). Little is known at
this time about the productivity of these algal mats,
or about their ability to ultimately extract nutrients
and trace metals from the lake waters,

Boswell ef al. (1967) carried out the first reported
work on trace metals in the lake, They determined
six elements at an unspecified depth in the
monimolimnion. Their results showed high concen-
trations of Zn (5400 ug 1-!) and Fe (490 pg 1Y),
Masuda ef al. (1982a) presented data on fourteen
transition series and rare earth metals in unfiltered
lake and (one) river samples and suggested path-
ways for their entry into the lake. These authors
(Masuda et al, 1982b) also presented a qualitative
model for the observed iron profile and suggested
that redox and diffusion processes in the zone be-
tween 55 and 60 m were important in establishing
the iron gradient in the brine.

. The_ present study departs from earlier investiga-
tions in considering the dynamics of metals in the
lake and in providing a discussion of possible metal

transport and scavenging mechanisms in this closed
system,

Collection and Analytical Methods

Water samples were collected near the major
depression toward the western end of the lake on
December 19, 1980, using a plastic sampler. For. to-
tal metal analysis; lake waters were tr.ansferred into
Nalgene (LPE), l-liter bottles which had. been
soaked in 10% nitric acid for one week, in 1%
ultrapure (Baker ‘Ultrex’) nitric aciq for 24 hoursé
and then rinsed with distilled, deionized water an
finally with several hundred milliliters of the sam(;
ple itself. For dissolved metals, water was ﬁltere,d
immediately upon collection thron.Jgh leacht.:
0.45 um pore size Millipore filters using a.plastl.clt1
3-liter, pressurized filtration apparatus. FIYC mle
liliters of ultrapure (Baker ‘Ultrex’) nitric acid wirt
added to each I-liter sample and bottl.es were t1g b:
ly capped. Samples from the Onyx River were oer-
tained weekly from below the spillway of the Ig y
manent v-notch weir constructed by the Ne

_ Zealand Ministry of Works and located approxt

mately 1 km upstream from the lake. These Sioml-
ples were treated in the same manner as thosed "
lected from the lake. Analyses were performe
Miami University. »

sample were extracted into 10 milliliters ofdfvggﬁ
using APDC and DDDC as chelators, an U to
acid and sodium citrate buffer to adjust tl;(eeitrac'
about 5 (Kinrade & Van Loon, 1974). Bac used
tion of the Cu and Cd into 4 N nitric acid was .
to insure a stable matrix. Analyses were perfoguml
on an IL 951 graphite furnace AAS. Proceo5 .
blanks for Cd were 0.005 pg 1! and for Cu 0-0 H
1-1. Detection limits for these elements vaere‘t(-)tal,
and 0.04 pg 171, respectively. Analysis Ord with-
iron in the Onyx River could be accomphshenalyses
out prior concentration. All manganese ; Oy
for waters from the upper lake and ff_of“ the n. No
River were performed using direct injectio l;nder
matrix effects were observed for this element " was
the conditions of the analysis. Mn in the b“:n d Fe
analyzed after 50 to 100-fold dilutions. C‘;) C che-
in the lake were determined using the APEdmon f
late coprecipitation method of Boyle & 04 pe I”
(1975). Blanks for the procedure were 0. \ é‘ and
for Cu and 0.1 pg 17! for Fe. Extrac i} o in
coprecipitated values for Cu (see Table 221 " Deu-
reasonably good agreement with one anot ; .for l
terium arc background correction was ‘{SeF. ure
four elements. Chloride concentrations in F18
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Computation of Residence Time

lir:eh\ihig;cept of residence time, or the average
as beenan element Spend§ in a given waterbody,
Occanograp, used extensively by chemical
Brewer 19?5 e;S (e.g., Goldberg & Arrhenius, 1958;
¢ emic’al re ) Or nearly two decades as an index of
applied theélctmty In the seas. Vollenweider (1969)
in Jakeg angoncept to the behavior of phosphorus
discugseq th more recently Sonzogni et al. (1976)
managemenf r;)le of resld.ence time models in lake
on the disCu. ; he formalism that follows is based

or 4 lak:Slon by Sonzogni et al. (1976). ‘
treateq 4 , 1;1‘0r compartment thereof, which is
A0 be wricee li(ed reactor, the following equation
tion of 5 ¢, " 10 express the change in concentra-

chemical species as a function of time:
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dc
Vd_t= oic; — d.,c — kcV. )

Here, V is the volume of the waterbody being
modeled, ¢; is the inflow rate, ¢, is the rate of out-
flow, c; is the average concentration of the species
in the inflow, and c is its concentration in the water-
body. The term ‘kcV’ represents internal loss and is
a measure of removal by biological uptake, sorp-
tion onto solid surfaces, flocculation, precipitation,
and other biogeochemical processes. k, which has
units of t~1, is, in effect, a first-order removal rate
constant.

Equation (1) can be simplified for a lake which
is at steady state (dc/dt = 0), and which has no
outflow (¢,c = 0). Under these circumstances the
rate of inflow is equal to the rate of removal
through internal loss alone; that is,

oic; = keV. (9}
The residence time, t, is then defined as:

p=1- ®)

k o

In this study, annual loadings of Mn, Fe, Cu, and
Cd were estimated by taking the average metal con-
centrations obtained during the 1980-81 flow sea-
son and then multiplying these by the average an-
nual water input for the Onyx River. This latter
value was obtained from the detailed hydrological
studies of Chinn (1982) who has been recording
Onyx River flows since 1969. The average . input
over this period was estimated to be 2x10°1 a-!
(Chinn, 1982).

The quantity of a metal in the lake between 4m
and 48 m depth was determined by multiplying the
volume of successive conic sections, e.g., between 5
and 15 m, by the average of the unfiltered me:tal
concentrations at these depths, and then summing
over the entire lake between these depths. Conic
section volumes were computed from the bathy-
metric map of Nelson & Wilson (1972). Conduc-
tivity, major ion, and selected trace metal data col-
lected at sites approximately 1, 2, 3, and 4 km from
the point of entry of the Onyx River showed that
the chemical composition of the water at any par-
ticular depth was essentially constant regardless of
location on the lake’s ice surface.
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Results and Discussion
Metal Concentrations on the Onyx River

Table 1 presents the mean concentrations of Mn,
Fe, Cu, and Cd in the Onyx River during the
1980-81 flow season. For all samples, metal concen-
trations were in the order:

Fe >> Mn > Cu > Cd.

The average Mn concentration for filtered Onyx
River samples (0.7 pg 1-') was considerably lower
than the 7 pg 1-! value reported by Li (1982) as
typical of filtered river water worldwide. If particu-
late Mn is defined as the difference between the
filtered and unfiltered concentrations, approxi-

mately 83% of the total influx of this element was
associated with river-borne particles.

‘Dissolved’ iron concentrations (7.8 pug 1-1) were
also markedly lower than the figures given by Mar-
tin & Maybeck (1979) as typical (40 pg 171 of
world river water. On the average, 97% of the iron
in the Onyx River occurred in the particulate form.
Boyle (1979) measured Cu and Cd in the Amazon
River and obtained dissolved concentrations of 1.6
pg 171 Cu and 0.01 pg 17! Cd. In the Onyx River,
unfiltered Cu concentrations averaged only 0.33 pg
1-1; 28% of this element was in particulate form.
Average cadmium levels (0.04 pg 171 obtained in
this study on the Onyx River were higher than those
reported by Boyle (1979) for the Amazon (0.01 pg
1-1).

Table 1. Mean concentrations for Mn, Fe, Cu and Cd in the Onyx River during the 1980 — 81 flow season. (All values are in pg 17"

MnU)*  Mn(FP**  Fe(U) Fe(F)® Cu(Uy Cu(Fy Cd(Uy
Standard deviation  (+0.2) (0.1) (+10) (20.5) (£0.1) (x0.1) (£0.01)
Mean concentration 4.2 0.7 293 7.8 0.46 0.33 0.4
Number of samples 9 5 10 9 7' 6 7
Ran;e 3.0-5.6 0.4-1.0 230-420 1.5-14.5 0.4-0.6 0.2-0.4 0.01-0.07
Particulate fraction 8497, 97% 28%

* (U) = unfiltered sample.
** (F) = filtered through 0.45 um pore size filter.
* APDC-DDDC MIBK extraction, with HNO, back extraction.
®  Direct injection into furnace.
Table 2. Mn, Fe, Cu, Cd concentrations in Lake Vanda (67-meter site). December 1980. (All values in pg 1)
Depth (m) MU Mn(EF): Fe(U)? Fe(F): Cu(Uy CulF)? Cd(U(;:)J
(£0.1y (x0.1y (£0.2)¢ (0.2 (£0.1)¢ (£0.1) (x0

12 0.6 0.7 3.4 0.9 22 0.7 0.06
1s g.z 0.2 8.3 13 1.7 0.8 0.05
2 o.g 0.5 6.3 2.3 0.7 (1.0)° 0.5 0'8‘;
i b - 5.9 0.5 0.9 0.4 0'05
s . 0.4 3.7 1.0 1.1 (1.3p 0.8 0.
8 3.4 3.3 3.5 0.7 1.1 0.9 0.04
3 ;zg 140 <0.1 <0.1 31 1.8 0.17
o 400 3.7 0.9 3.4 (4.1) 2.6 o
- 20 200 12.4 al 5.9 5.6 0'(1)3
65 3400 2000 1o 960 10.2 08 000
67 3400 3400 420 300 Z": 17 0.00
* Coprecipitation method.

: A}’DC-_D.DD'C MIBK extraction, with HNO
Direct injection furnace (dilution of brine sz:

q o
Standard deviation based on triplicate inject
- = not determined.

back extraction.
mples).
ions of sample.



Metal Distributions in Lake Vanda

Table 2 lists the concentrations of Mn, Fe, Cu
and Cd in filtered and unfiltered samples collected
at the 67-meter site on December 19, 1980; the
depth distribution of unfiltered metals is presented
graphically in Figure 2. At all depths there was vir-
tually no difference between filtered and unfiltered
manganese concentrations. In the water column
from 4 to 45 m, manganese was generally at the
submicrograms per liter level. Below 48 m there was
a plarked rise in manganese concentrations, and
this trend continued down to 65 m. This increase is
aresponse to the falling pH and pe values observed
in the lower, reducing waters of the lake. Brewer
et al. (1975) noted similar behavior for manganese
at the oxic/anoxic interface in the Black Sea.

Several aspects of the manganese profile deserve
comment. Between 48 and 59 m, there is more than
2 100-fold increase in concentration. This abrupt
change occurs in a region of rapidly falling pH,
}vhere the formation of Mn(II) begins to be favored
In the equilibrium with solid oxide phases:

MnO, + 2H+ = 1 0, + Mn?* + H,0
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» 1980, at 67-meter site. ,
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Between 57 and 60 m there is a further 10-fold in-
crease in concentration, in response to the disap-
pearance of molecular oxygen from the water
column,

The manganese profile can be explained qualita-
tively in the following terms: Oxide phases formed
in the upper region of the water column slowly set-
tle into the sub-oxic and anoxic zones, where reduc-
tion and dissolution occur. Monimolimnetic man-
ganese (II) is transported upward solely by
diffusion where it precipitates as MnO; at or above
the oxic-anoxic interface. Thus, the observed pro-
file is likely to reflect a complex set of diffusion,
particle-settling, and redox processes.

It is possible to calculate whether the present
manganese content of the brine below 48 m could
have come entirely from recent Onyx River flow.
From the concentrations in Table 1 and from the
lake’s bathymetry (Nelson & Wilson, 1972), the to-
tal mass of Mn in the volume between 48 and 67 m
is 1.0x10* kg. The present annual fofa/ manganese
flux to the lake is 8.2 kg a~!. Under present flow
and loading conditions, it would have taken the
Onyx River 2,300 years to deliver this much man-
ganese to the deep depression of the lake, assuming
that all of the stream load was transported 4 km
from the mouth of the river and deposited within
the above volume and not elsewhere in the lake.
Since this is a liberal assumption, it must be con-
cluded that there is considerably more manganese
in the Vanda brine than could have been delivered
by the Onyx River (assuming that present flow con-
ditions are representative of the past) since the last
filling event 1200 years ago. Much of the present
manganese content of the brine may, therefore, be
residual in nature and be left over from earlier con-
centration events. A similar conclusion was drawn
by Canfield and Green (1985) concerning nitrogen,
whose abundance in the brine suggests that much

“of it is a remnant of former lakes.

Iron concentrations in the upper waters of t}{e
lake ranged from 3.4 to 8.3 ug 171. The bulk of this
was associated with suspended particles. The most
dramatic feature of the concentration Vvs. depth
profile is the large increase in iron which occurs at
the zero oxygen boundary near 60 m. This peak,
associated with the conversion of Fe(111) to soluble
Fe(II) in this zone, is similar to the peak obs'erved
by Brewer et al. (1975) at the redox boundary in tl}e
Black Sea and by Jacobs and Emerson (1985) in
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Framvaren Fjord, Norway. At 60 m in Lake Vanda
some 92% of all iron exists in the ‘dissolved’ form.
Below this depth there is a marked reduction in the
total iron concentration. This can be attributed to
the precipitation of ferrous sulfide phases.

The origin of the iron profile has been discussed
by Masuda, e al. (1982). Sinking Fe(OH), parti-
cles encounter waters of low pH and pe, and are
reduced according to the half reaction:

Fe(OH); + 3H* + ¢~ = Fe?* + 3H,0

Dissolved Fe(III), in the sub-oxic zone between 57
and 60 m, diffuses upward along a steep Fe-cline,
and is oxidized at or above the 57-meter depth.
Freshly precipitated hydrous oxide phases then
form and resettle toward the anoxic zone,

Our profile shows, in addition, that below 60 m
iron removal by sulfide formation is probably con-
trolling the iron concentrations at these depths. At
65 m the ionic strength of the brine is approximate-
ly 2.8 M. If, for simplicity, we neglect ionpair for-
mation and complexing and assume that we are
dealing with a pure CaCl, solution, and assume
further that y¢,+2 = Yrez+ and yg- = yys-, then
from Nesbitt (1984) we estimate that yys- = 0.5
and yc2+ = 0.6,

Total dissolved sulfide at 65 m has been deter-
mined by Torii ef al, (1975) to be 1.2x10-3 M.
Fe* is2.5%10-6 M and PH is 5.6 at this depth. Us-
ing pK; = 7.02 for the dissociation of H,S, the ac-
tivity of HS - is calculated to be 4.5%10~5 M. The
ion activity product for the reaction

FeS + H* = HS- 4+ Fe2+

is then

4.5x10~5 x 2. -6
AP = 25 X 2IXI0TP 086 @
10-56

While this value is less than the equilibrium
constants for amorphous Feg and mackinawite, it
Is similar in magnitude to th

63 and 10-4.39
These values are from Emerson et al,
culated from Berner, 1967).

Iron saturation with greigite has been observed in

» Tespectively.
1982, recal-

N

other anoxic water bodies (Emerson ef al, 1983)
and in marine sediment pore waters (Boulegue
et al, 1982; Canfield, unpublished data). Greigi'te,
however, is still metastable with respect to pyrite
and thus in Lake Vanda, as in sulfidic marine en-
vironments, iron is likely removed from solution as
some iron sulfide phase and preserved in the sedi-
ments as pyrite. .

Flux calculations indicate that the mass of iron
contained in the monimolimnion below 48 m
(7.8x10% kg) could have been delivered by the
Onyx River (dissolved load) in roughly 400 ye'ars.
Unlike manganese (and nitrogen), iron shows little
evidence of accumulation. ]

Comparison of the manganese and iron profllfas
reveals that the Fe-cline develops at about 57 m in
the water column, while the Mn-cline has an early
onset at 48 m. The difference in the behaylor of
these two elements is a reflection of their different
redox chemistries, and is consistent with the fact
that manganese reduction occurs at some.\what
higher (more oxidizing) potentials, and at h{ghe;
pH values, than does the reduction of Fe. Detallsg
the aqueous geochemistry of these elements can b€
found in Stumm & Morgan (1981). _

In the upper waters, total Cu concentrations
decreased from a high value of 2.2 g 1”' at 5mt0
1.1 pg 17! at 48 m. Across the major CheImOClllgei
there was a steep increase from 1.1 ug l.' o 1
pg 171 at 60 m, corresponding to the rapid mcreaysi
in ionic strength between 48 and 60 m. At 10\?\6r
depths, where anoxic conditions occurredZ coppe
concentrations decreased. For Cu the maximum lg
the concentration-versus-depth curve OCCU"; ;
near the oxic/anoxic interface, which ma.rks lt i
depth beneath which sulfide phases are being 05'-
to the sediments. Similar Cu vs. depth trepds sho“r
ing Cu maxima followed by a reduction in c0pp‘3n
levels below the zero oxygen boundary have b;‘?n
observed in the Baltic Sea (Kremling, 1983) and!
Framvaren Fjord, Norway (Jacobs et al., 1985)- )

It is possible to estimate the state of copper Sl}11e
fide equilibrium in this system. Following ':ies
procedures of Emerson ef al. (1983), polysulfi .
are assumed to be in equilibrium with dissolved sU _
fide in the lake’s bottom waters, and copper 1§ asr .
sumed to exist in the cuprous state. A filtered w.aten
sample was not taken at 65 m, but by companso_
with values at 60 and 67 m an interpolated. conce;l1
tration of 3.1x10~8 mM is obtained for this depti



By allowing cuprous copper to exist in equilibrium
with polysulfide and chloride complexes (see Emer-
son ef al,, 1983, for a listing of stability constants),
a concentration of ‘free’ copper can be obtained.
With this value and the values for pH and the ac-
tivity of HS~ given earlier, the IAP for copper sul-
fide, based on the reaction:

Cu* + 1/2HS- = 1/2Cu,S + 1/2H+,

-15 -51/72
Ap = _29X107%) (0.5) (@.5x10-92 012 .

(10-5:6)12

Since the equilibrium constant for chalcocite
(CuyS) is 101735, it appears that sulfidic Vanda
bottom waters are supersaturated with respect to
even the most soluble copper sulfide phase, chalco-
cite. Given this rough calculation and the vertical
profile in Figure 2, deposition of sulfide phases is
probably an important control on copper in the
system,
_ Canium was present at much lower concentra-
tlfms In Lake Vanda than any of the other metals.
_L'_k? copper, its concentration with depth decreased
Initially, and then began to increase in the increas-
Ingly saline waters below 50 m. There is a some-
what S}lallower maximum in the cadmium profile
?:: this suggests that cadmium, bound to the sur-
; de:)Of sinking particles (ppssibly Fe and Mn ox-
de may be released earlier than copper to the
€p waters of the lake. Both copper and cadmium

Maxima may be the result of surface reactions of
the type:

Surface-bound Metal + 2H+ =

Protonateq Surface + M2+,

In this L
Mium comfeCUOn, It seems significant that the cad-
maximum occurs in a region characterized
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by rapidly declining pH values and increasing chlo-
rinity, coinciding with the rapid increase in dis-
solved Mn concentrations. Desorption and result-
ing chloride complexation of the free metal ion or
release from dissolving particulate oxide phases
could account for the significant metal buildup ob-
served at 51 m. The vertical profile for Cd suggests
that, from this level in the water column, cadmium
is transported both upward and downward by diffu-
sion. Its encounter with sulfide in the anoxic zone
probably results in its ultimate removal to the sedi-
ments. Estimates of the state of cadmium satura-
tion will not be attempted due to the uncertainties
in the magnitudes and even forms of reduced sulfur
complexes with cadmium (see Jacobs et al., 1985,
for discussion).

It is interesting, in light of the work of Bruland
(1980) on metal-nutrient covariance in the central
gyre of the Pacific, to note that copper and cadmi-
um appear to exhibit depth profiles in the upper
waters of Lake Vanda which are similar to the up-
per lake nitrate profile reported by Canfield &
Green (1985). This suggests that the distribution of
these metals may be linked to carbon and nutrient
cycles and that Cu and Cd may undergo similar
recycling in the waters of the upper lake. Further
work on this question needs to be carried out.

Residence Times and Removal Mechanisms

Residence times were computed in two ways: (1)
from average values for filtered river samples; and
(2) from average values for unfiltered samples. Fol-
lowing Raspor (1980), it was assumed that all avail-
able cadmium in the river was present in the dis-
solved form. Total metal content was determined
for the upper waters between 4 and 48 m. The data

are summarized in Table 3.

Tab[e 3 X
- Influxes, upper water content, and residence times for Mn, Fe, Cu and Cd in Lake Vanda.

Flement Annual load Dissolved 4 —48 meters Residence time Residence Oceanic
total metal load content (a) from from r_esnd::nce
(kg a-1) (kg a-1) (kg) dissolved load total load time

bt

F:n 8.2 1.4 77 55 9.4 8.9%x 10;

Cu 585 18 830 47 1.4 1.8 107

Cd 1.1 0.81 192 237 174 2.4% 1&

0.08 0.08 6.6 82 82 1.8x1

* Valy
 taken from Martin and Whitfield (1983).
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There are few standards against which the resi-
dence times reported here can be compared. In one
of the few studies on this subject, Imboden et al.
(1981) examined the dynamics of metals in Greifen-
see, a Swiss lake having a volume only slightly
smaller than Lake Vanda, and they obtained resi-
dence times for Cu and Cd (by our calculations
from their data) of 0.2 and 0.5 years, respectively.
Sonzogni et al. (1976) tabulated residence times for
the biologically active element phosphorus in 17
lakes in Europe and North America, and found
values between 0.3 and 6 years. For nonconserva-
tive trace elements, residence times in freshwater
lakes appear to range from a fraction of a year to
several years at most. In Lake Vanda, by contrast,
residence times, as calculated from unfiltered sam-

ples, span a range from 174 to 1.4 years, in the or-
der:

Cu >> Cd > Mn > Fe.

There are several possible factors contributing to
the longevity of nonconservative elements in this
closed-basin waterbody:

1. There is no outflow to physically transport
suspended and dissolved materials out of the lake.
Ice formation and sublimination, which are the
principal mechanisms for achieving hydrologic bal-
ance in this system, exclude ion uptake and cannot
be significant in the trace metal budget of the lake.

2. The permanent, four-meter ice cover permits
virtually no winddriven mixing of water and sedi-
ments, thus reducing metal uptake by sorption onto
deposited sediments.

3. The Onyx River flows for only two months,
For the remainder of the year no sorbing particles
are being delivered to the lake from the watershed.
. 4. The most important consideration, perhaps
is the low productivity of the lake. In an oligo:
trophic _ waterbody (other factors being equal)
scavepgmg of metals by plankton should be lowe;
than in lakes of a higher trophic state. It is usefu]
to estimate the significance of the role which
phytoplfmkton in Lake Vanda might play as
scavengmg Aagents for trace metals. To do this the
following assumptions are made: The growing sea-

son is 135 days long; the depth-average carbon up-
take rate of 0.04 mg C m=3 d-! measured by Pal;-
ker ef al. (1982) is constant over this period and
over the upper lake volume; metals are concentrat-

ed by Lake Vanda phytoplankton to the same de-
gree as reported by Martin & Knauer (1973) for ma-
rine phytoplankton; and once a metal atom is fixed
in a phytoplankton cell it is removed from the up-
per lake, without regeneration. Using this model,
the annual scavenging rate for manganese is calcu-
lated as follows:

0.04x10~3 g carbon «

Rate = 15.7x10" m3 X 3
m°d

135d 6.1x1073 gm

Mn
X X
a g phytoplankton

1 g phytoplankton 0.5 pug 17! Vanda Mn-
0.264 g C

©)
0.2 pug 17! ocean Mn

Even though the model is somewhat biased in fayor
of phytoplankton scavenging (a 135-day growing
season and zero regeneration are liberal estimates),
the calculation shows that only 0.04 kg of 'Mn
could be lost from the upper lake in this way. Since
the annual Mn loss (based on the dissolved metal
flux) is 1.4 kg, phytoplankton scavenging could ac-
count for only 2.8% of the removal. Similar calcu-
lations were performed for Fe, Cu and Cd. Marine
Mn, Fe, Cu and Cd concentrations were taken from
Martin & Whitfield (1983). Since these are average
marine values, they are probably somewhat 19wer
than the actual concentrations to which Martln &
Knauer’s (1973) organisms were exposed in qu-
terey Bay, California. This fact also tends to bias
the calculation toward higher scavenging rates.
Comparison of columns 2 and 3 in Table 4 shOWS
that for all four metals the amount of remOva! th%t
can be attributed to phytoplanktonic scavenging 1
only a small fraction of the actual steady state 1055
From Table 4 the phytoplankton are likely t0 pla.y
a more significant role in the scavenging of cadn;l'
um than they play in the removal of the other metais,
but even for Cd maximum removal by this _meCha'
nism is only about 26% of the total loss. Given the
assumptions of the model, it appears that 1n ﬂllals
highly oligotrophic lake, metal removal 0y

. l-
phytoplankton is not the dominant process control-

ling residence times and lake concentrations, 'al-
though in the case of Cd and Cu vertical PrOfllC;
may be determined by planktonic scavenging i
regeneration in the upper lake.

g



Table 4. Estimated maximum biological removal of metals from upper lake compared with total removal

Column 1 Column 2 Column 3 Column 4
Metal Maximum biological Steady state loss Maximum percent loss
rem(:val per year per year = Onyx due to biological
(kg) River ‘dissolved’ scavenging
influx (kg)
Mn 0.04 1.4 2.8
ge 1.8 1.8 10.
Cg 0.07 0.81 8.6
0.021 0.08 26

N . .
g)arlc(l:l(lfteddfr;)m equat;on (7) using phytoplankton metal concentrations of 6.1 x 10-3 mg g-! for Mn; 3.2 x 10-3 for Cu; 1.5x 10-3
N ; and 224 x 10-3 for Fe;‘and metal seawater concentrations of 0.2 ug 1-! for Mn, 2.0 for Fe, 0.1 for Cu, and 0.01 for Cd.

erage upper lake concentrations for Lake Vanda were used in equation (7).

Precisely how the concentrations of these four
n}etals are controlled is a matter for speculation.
Since a significant fraction of riverine Fe and Mn
exists in particulate form it is likely that much of
the a‘nnual load of these elements is lost in the shal-
l(_)w estuary’ where the Onyx River enters the lake,
:llirgply by the mechanical process of particle set-
terii cll‘\tl)so In this nearshore area, which is charac-
ly hieh y }Cl”‘ygen supersaturation and by a relative-
thang thp (fipprox1mately 8, one pH unit higher
weather ‘c’l lr\j[Ver), some conversion of freshly
phases ; n(l) and Fe(Il) to hydrous oxide
it ust be occurring. This process would con-

AUtf? fl.lr-ther to Mn and Fe loss from the lake.
the aslf)i?flcant locus for the removal of Cu may be
betwe, 15c7zone. From' Tabl.e 2 the copper gradient
Moles Cm_imd 60 m is estimated to be 2.4x10°13
TX10-6 omr2 . U_Sllng a diffusion coefficient of
contour. the FICC and t'he area of the lake’s 60 m
is cal ) ux (_>f Cu into sulfide-bearing waters

culated by Ficks law to be:

24X10-1 moles cm~4x1.3x10" cm2x 7.6 %

10~6
076 ¢m2 sec1%3.15%107 sec a-! =

15 moles = 0.48 kg a-1, )

This ;

flux tlgstshl; lfkl;ghly one half of the ‘dissolved’ Cu

estims;?el:ila(; gglcu}ati"“ fof Cd shows that only an

by diffusion SS- ke afl is lost to the anoxic zone

of the annyaj (lane this represents a small fraction

for thig ¢ d load (0.08 kg a~"), another sink
€ment must exist. In this connection, Love

et al. (1983) have recently reported on the existence
of an extensive benthic algal mat in Lake Vanda,
consisting largely of the prokaryotic filamentous
blue-green algae Phoridium frigidium and Lyngbya
martensiana. While these mats do not exhibit lift-
off like the mats of other Antarctic lakes, they
could still serve as effective ‘traps’ for the dissolved
metals being circulated across their surfaces. As-
suming a mat area of 3 km?, steady state concen-
trations of Cd could be maintained in the water
column by an uptake rate of only 27x1071% g cm?
a~!. Also, microzones of high oxygen tension and
high pH in the vicinity of these mats could promote
deposition of iron and manganese hydrous oxide
phases and the consequent sequestration of other
metals by sorption.

We suspect, then, that several geochemical and
biogeochemical processes determine the fates of
metals in this closed-basin lake:

1. The bulk of the Fe and Mn flux is lost in the
Vanda ‘estuary’ as a result of particle settling.

2. A significant fraction of Cu is lost by diffu-
sion to the anoxic zone, where it is ultimately se-
questered as sulfides.

3. Vertical transport of metals on particle sur-
faces is likely to be important both in establishing
water column profiles and in contributing to metal
removal to the sediments.

4. Uptake on the surfaces of benthic algal mats
may constitute a major sink for some metals (e.g.,
Cd).

It is clear that particle trap studies would be useful
in further exploring these processes.

Certain useful comparisons can
tween residence time trends in closed-b

be made be-
asin lakes
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and in the oceans. Residence time data taken from
Martin & Whitfield (1983) show that manganese
and iron have shorter ocean residence time than
cadmium and copper (see Table 3). The iron resi-
dence time reported by these authors, however, is
considerably larger than that given by Broecker &
Peng (1982), who report a value of 54 years. Brew-
er’s (1975) estimate is 200 years for this element.
Available data seem to suggest that these two tran-
sition elements (Fe and Mn) are rather rapidly
scavenged from seawater. Broecker (1982), in fact,
has compared their behavior to thorium and lead,
whose average lifetimes in the sea are among the
shortest known.

In ecosystem studies carried out by Santschi and
his colleagues (reported in Broecker & Peng, 1982),
sorption and removal of metals were studied under
conditions simulating Narragansett Bay. The study
showed that Fe, Pb, Po, Th, Pa, and Pu were most
rapidly removed (half removal time =
10-20 days); Mn and Co were intermediate
(30-50 days); and Cd, Zn, and Se were removed
from the tanks most slowly (60~100 days).

The removal trends in these studies are in agree-
ment with our observations in Lake Vanda, where
Fe has the shortest residence time; Mn is intermedi-
ate; and Cd (of these three elements) has the lon-
gest residence time, Once enough systems have been
studied in sufficient detail it would not be surpris-
ing to learn that in oxic waters near pH = 8, the
order of metal residence times is constant from one
system to another.

The importance of dissolved oxygen in establish-
ing residence time trends has been underscored by
the recent work of Canfield er al. (1984). Their
study on a seasonally anoxic, open-basin reservoir
showed that the residence times of iron and man-
ganese were considerably longer than those of even
the conservative elements sodium and chloride-a
marked departure from expectations based on met-
al behavior in the oceans. The long residence times
oflthese metals were attributed to sediment regener-
ation during summer anoxia and to subsequent
recycling with lake overturn,

Qne further note of comparison between closed-
basin lakes z.md the oceans centers on the degree of
solute fract.lonation which occurs in their waters.
Concentrations of major jons (Green & Canfield,

1984), nutrients (Canfield & Green, 1985), and

trace clements at 48 m ip Lake Vanda range over

nearly eight orders of magnitude 1.6 gl=! Cl to
10~2 ug 1-! Cd), which is comparable to thf.: range
of concentrations observed in the ocean. This illus-
trates again the extraordinary react'{vity of trace
metals vis-a-vis the major elements in closed sys-
S. . .
te?rom the foregoing, we suspect that it 'w1!l b.e
useful in future studies to emphasize the similari-
ties between marine and closed-basin lalfe sys‘tems
and to use our understanding of one to illuminate
processes in the other. Residence time coul.d ccl))n-
ceivably provide an important conceptual link be-
tween ocean and lake environments.

Conclusions

While the residence times of Mn, Fe, Cu, anq Cd
in Lake Vanda are longer than r.esidence tmtllise
reported for open-basin systems, it is cle_:ar that ot
concentrations of these elements are being reglucal-
ed by various biogeochemical processes. Modet 2
culations suggest that in this oligotrophic syste i
ultimate metal removal by phytoplankton can ial
count for only a small fraction of the annual me )
lost from the waters of the upper lake (above 48({“;%
It is postulated that particle settling of Mn an e
oxides in the Vanda ‘estuary’ may be the most

ortant sink for these elements.
P Upper lake water column profiles for Cu and (;3
indicate that the distribution of these elen}ents.m /
be linked to the distribution of nu'trients in thlsa;ed
gion. Rough equilibrium calculations for Fe, -
Cu in the Vanda brine show that the concentratxf :
of these metals are being regulated, in part, by or
mation of insoluble sulfide phases. Cu, mf)rfe‘:‘i'zr;
appears to be lost to the anoxic zone by fjlf u The
and ultimately precipitation of metal SUIﬁ'deS"ndi—
large store of manganese in the lake’s brine ! o
cates that this element has either been concerltt;:en
ed during past evaporation cycles or has
regenerated from anoxic sediments. .

g1n their processing of riverine metal loads alr;:s;ﬁ
their general fractionation of solutes, _C10§e_d' with
lakes appear to share a number of 51m11'ar1t1es e
the world oceans. It is argued that I'CS.ldCIlCC -
may provide an important conceptual link betw
the two types of systems.

-~
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