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Lake Fryxell, one of a series of closed-basin perennially ice-
covered lakes located in the Taylor Valley of southern Victoria
Land, is the site of continuing studies of the biogeochemistry
of trace metals, organic matter, and nutrients in lake ecosys-
tems. Approximately 7 square kilometers in area and with a
maximum depth of 18.7 meters, Lake Fryxell has a center ice
thickness of 5 meters. It is fed by 10 glacial meltwater streams
that flow intermittently for a period of about 2 months during
the austral summer. These inflows, along with a contribution
from wind-blown particles that reach the water column through
fissures in the ice cover, are the major source of solutes to the
water column. The water column is extremely stable, and the
dominance of diffusion-controlled transport of solutes has been
documented (Lawrence and Hendy 1985; Aiken et al. 1991).

To illustrate the predominant hydrologic and chemical factors
that affect cycling of metals and nutrient elements in the lake,
figure 1A shows concentration-depth profiles for sodium, a
nonreactive element. Sodium increases monotonically from 196
milligrams per liter at the surface layers just beneath the ice to
2,844 milligrams per liter at 18 meters, about 0.5 meters above
the sediment surface. Such a profile shape indicates a source
of sodium from the sediments, a stable water column, and
diffusion-dominated transport as dominant features.

The euphotic zone, extending from just under the ice cover
at 5 meters down to 9.5 meters, has a dissolved oxygen profile
that proceeds from 0.7 millimolar at 5 meters to a maximum of
1.1 millimolar at 75 meters, and decreases to below detection
at 9.5 meters. The hypolimnion, extending from 9.5 to 18 me-
ters, is anoxic, with sulfide concentrations approaching 1.25

millimolar (Howes and Smith 1990). The presence of a well-
defined oxic-anoxic boundary, together with the stable water
column, active phytoplankton and bacterial communities at dif-
ferent levels throughout the water column, and a reducing hy-
polimnion, present distinct conditions that would affect redox-
sensitive, biologically utilized elements such as manganese and
iron. Iron is an essential micronutrient for phytoplankton and
bacteria, and it is associated with the cycling of other nutrients
such as sulfur and phosphorus.

During the austral summer season of 1990-1991, we sampled
lake water column profiles of particulate, colloidal, and dis-
solved metal species by tangential-flow ultrafiltration (Ranville,
Harnish, and McKnight 1991), with particular emphasis on
iron-size fractionation. Considerable evidence has accumulated
to indicate the importance of particulate and colloidal phases
(organic and inorganic) in the cycling and transport of iron
(Hart 1982). In the data that follow, we define particulate (>0.45
micrometer), colloidal (0.45 micrometers to 100,000 daltons),
and dissolved (<100,000 daltons) phases operationally as the
difference between unfiltered, 0.45 micron-filtered, and
100,000 nominal molecular weight-filtered concentrations. For
purposes of simplicity in discussing the profile shapes, we fur-
ther combine particulate and colloidal forms and consider them
in total as "insoluble."

A conceptual model of a generalized transport mechanism
for iron and manganese in lakes has been presented by Davison
(1985) and is illustrated in figure lB. Based upon iron profiles
and likely redox reactions and transformations between partic-
ulate and dissolved phases, this model predicts a two-way cy-
cling of iron (Fe) and manganese (Mn) elements. Assuming a
redox boundary (redoxcline) that is well defined and dictated
by the oxic-anoxic boundary, the model assumes a source of
oxidized insoluble metal in the oxic zone that is transported
downward by gravitational and random transport processes to
the redox-cline, where decreased negative log hydrogen ion
activity (pH) and redox potential (pE) favor reductive dissolu-
tion to reduced soluble forms:

Fe(OH)3(S) + 3H + e = Fe` + 3H20
Mn02(S) + 4H + 2e = Mn2 + 2H20

Upward diffusion of the dissolved iron or manganese into the
oxic zone results in re-oxidation and precipitation as particulate
oxides, and the cycle continues. This two-way transport cycle
produces and maintains a characteristic maximum of insoluble
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metal concentration above the redox boundary that has been
noted in some temperate lakes. An analogous dissolved peak
is present below the particulate peak and slightly above the
redoxcline. The vertical offset of these peaks relative to the
redoxcline is variable, and the persistence of particulate phases
well into the anoxic zone has been noted (Davison 1985). The
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Figure 1. A. Depth-concentration profile of sodium size fractiona-
tion in Lake Fryxell water column, 21 December 1990. (mg/I denotes
milligrams per liter.) B. Conceptual model for redox-driven cycling
of iron and manganese. After Davison (1985). C. Depth-concentra-
tion profile of iron size fractionation in Lake Fryxell water column,
21 December 1990. (I denotes liter.)

paired peaks of particulate and dissolved metal has been ob-
served for several lakes (Spencer and Brewer 1971). Although
this model does not address hydrologic conditions, biological
uptake, and interactions with dissolved organic matter, it
serves as a conceptual framework for interpreting water-col-
umn profiles of these elements.

The manganese profile (figure 2) of Lake Fryxell shows very
low concentrations at the top of the water column, with a max-
imum in dissolved manganese in the vicinity of the redoxcline
(9.5 meters). Dissolved manganese remains enriched well into
the hypolimnion, diminishes progressively to 16 meters, then
remains relatively constant to the 18-meter depth. The peak of
dissolved metal at the oxic-anoxic boundary (9.5 meters) is be-
low a peak of insoluble manganese at 9.25 meters. The man-
ganese profile thus shows the paired peaks feature proposed
by the conceptual model and as noted for other lakes. However,
the maximum particulate concentration is some 10 times less
than the maximum dissolved concentration, suggesting that
manganese reprecipitates in the water column to a limited ex-
tent. At the prevailing low manganese concentrations and am-
bient pH (7.6), manganese oxidation would be limited kineti-
cally compared to iron oxidation and low existing levels of
particulate manganese may reflect this limitation. A striking
dominance of dissolved forms is evident throughout the water
column from 8.5 to 18 meters. Only in the near surface layers
(5-8 meters) where manganese is present in extremely low
concentration do particulate forms appear to dominate. The
lack of particulate manganese in the reducing hypolimnion is
consistent with the fact that insoluble manganese sulfide
phases rarely form. The enrichment of dissolved manganese
that persists in the hypolimnion may be ascribed to the disso-
lution of manganese-containing solid phases and accumulation
over long periods (thousands of years). Potential dissolution
processes include microbial or abiotic reduction of manganese
oxides producing soluble manganese, (Stumm and Morgan
1970), microbial or abiotic reduction of ferric oxide and release
of sorbed manganese (II) in the reducing hypolimnion, or pH-
affected shifts in exchange equilibria that would result in de-
sorption of manganese (II) from manganese oxides and ferric
oxides.

The depth-concentration profile of iron (figure 1C) reveals
some similarities and several marked contrasts to the man-
ganese profile. The lowest total iron concentrations also occur

Figure 2. Depth-concentration profile of manganese size fraction-
ation in Lake Fryxell water column, 21 December 1990. (I denotes
liter.)
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in the upper oxic-water column, but the iron concentrations are
5 to 10 times higher than the manganese concentrations. There
is an apparent source of particulate iron at 5 meters; dissolved
iron increases to a maximum of 19.4 micrograms per liter at 7
meters, followed by a peak of total and particulate at 7.5 meters
(the oxygen maximum) that diminishes toward the redoxcline.
Total and particulate iron then diminish to a minimum at 9
meters, somewhat above the oxic-anoxic boundary. The pres-
ence of an active phytoplankton population and the absence of
pertinent geochemical factors suggest biotic control of iron cy-
cling in the photic zone. Although we present no direct evi-
dence for these processes, active uptake of iron by phytoplank-
ton and production of iron specific extracellular compounds
(siderophores) are both conceivable.

The sequence of peaks near the oxic-anoxic boundary are:
dissolved peak, 10 meters; colloidal peak, 9.5 meters; particu-
late peak, 10.5 meters. For iron, then, the oxidation/reductive
dissolution cycle occurs lower in the water column than the
corresponding manganese cycle. This may be explained by the
fact that manganese reduction occurs at higher pH and more
oxidizing redox potentials than does iron reduction. The colloi-
dal and dissolved peaks may correspond to the paired peaks
feature predicted by the model and this feature is more spatially
defined than in the manganese profile. These results suggest
that the ferrous iron (Fe') that diffuses above the oxycline is
oxidized and precipitates as colloidal iron oxides which then
settle through the oxycline and are readily reduced and dis-
solved.

The large particulate peak at 10.5 meters may be predomi-
nantly iron sulfides. Calculations using the chemical equilibria
program WATEQ4F (Ball, Nordstrom, and Zachman 1987) in-
dicate the onset of supersaturation with respect to the sulfide
minerals mackinawite (FeS) and greigite (Fe3S4) at this depth.
As observed by Green et al. (1986) greigite is metastable with
respect to pyrite and thus iron removal is likely the result of
precipitation as some iron monosulfide phase and subsequent
alteration to pyrite in the sediments. The profile shows in ad-
dition that below 10 meters iron removal by sulfide forms is
probably limiting dissolved iron concentrations at these depths.
The detectable dissolved iron may be present as organic com-
plexes resulting from the high dissolved organic carbon present
(25 milligrams of carbon per liter at 18 meters) (Aiken et al.
1991) in the lower water column.

The iron profile presented here suggests a complex dynamic
for iron cycling involving the superposition of biotic transfor-
mations of iron species and forms, abiotic redox mediation,
equilibrium solubility control, and particulate/colloidal/dis-
solved form transformations. The complexity of these cycles

and apparent superposition of chemical, hydrologic, and biotic
processes emphasize that although simple conceptual models
aid in understanding the cycling of redox elements, more rig-
orous treatment is required. Questions of chemical speciation
and kinetics, organic complexation, biological utilization, min-
eral phase relations, and hydrologic transport processes now
being investigated will aid in the understanding of iron and
manganese cycling in Lake Fryxell.
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