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Recent research has shown that the distribution of biogenic ni-
trogen and sulfur compounds (in particular, N,O, DMS and dis-
solved DMSO) observed in five perennially ice-covered lakes of
the McMurdo Dry Valleys, Antarctica, appear to lack obvious
biogeochemical explanations. This study examined the hypothe-
sis that the distribution of these compounds resulted from ther-
modynamic constraints on microbially mediated processes. The
thermodynamic favorableness of a number of ecologically impor-
tant redox reactions in these lakes was assessed using a simplified
Nernst equation and mathematically modified E, measurements.
Our qualitative analysis revealed that the relative dominance of
denitrification and nitrification as formation and loss processes for
N,O was a complex pattern that was related to the redox condi-
tions present. The results indicate that nitrification was initially
the sole pathway for the formation of N,O with denitrification be-
ing thermodynamically unfavorable. As the redox conditions be-
came less oxic, both denitrification and nitrification were possible.
Once complete anoxia occurred, the importance of nitrification de-
creased considerably and the loss of N,O via denitrification be-
came increasingly important. With respect to DMSO, the results
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indicated that DMSO was thermodynamically unfavorable as an
electron acceptor for the respiration of organic material by bacte-
ria in well-oxygenated environments, giving a partial explanation
for the relatively elevated levels of DMSO found in many aquatic
environments. Overall, the results of this study showed that sub-
tle variations in the redox conditions present provided a plausible
explanation for the unusual distributions of biogenic sulfur and
nitrogen compounds observed in the lakes of the McMurdo Dry
Valleys.
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INTRODUCTION

The McMurdo Dry Valleys in southern Victoria Land,
Antarctica, are home to a series of perennially ice-covered lakes
(Vincent 1988). Several important biogeochemical implications
arise from the presence of these permanent ice covers. Pene-
tration of light is low, and consequently primary productivity
rates are also low (Lizotte and Priscu 1992; Howard-Williams
et al. 1998). The biomass is dominated by trophic levels no
higher than protozoans (Priscu 1997; Priscu et al. 1999). Gas
exchange between the water column and atmosphere is severely
restricted, with most exchange occurring between the surface
layer and the atmosphere through a small moat that develops
for approximately ten weeks during the austral summer (Priscu
et al. 1996). Furthermore, vertical transport is predominantly
through molecular diffusion owing to the lack of wind-induced
turbulence (Spigel and Priscu 1998). One of the manifestations
of these biogeochemical conditions is an unusual distribution of
certain chemical species in the water column of the lakes. For
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Table 1
Stoichiometries, values for AG°, E°, G°" and E°’ for the nitrogen-containing reactions (as the reduction
half-reaction) considered in this study

AG® E° AG®’ E°

Reduction half-reaction (kJmol™1) (mV) (kJmol™1) (mV)
R1 N,O +2H*" 4+ 2e¢~ — N, + H,0 —340.8 1766* —260.9 1352
R2 2NO + 2H*" 4 2e¢~ — N,O + H,O —-307.0 1591* —227.1 1177
R3 2NO, + 6H' + 4e~ — N,0 + 3H,0 —538.8 1396* —299.1 775
R4 2NOj + 12H' + 10e™ — N, + 6H,0 —1202.2 1246* —722.8 749
R5 NO; +2H" + e~ — NO + H,0 —116.0 1202* —36.1 374
R6 NO; +8H" + 6~ — NHZr + 2H,0 —519.3 897* —199.7 345
R7 NOj; + 10H" + 8¢~ — NH; + 3H,0 —680.0** 881 —257.8 334
R8 NOj +2H' +2e~ — NO; + H,0 —161.1 835* —81.2 421
R9 N,O + 10H" + 8¢~ — 2NHI + H,0 —499.4 647* —-99.9 129
R10 N, + 8H™ + 6~ — 2NHI —159.2 275* 160.4 =277

*Data taken from Milazzo and Carol (1978).
**Data derived from Amend and Shock (2001).

example, extreme supersaturation of nitrous oxide (N,O;
>700,000% greater than air saturation) in the middle of the
water-column has been reported for the east lobe of Lake
Bonney (Priscu et al. 1996; Priscu 1997).

The lack of turbulent mixing also leads to density-driven
stratification of the water columns of the lakes with the pres-
ence of stable, persistent chemoclines and distinct oxyclines.
As aresult, it has been suggested that these lakes represent ideal
sites for the study of redox-sensitive biogeochemical processes
(Downes and Priscu 1995). Although the use of redox potentials
(Ehw measurements) has become widespread in aquatic studies,
many difficulties render the measurements unamenable to quan-
titative analysis (Whitfield 1969; Lindberg and Runnells 1984;
Stumm and Morgan 1995). To alleviate some of these prob-
lems, we used an approach that allows an improved qualitative
examination of redox potentials in the lakes of the McMurdo
Dry Valleys. It should also be noted that our study deals with
the redox conditions of the bulk phase (i.e. water column) of
each lake and that different conditions are likely to exist in mi-
croenvironments such as sedimenting particles or inside cells.
For the approach developed in this study, measured E}, values
were compared to estimates of Ey, at depths where the reduced
forms of selected species such as H,S, are known to be present
due to microbial activity. The estimates of the reduction po-
tentials for these reactions were made using simple thermody-
namic approximations together with in-situ pH and tempera-
ture. The measured E}, values were then scaled to match the
estimates of the reduction potential for an oxidant species, e.g.
sulfate, at the onset of the detectable presence of the reduced
form, e.g. H,S. Since the redox chemistry of aquatic environ-
ments is often determined by the presence of oxygen or sulfides
(Stumm and Morgan 1995), the reduction of oxygen and sul-
fate were chosen as two of the reactions used to scale the E},

measurements. In order to differentiate the scaled E}, values from
the original £, measurements, the scaled values are referred to as
E} values.

Reduction potentials for those redox reactions of interest to
this study (Tables 1 and 2) were then determined using the same
simple thermodynamic approximations. The E} profile was used
to indicate the thermodynamic constraints (i.e. favorableness) of
those redox reactions. Since the presence of the reduced form
of a species is an indication that microbial reduction is taking
place, the reduction process must be thermodynamically favor-
able for the bacteria that are catalyzing the redox process. Thus
in a general sense, if the estimated reduction potential is greater
than the E} value, then the reduction reaction is considered ther-
modynamically favorable. The Ef approach was applied to five
lakes in the McMurdo Dry Valleys to identify regions where
certain microbially mediated biogeochemical processes could
occur.

This study focuses primarily on the nitrogen and sulfur cy-
cles, and in particular on N, O, dimethylsulfide (DMS) and dis-
solved dimethylsulfoxide (DMSQOy), since recent research has
shown that observed gradients of these compounds lack simple
biogeochemical explanations. Bacteria are implicated in the cy-
cling of these compounds, yet little is known about what limits
bacterial production in these Antarctic lakes (Takacs and Priscu
1998; Takacs et al. 2001; Ward et al. 2003). These biogenic com-
pounds are also globally significant chemicals (Charlson et al.
1987; Bange 2000) and understanding the factors that determine
the distributions of these compounds is pivotal in determining
the extent of their global impact. Our study was also carried out
largely using data that has either been published in the scientific
literature or is available in the public domain. The combined data
set generated by this approach yields a useful tool that provides
interesting insights into the cycling of both DMSO4 and N,O
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Table 2
Stoichiometries, values for AG°, E°, G’ and E°’ for the non-nitrogen reactions (as the reduction half-reaction)
considered in this study

AG® E° AG E°’

Reduction half-reaction (kJmol™1) (mV) (kJmol~1) (mV)
R11 O, +4H" + 4e~ — 2H,0 —474.3 1229* —305.3 791
R12 MnOy + 4H' + 2¢~ — Mn** + 2H,0 —236.2 1224* —76.4 396
R13 2105 + 12H' + 10e™ — g + 6H20 —1141 1183* —661.6 686
R14 Fe(OH)s¢) + 3HT + e~ — Fe** + 3H,0 —90.6 939* 29.3 —-303
R15 (CH3);SOqq) + 2H' + 2™ — (CH3)2S(q) + H20 —110.8** 574 -30.9 160
R16 Iruq +2e~ — 21 —104.2 540* —104.2 540
R17 SOi_ + 10H" + 8¢~ — H,S(yq) + 4H,0 —232.3%** 301 167.2 =217
R18 CO, + 8H*' + 8¢~ — CHyq) + 2H,0 —122.8%** 159 196.8 —255

*Data taken from Milazzo and Carol (1978).
**Data taken from Wood (1981).
**Data derived from Amend and Shock (2001).

that may, in turn, have important implications for the global
biogeochemical cycles of these compounds. The overarching
hypothesis for this study was that the unusual distributions of
these compounds were a consequence of thermodynamic con-
straints placed on the microbial community that mediates the
reduction and oxidation of the compounds.

MATERIALS AND METHODS

Study Area

We examined five lakes from the McMurdo Dry Valleys
(Priscu 1997). Lakes Bonney and Fryxell are located in the
Taylor Valley. Lake Vanda lies in the Wright Valley and Lake
Joyce lies in the Pierce Valley. All of the lakes are stratified
to various extents with stratification being controlled by salin-
ity (Spigel and Priscu 1998). The west and east lobes of Lake
Bonney have no deep water exchange between them and are
considered as two separate entities in this study (referred to as
West and East Bonney, respectively). Both lobes of Lake Bonney
have suboxic lower layers. The remaining three lakes (Vanda,
Fryxell, and Joyce) have bottom waters that are anoxic (Downes
and Priscu 1995) and contain significant quantities of HS.

Nonthermodynamic Parameters

Data for temperature, salinity, and pH measurements in the
five lakes were taken from data sets compiled for the McMurdo
LTER program and are available on the McMurdo LTER website
(http://huey.colorado.edu/LTER/data.html), Priscu et al. unpub-
lished data). Data for the distributions of nitrate, nitrite, ammo-
nium and N,O in all five lakes were taken from Priscu (1997).
Concentrations of dissolved Mn, dissolved Fe, and sulfides for
Lake Fryxell were taken from Green et al. (1989). Some dis-
crepancies were noted between profiles presented by the vari-
ous studies for the dry valleys lakes. The differences result from
inter-annual changes to the thickness of the surface layer of the

lakes (Spigel and Priscu 1998; Doran et al. 2002). Since the
zero depth is taken as the surface of the lake, any changes to
the thickness of the surface layer will result in differences in
the depths reported for deeper features such as the chemocline.
To overcome this problem, a previous study set the zero depth
at the chemocline and normalized all datasets to this standard
(Spigel and Priscu 1998). In case of the present study, using the
chemocline standard was not practical, as some of the datasets
cited by this study do not report chemocline data. However, they
do all present profiles for dissolved oxygen. Thus, the datasets
were normalized to the point at which dissolved oxygen con-
centrations fell to zero. For example, in Lake Fryxell, Priscu
(1997) and the LTER dataset show that the concentration of
dissolved oxygen drops to zero at 11 m, whereas Green et al.
(1989) report a depth of 9 m. Consequently, the depths of the
data presented by Green et al. (1989) were increased by 2 m.
Through out this text, all mention of depth values refers to the
normalized values, not the values presented in the original ar-
ticles. Methane concentrations for Lake Fryxell were extracted
from Smith et al. (1993). The depths of the data taken from
Smith et al. (1993) were increased by 1 m. Data for dissolved
Mn and sulfides in Lake Vanda were taken from Bratina et al.
(1998) and from Green et al. (1986) for dissolved Fe. The depths
of the data taken from Green et al. (1986) were increased by
7 m. The results for these background parameters are shown in
Figure 1a for West Bonney, Figure 2a for East Bonney, Figure 3a
for Lake Fryxell, Figure 4a for Lake Vanda, and Figure 5a for
Lake Joyce.

Dimethylated-Sulfur Samples

Samples for DMS and DMSQy were gathered during the aus-
tral summers of 1999-2000 and 2000-2001 and were collected
as part of a larger study aimed at elucidating the dimethylated-
sulfur cycle in Lake Bonney. More complete details regarding
the analyses of the dimethylated-sulfur species can be found
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elsewhere (Lee et al. in press). In brief, water samples were
collected with a 5 L Niskin bottle and transferred to sample bot-
tles with silicon rubber tubing. At all stages of sampling, care
was taken to avoid the loss of DMS through degassing. Sub-
samples for the analysis of DMS were transferred to 125 mL
Wheaton serum bottles, which were filled to capacity, and imme-
diately sealed with butyl rubber stoppers and aluminum crimp
seals. DMS concentrations were determined using previously
described cryogenic purge-and-trap techniques and instrumen-
tation (DiTullio and Smith 1995; Cantin et al. 1996; de Mora
et al. 1996). Subsamples for DMSO4 were transferred to 1 L
HDPE Nalgene bottles for return to the field laboratory where
they where filtered through a Whatman GF/F filter. Some sam-
ples were analyzed in a field-based laboratory, with aliquots
of all DMSQO4 samples being stored for subsequent analysis at a
university-based laboratory. All DMSOy samples were analyzed
as DMS following the reduction of DMSO to DMS using the
sodium borohydride method (Simé et al. 1996).

En Measurements

Ey, measurements were carried out following the same
methodology used by Downes and Priscu (1995; J. Priscu pers.
comm). This procedure was undertaken to maximize the de-
gree of compatibility between this study and that of Downes
and Priscu (1995). Subsamples for £}, analyses were taken from
bulk samples collected with a 5 L Niskin bottle. The aliquots of
water for the subsamples were transferred to sample bottles with
silicon rubber tubing to avoid contact with air, as one would for
the analysis of dissolved gases. Measurements of £}, were made
within minutes of sample collection using a Hach Oxidation-
Reduction Potential (ORP) combination electrode (Hach Com-
pany, Loveland, CO) connected to a Beckman ®12 digital pH
meter, with the appropriate corrections being made for the refer-
ence electrode in accordance with the ORP electrode instruction
manual. Following the recommendations of Whitfield (1969),
the E} readings were made after the meter’s readout had been
allowed to stabilize for several minutes but before the readout
began to drift. The accuracy of the ORP electrode was checked
against a Fe’* /Fe?* standard solution described in the electrode
instruction manual. Data for E}, in both lobes of Lake Bonney
were collected during the 2000-2001 austral summer. £}, mea-
surements in Lake Fryxell were made during the 2001-2002
austral summer. Data for E} in Lakes Vanda and Joyce were
taken from Downes and Priscu (1995) and Priscu (1997).

Calculation of Thermodynamic Parameters
and Reduction Potentials

The stoichiometries, chemical standard-state Gibbs free en-
ergies (AG®°) and reduction potentials (£°) for the reactions
considered in this study are given in Table 1 for the nitrogen-
containing reactions (Reactions R1-R10) and in Table 2 for the
nonnitrogen reactions (Reactions R11-R18). Since some read-
ers may be more familiar with thermodynamic parameters based

on biological standard-state conditions (pH 7), values for Gibbs
free energies and reduction potentials calculated to this standard
(AG*® and E°’) are also given in Tables 1 and 2. For the general
reaction:

afox] + x[H'] + ze~ — b[red] + ¢[H,0] [1]

(where a, b, ¢, and x are respectively, the number of moles
of the oxidized (ox) species, reduced (red) species, water, and
hydrogen ions involved), values for in situ Gibbs free energies
(AG) for the water column of the lakes were derived using insitu
temperature and pH data according to the following simplified
Nernst-type relationship:

AG = AG®° + RT In([10~PH]Y) [2]

where R is the gas constant and T is the absolute temperature
(K). Conversions between Gibbs free energies and reduction
potentials were made using the relationship:

. —AG°
E° =
zF

(3]

where z is the number of electrons involved in the reaction and
F is the Faraday constant.

For further details regarding thermodynamic equations and
concepts, including the electromotive force diagrams described
in the discussions section, readers are referred to introductory
books such as Smith (1990) and Richet (2001), or more advanced
chemistry texts such as Laidler and Meiser (1982) and Shriver
et al. (1994).

RESULTS

E, Measurements and E Calculations

The vertical profiles for the E}, measurements made during
this study are presented in panel “a” of Figures 1 through 3
for West Bonney, East Bonney, and Lake Fryxell, respectively.
Although there were some differences between the values of
E}, measured in this study and previous studies (Downes and
Priscu 1995; Priscu 1997), the general trends observed in the
profiles were similar. The differences may arise for several rea-
sons. Whitfield (1969) suggests that while the precision of Ej
measurements can be as low as =10 mV, it is more typically
in the order of £50 mV. Thus, a high degree of reproducibility
between separate studies could be difficult to achieve. Spatial
and temporal differences could also have produced this varia-
tion, particularly given the sharp gradients and the changes that
have been observed in lake level, ice thickness, glacial inflow
and primary productivity (Doran et al. 2002). The vertical pro-
files for E}, taken from the literature for Lakes Vanda and Joyce
are shown in Figures 4a and 5a, respectively. The results for the
calculations of the in situ reduction potential for the reactions
under consideration in each lake are presented in panel “b” of
Figures 1 through 5.
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Derivation of Ej, Values

For the comparison between the estimated values of E and
the measured values for E},, the onset of sulfide formation (in
Lakes Vanda, Fryxell and Joyce at depths of 67, 11, and 36 m re-
spectively) and Mn?* formation (at 57 m in Lake Vanda and 9 m
in Lake Fryxell) were used as known marker points. The reduc-
tion of oxygen was also used as a marker point. It was assumed
that the onset of the reduction of oxygen occurred immediately
at the top of the water column. Dissolved oxygen was always
present at high levels in the upper water column and in a vertical
sense, this is the first point where microorganisms would have
oxygen available as a terminal electron acceptor for respiration.
The estimated values of E and the measured E}, values for the
marker points for the three lakes are plotted in Figure 6. For each
lake, a best-fit straight line was fitted to the data:

For Lake Vanda, E} = 3.94Fy, — 1583.51
For Lake Fryxell, E}f = 2.41Ey, —425.02
For Lake Joyce, E; = 2.07E, —201.57

These equations are referred to as E} functions and were
used to scale the Ej, profiles. The resulting E} profiles were
then compared to the estimates of the reduction potentials for the
other ecologically important equations examined in this study
to assess their thermodynamic favorableness. Because of the
errors typically involved in the measurement of Ey, the slopes
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of the above equations were not considered to be different to
each other. For Lake Bonney, where sulfides are not present, the
E} functions were generated by combining the average slope
of the above equations with the marker points for the onset of
oxygen reduction. The derived functions were:

For West Bonney, E; = 2.81E, —933.05
For East Bonney, E; =2.81E, —1103.03

The E} results derived from these calculations are plotted in
Figure 1b for West Bonney, Figure 2b for East Bonney, Figure 3b
for Lake Fryxell, Figure 4b for Lake Vanda and Figure 5b for
Lake Joyce. Based on the results of the E} calculations, a se-
ries of predictions were made as to when several of the reduction
reactions considered in this study should become thermodynam-
ically favorable in the five lakes. Predictions are presented for
the onset of the reduction of iodate, manganese dioxide, iodine
and the onset of methanogenesis (Table 3). Further discussion
on these predictions is presented next.

DISCUSSION

As indicated earlier, the use of E}, measurements in the quan-
titative analysis of natural waters is problematic as a result of
natural waters generally being non-equilibrium systems that
are best described by dynamic models rather than equilibrium

Lake Vanda

A/

_|I|I||I||III|III||II]IIFIIII[I|I|III|III|

-200 -100 0 100 200

300 400 500 600 700 800

Measured Eh (mV)

Figure 6. Relationships between the measured E}, values and estimated values of E for Lakes Vanda, Fryxell and Joyce. The
solid line represents the 1:1 relationship between the x- and y-parameters.
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Table 3
Predictions made using the E} approach for various ecologically important redox species in the lakes of the McMurdo Dry Valleys

Reduction product

Mn** L Fe?t I~ CHy
Lake (Reaction 12) (Reaction 13) (Reaction 14) (Reaction 16) (Reaction 18)
West Bonney >22m >16 m Not present >23m Not present
East Bonney 2127 m >10m Not present 21-29m Not present
Fryxell — >6m >11.5m >9m >11.5m
Vanda — >9m >65 m >55m >68 m
Joyce >26 m >6m Not present >6m Not present

The ‘greater than’ symbol is used in the sense of ‘deeper than’. ‘Not present’ indicates that the reduction will not be observed in the water
column. The ‘— indicates that no predications are made for these species as they are used to derive the E} functions.

models (Whitfield 1969; Lindberg and Runnells 1984; Stumm
and Morgan 1995). However, the objective of this study was to
use E}, measurements to identify regions where certain chemical
species, such as N, O, might be present due to microbial activity
instead of accurately modeling the observed concentrations of
those compounds (i.e. the analysis is qualitative in nature and
not quantitative). Several initial assumptions or approximations
were required for the implementation of the analysis presented
in this study. Motion in the water columns of dry valleys lakes is
predominantly through molecular diffusion (Spigel and Priscu
1998) and thus the lakes can be treated as being in approximate
redox equilibrium (Stumm and Morgan 1995). Such equilibrium
arguments are a useful means for understanding or predicting
the redox patterns observed in aquatic environments, and for es-
tablishing boundary conditions that the system must be moving
toward (Stumm and Morgan 1995). As a consequence, the lake
system at any point is assumed to be controlled by a single redox
couple (and potential) even though it is likely that two or more
redox couples may be combining to produce mixed potentials
(Stumm and Morgan 1995).

While some redox pairs may not be electroactive and there-
fore do not influence Ey, (Whitfield 1969; Stumm and Morgan
1995), the succession of microbially mediated redox reactions
will still follow the decrease in E}. Yet the ecological succes-
sion of microorganisms and the chemical redox sequence are
linked circularly such that although a given redox pair may not
be electroactive, any decrease in E}, results from the depletion of
the oxidant species in the preceding redox pair through micro-
bial activity. The ecological succession of microorganisms that
parallels the chemical redox sequence dictates that once the pre-
ceding redox couple has becomes exhausted, a different group
of bacteria will begin to utilize the next available redox couple.
This different group of bacteria may include bacteria that might
mediate several redox pairs or it might include completely new
species of bacteria. In the case of facultative oxygen utilizing
bacteria, they will switch respiratory modes, using an alternate
electron acceptor. To overcome the fact that reversible electrode
potentials have not been established for the NO;-NO; -NH; -
H,S or CHy4-CO; systems (Stumm and Morgan 1995), electrode

potentials for individual redox couples were taken from standard
data tables (Milazzo and Carol 1978) or evaluated indirectly us-
ing Gibbs free-energy data (Amend and Shock 2001).

Finally, concentration terms for the oxidant and reductant
species were not included in the Nernst equation used to esti-
mate the redox potentials since concentrations of many of the
redox species involved were not known. In some cases, such as
NO and N», no values were known while in other instances, such
as Fe, Mn, or methane, concentrations are only available for a
limited number of lakes. Although elimination of the concen-
tration terms from the Nernst equation could affect the overall
result of the calculation, the effect is likely to be small in general.
In Lake Bonney, the computed redox potentials for the reduction
of oxygen and sulfate, which are the two primary markers used
to scale the FE; measurements, would change by less than 65
and 20 mV, respectively, if the concentration terms are ignored.
Moreover, Lindberg and Runnells (1984) point out that a 1,000-
fold change in the ratio of sulfate to H,S will result in a change of
only 20 mV in the computed E}. Computed redox potentials for
the nitrogen-based reactions (Table 1) would change by less than
125 mV based on the concentrations present in Lake Bonney.
Overall, the presence of the concentration term for the oxidant
species would increase the computed Ey,, whereas the presence
of the concentration term for the reductant species would de-
crease the computed E}. Consequently, the effect of the two
terms would cancel when the concentrations of the oxidant and
reductant species were in the appropriate ratio. It is worth not-
ing that the sequence of redox reactions predicted by this study
for each lake are very similar to other sequences that have been
derived using traditional and more complex thermodynamic cal-
culations (Stumm and Morgan 1995; Rue et al. 1997).

The Case of Dimethylsulfoxide

The distributions of DMS and DMSQy in each lobe of Lake
Bonney are highly contrasting and unusual. In the bottom waters
of the west lobe, average DMS concentrations were as high as
317 nmol L~! with average DMSQy levels reaching 178 nmol
L~! (Figure 1a). Conversely, in the bottom waters of the east
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lobe, average DMS concentrations were considerably lower (up
to 5 nmol L~') while higher DMSOyq concentrations (198 nmol
L~") were observed (Figure 2a). These concentrations are un-
usual in that they occur in a region of the lake that is devoid
of primary productivity. The DMS levels in the west lobe are
considerably higher than those typically measured in marine
environments that do not contain ice-algal diatoms, Phaeocys-
tis sp. or dinoflagellates (DiTullio and Smith 1995; Matrai and
Vernet 1997; Kettle et al. 1999). However, they are not unusual
for high-salinity terrestrial environments (Richards et al. 1994;
de Mora et al. 1996). DMSOy concentrations in both the east
and west lobes are amongst the highest concentrations that have
been observed (Lee et al. 1999; Bouillon et al. 2002).

A previous study has pointed out that in the east lobe, oxi-
dized forms of nitrogen (nitrate and nitrite) are present whereas
in the west lobe only reduced nitrogen (ammonium) is found
(Downes and Priscu 1995). Downes and Priscu suggested that
the difference in nitrogen species was a result of the differences
in the redox environments of the bottom waters of each lobe.
Wood (1981) stated that reduction potential for the DMSO/DMS
couple was similar to that of the nitrate/nitrite couple. Thus, the
implication is that the redox environments of each lobe might
also influence DMSQO4 and DMS, as is the case for nitrogen.

The redox conditions of the west lobe are more reducing
than that of the east lobe with E}, levels of 325-400 mV in the
lower layer of the west lobe (Figure la) and 550-650 mV in
the bottom waters of the east lobe (Figure 2a). Estimates of E
for the reduction of DMSO to DMS (R14, Table 2) when cal-
culated for the in situ pH and temperature conditions present
in the lower layer of each lobe are marginally higher in the
west lobe (250-300 mV; Figure 1b) than in the east lobe (200-
230 mV; Figure 2b). This combination of electrochemical factors
would appear to make the reduction of DMSO thermodynami-
cally more favorable for bacteria in the west lobe than the east
lobe. Using the E}f approach yields unequivocal results for this
supposition. Results for West Bonney (Figure 1b) show that
the reduction of DMSO becomes thermodynamically favorable
below approximately 22 m, which corresponds closely to the
depth at which DMS begins to accumulate. In contrast to this,
the results for East Bonney (Figure 2b) show that the reduc-
tion of DMSO to DMS remains thermodynamically unfavorable
throughout the entire water column.

These results have some important ramifications for the bio-
geochemistry of DMSO. Studies have shown that DMSO can
be used as an electron acceptor or energy source by a variety
of aerobic and anaerobic bacteria (Zinder and Brock 1978a; De
Bont et al. 1981; Jonkers et al. 1996) and be reduced chem-
ically by sulfides (Zinder and Brock 1978b). Consequently, it
has been argued that in oceanic environments, DMSO might
be reduced to DMS thereby acting as a source for DMS in the
marine sulfur cycle. The findings of our study provide a con-
straint to that argument. In well-oxygenated environments, such
as the surface of the world’s oceans, the microbial reduction of
DMSO to DMS is unlikely to be an important pathway for the

formation of DMS due to the fact that the use of DMSO as an
electron acceptor is not thermodynamically favorable. The ubig-
uity and relatively high levels of DMSQq that are observed in
many aquatic environments (Lee et al. 1999) could result from
this thermodynamic constraint. Furthermore, thermodynamics
alone could explain why large decreases in DMSQO,4 concen-
trations are not accompanied by relatively large increases in
DMS concentrations during incubation experiments (Lee 1999;
Simé et al. 2000). However, the accumulation of DMS may
not be observable if the production and consumption of DMS
are very tightly coupled or bacteria retain DMS for reduction to
sulfide (Simé et al. 2000). Clearly, additional experiments focus-
ing on the direct transformation of DMSO (e.g. involving *S-
DMSO) are required to determine which of these hypotheses is
correct.

The Case of Nitrous Oxide—Denitrification

One of the key findings of studies examining the biogeo-
chemistry of N,O in Lake Bonney is that despite the presence of
denitrifying bacteria in both lobes of the lake, denitrification is
absent in the east lobe but occurs in the west lobe (Priscu 1997;
Ward and Priscu 1997). This absence is thought to allow the
build-up of N, O through nitrification (Priscu 1997; Voytek et al.
1998). Analysis of the E} results provides a partial explanation
for these observations. The results show that the denitrification
steps leading to N, O are thermodynamically unfavorable in the
east lobe (Figure 2b). Although the reduction of nitrate to ni-
trite is thermodynamically favorable at depths between approx-
imately 22 and 27 m, the subsequent step from nitrite to NO
is unfavorable throughout the entire water column. In the west
lobe, all denitrification steps become favorable at depths below
22 m (Figure 1b).

The results also show that in all circumstances (Figures 1—
5b), E for the reduction of N,O (R1) is always greater than that
of oxygen (R11) indicating that there is no thermodynamic con-
straint to the loss of N,O. The same is true for the reduction
of NO (R2). The values of E for the reduction of N,O and NO
are relatively large positive numbers which in turn means that
AG values for those reactions are negative and thus the reac-
tion is exergonic. Coupling the reduction of NO or N,O to the
oxidation of organic matter, for example, would therefore fur-
nish bacteria with a very favorable source of energy (Conrad
1996). This finding would suggest that there is a biochemical or
physiological explanation for the accumulation of N,O. Bonin
et al. (2002) point out that the reductase for N,O is the most
oxygen-sensitive enzyme involved in the sequential denitrifica-
tion process. Under low oxygen conditions, N,O can be the fi-
nal product in the denitrification sequence rather than N,. Thus,
the suboxic conditions that exist in East Bonney may have a
two-fold effect on the denitrification process. First, redox con-
ditions are poised at a level that makes the formation of N,O
via denitrification thermodynamically unfavorable. Second, the
loss of N,O via denitrification is inhibited, which provides an
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explanation for the persistence of the high N,O concentrations
in the east lobe.

Priscu (1997) proposed that certain chemical gradients, in-
cluding that of N,O, in the lakes of the dry valleys might be a
legacy of the processes that led to the formation of the present
day geophysical setting of these lakes. Some of the lakes may
have lost their ice caps and been subject to drastic volume re-
duction through historic dry-down processes (Lyons et al. 1998;
Lyons et al. 2000). In the case of Lake Bonney, it has been
suggested that the east lobe became isolated the Taylor Glacier,
which is now the primary source of water to Lake Bonney. Al-
though the east lobe subsequently refilled, the isolation created
a different recent history for the bottom waters of the east lobe
and presumably caused the differences in Ey, values observed in
the two lobes of contemporary Lake Bonney.

Comparison of the E} results with the known distributions
of several compounds suggests that the current redox conditions
present in several of the lakes are different from historical re-
dox conditions. Furthermore, the differences between historical
and current conditions do not reflect a change to more reducing
conditions as would be expected from the depletion of oxidants
through microbial consumption. The E} results for East Bon-
ney show that most reduction reactions, including the reduction
of nitrate, are thermodynamically unfavorable at most depths
in the water column (Figure 2b). However, chemical analysis
shows that both nitrite and ammonium are present, particularly
outside the 21-27 m depth range where the reactions are fa-
vorable (Figure 2a). For example, the results for the west lobe
indicate that the reduction of nitrate to nitrite and ammonium
are only favorable below 22 m (Figure 1b) yet the onset of the
accumulation of these two compounds occurs at approximately
13 m. In Lake Fryxell, the thermodynamic calculations sug-
gest that nitrate reduction should only be favorable below 10 m
(Figure 3b) whereas the actual accumulation of ammonium and
nitrite starts at 8—9 m (Figure 3a).

An idea of the historical E}, conditions that might have ex-
isted in some of the lakes can be estimated in part from the
observed distributions of nitrite and ammonium. The relatively
high E}, conditions at mid-water-column depths create a bulge
in the Ey, (and E}) profiles that coincides with, and most likely
results from, elevated concentrations of dissolved oxygen. Craig
et al. (1992) found that as new lake ice forms from stream-feed
meltwater, oxygen is excluded from the ice matrix and released
into the water column thereby elevating dissolved oxygen lev-
els. About 90% of the oxygen in the upper layers results from
this abiotic process with the remainder coming from primary
production. With the perennial ice-cover in place, the water col-
umn cannot equilibrate with the atmosphere and oxygen can
accumulate to saturation levels well in excess of 100% air satu-
ration. Thus, the build-up of oxygen and resulting bulge in the
E}, profile has occurred since the last ice-free period. Assum-
ing that the bulge in the E} profile is a relatively recent fea-
ture, a line can be drawn from the minimum in the near-surface
E} profile through the profiles of E for nitrate-ammonium and

nitrate-nitrite at the point at which the onset of nitrite and am-
monium are observed (Figure 7). This line would represent po-
tential historical conditions. For Lakes Fryxell and Joyce, the
line rejoins the actual E} profile. In the case of Lake Bonney,
the estimate of the historical E} does not rejoin the actual E}
profile. Given that sulfate reduction does not occur in Lake
Bonney, the historical estimate of E; is not likely to fall below
100-200 mV and the historical line is adjusted to take this into
account.

Interestingly, in all four lakes shown in Figure 7, the observed
peak for N, O closely corresponds to the point at which the line
for the historical E} intersects the reduction potential profile
for the reduction of nitrite to NO, which suggests that the N,O
peaks in these lakes are not contemporary features. It is also
intriguing that the zone forming the £y, minimum in East Bonney
corresponds to the location of the N,O peak. Conversely, the
E profile for Lake Vanda (Figure 4b) reveals that the depth
at which the reduction of nitrite becomes thermodynamically
favorable closely equates to the depth of the N,O peak (Figure
4a). In Lake Vanda, there is also very little difference between
the actual distributions of nitrate, nitrite and ammonium, and
the distributions predicted by the reduction potentials and E}
profile. We interpret this observation to mean that current redox
conditions and not different, historical conditions caused the
observed distribution of these compounds in Lake Vanda.

The idea that the overall thermodynamic favorableness of the
denitrification sequence leading to N, O is related to the thermo-
dynamic favorableness of the reduction of nitrite to NO does
make sense. Examination of the electromotive force diagram
for the denitrification sequence at chemical standard-state con-
ditions (i.e. pH 0, T = 25°C) indicates that the least favorable
step is the reduction of nitrate to nitrite:

_835mV__ 1202mV 1591 mV 1766 mV
NO; NO; NO N,O N,

However, if the reduction potentials are recalculated for eco-
logically more relevant conditions for the water columns of the
lakes (i.e. pH 7, T = 0°C) then it is the reduction of nitrite to
NO that becomes the thermodynamically least favorable step:

436 mV 293 mV 1327 mV 1337mV
NO; NO; NO N,O N,

Thus, this provides bacteria with a thermodynamic constraint
in that the reduction potential of the water column has to be low
enough to allow the reduction of nitrite to NO to take place
before the denitrification sequence and the formation of N,O
can occur.

The Case of Nitrous Oxide—N.itrification

The link between the thermodynamic favorableness of the
nitrite reduction step and E}, of the water column only partially
explains the origin of the N,O peak. The foregoing discussion
deals with denitrification whereas the formation of N,O can
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also occur through nitrification via two pathways. First, am-
monium is oxidized to N,O (reverse of R9) instead of nitrite
by ammonium-oxidizing bacteria (reverse of R6, Conrad 1996;
Hapogian and Riley 1998; Bonin et al. 2002). N,O can also be
formed through incomplete nitrification. Here, nitrifying bac-
teria reduce nitrite to N,O (Conrad 1996; Hapogian and Riley
1998; Bonin et al. 2002). This could potentially occur via R3
coupled to the reverse of R6 or R7. In order to assess the ther-
modynamic favorableness of these processes, a slightly different
approach to that employed for the reduction reactions is used.
Profiles of Net Gibbs free energies for the nitrification reactions
described above were calculated for four lakes (West Bonney,
East Bonney, Fryxell, and Vanda) to determine if these reac-
tions were endergonic or exergonic. The results revealed that
the reactions are exergonic, and therefore thermodynamically
favorable, throughout the entire water column of each of the
lakes.

Denitrification and nitrification can also occur simultane-
ously via a coupled, anaerobic lithotrophic pathway (Hulth et al.
1999). In this scenario, loss of nitrate results from R4 coupling
to the reverse of R12 and nitrate forms from the coupling of R12
to the reverse of R7. However, a survey of the literature failed
to reveal if this reaction sequence leads to the formation of N,O
through incomplete nitrification. It would certainly make addi-
tional nitrate available for sequential reduction to N,O if there
was net production of nitrate. In general, our study focuses on
the use of the oxidant species as an electron acceptor for the
oxidation of organic matter and does not address in detail possi-
bilities where other reductant species, such as ammonium, Fe?t
and sulfides, are the electron donors. Hulth et al. (1999) contend
that these processes will be of greatest importance in environ-
ments where oxidant-rich material is rapidly mixed into suboxic
zones through physical mixing or bioturbation. These processes
may have been important in the dry valleys lakes during peri-
ods when the dry valleys lakes had no ice cover and could be
mixed through wind-induced turbulence. Since only diffusion-
dominated motion is currently present in the bottom waters of
the lakes and few benthic metazoans are present these lakes,
these processes would not be favored. Without renewal of the
oxidant species, they would become depleted and their impact
would decline with time.

The historical redox conditions that might have existed in
the lakes may also have an influence on nitrification processes.
Goreau et al. (1980) and Bonin et al. (2002) point out that high
concentrations of ammonium or low concentrations of oxygen,
or a combination of both, enhance N,O production via nitrifi-
cation. If historical redox conditions were more reducing than
current conditions, this would have allowed for the formation
of ammonium as dissimilatory reduction of nitrate will be the
first of the nitrogen reduction reactions to occur. Since more re-
ducing conditions would have also meant lower oxygen levels,
this may have set up the conditions described by Bonin et al.
(2002) for the enhanced production of N,O. As oxygen levels
began to build up and the redox environment became less reduc-

ing, the formation of ammonium would have become unfavor-
able and the production of N,O from ammonium would have
declined.

It is worth noting that if the intersection of the reduction
potential profile for nitrite and the E} profile corresponds ap-
proximately to the NpO maximum rather than the depth where
its concentrations begin to increase as is the case for the for-
mation of Mn?* or H,S, then the upper portion of the peak
must result solely from nitrification. Above the crossover point,
denitrification is thermodynamically unfavorable. Since the
dissimilatory reduction of nitrate to ammonium occurs ahead
of the reduction of nitrate to nitrite (i.e. the first step of den-
itrification; Figures 1-5b), ammonium is potentially available
for nitrification before denitrification can begin. Below the
crossover point, both denitrification and nitrification can take
place.

This contention, in concert with those made in proceeding
paragraphs, successfully explains the findings of Vincent et al.
(1981) for the cycling of N,O in Lake Vanda. These authors
found that the highest levels of N,O occurred at depths where
there was high nitrification potential and a lack of denitrification.
They concluded that the source of N, O was nitrification. This is
entirely consistent with the initial stages of denitrification being
thermodynamically unfavorable in the upper portion of the N,O
peak, leaving nitrification as the only pathway for the forma-
tion of N,O. As the water column in Lake Vanda transitioned to
anoxic conditions, Vincent et al. (1981) observed that N,O con-
centrations declined and was coincident with measurable rates
of denitrification. Once anoxia occurred, there are no thermo-
dynamic restrictions to prevent the formation of N,O through
denitrification and more importantly, the loss of N,O by deni-
trification cannot be inhibited by the presence of oxygen. With
respect to nitrification, the formation of N,O as a result of in-
complete nitrification cannot take place in the anoxic layer since
there is no oxygen present. Some N, O may still be produced as
a result of the oxidation of ammonium coupled to the reduction
of nitrite to N, O (the reverse of R6 or R7 coupled to R3) while
nitrate and nitrite remain present. This general scenario is simi-
lar to that discussed by Naqvi et al. (2000) in continental shelf
waters.

Predications and Precautions Using the Ej;, Approach

In a study of the geochemistry of methane in Lake Fryxell,
Smith et al. (1993) found that methane was ubiquitous through-
out the anoxic region of the lake. The predication made in this
study using the E} method is consistent with this finding (Table
3). However, Smith et al. (1993) also observed no measurable
methane production in the water column of the lake and sug-
gested that the lake sediments were the origin of the methane.
Experimentally, they found that the lack of measurable methane
production was not limited by substrate availability. The results
of this study indicate that the lack of methane production was
not due to thermodynamic constraints.
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Some caution is also required when interpreting results made
using the E} approach. Predicting the onset of the reduction of
Fe* can be problematic. Both Fe** and Fe>* can react rapidly
with HyS. The E} predictions (Table 3) show that the onset
of Fe** reduction should occur at a depth of 11.5 m in Lake
Fryxell, whereas the presence of sulfides is observed at a depth
of 11 m (Figure 3a). The chemical formation of iron sulfides will
mask the microbially mediated formation of reduced Fe. The Fe
data currently available in the literature for Lake Fryxell (Green
et al. 1989) does not provide an unequivocal response to this
observation. Green et al. (1989) have reported a maximum in
‘dissolved’ Fe at approximately 17 m (Figure 3a) but point out
that this may an artifact that is related to the use of a 0.45 um
filter rather than a 0.2 um filter. These authors do, however,
suggest that control of Fe by sulfide phases should occur below
11 m.

In the case of Lake Vanda, the reduction of Fe(OH); to Fe?™ is
predicted to occur at 65 m (Table 3), which is before the reduction
of sulfate at 67 m (Figure 4a). Thus, it may be possible to detect
the presence of Fe’* in an approximately 1-2 m thick layer in
the suboxic region above the anoxic zone. But once again, the
data currently available in the literature for the distribution of Fe
in Lake Vanda (Green et al. 1986) fails to resolve this question
in an unambiguous manner. The dissolved Fe data presented by
Green et al. (1986) shows very little dissolved Fe is present at 61
m but at 64 m, concentrations have increased almost 5-fold and
at 67 m, dissolved Fe concentrations have increased a further
234-fold (Figure 4a). While the observed increase in dissolved
Fe is in general agreement with the prediction that the reduction
of Fe(OH); to Fe?" is the predominant process, there is a lack
of data points for dissolved Fe between 64 m and 67 m. As such,
there is no confirmation that the trend between these two depths
is consistent and therefore no confirmation of the predication.

Clearly, additional work is required to resolve these differ-
ences. This might include measuring all of the target analytes
during one field campaign rather than combining several re-
search efforts, and incorporating measurements of redox species
that are normally not examined such as those involving iodine.
While the use of the iodide/iodate couple as a master F}, “indica-
tor” is controversial (Lindberg and Runnells 1984), examination
of the distribution of these compounds has been suggested has
a potential indicator of suboxic conditions in oceanic environ-
ments since both forms are dissolved species and not subject to
particle removal or scavenging (Rue et al. 1997). Such an exam-
ination may also prove useful in the dry valleys lakes. Moreover,
measurement of all of the individual redox species may also al-
low improvement of the estimates of their in situ reduction po-
tentials. Once these inconsistencies have been resolved, compar-
ison of the predictions with the actual distribution of the species
involved, as determined by chemical analysis, should confirm
the utility of the E} approach and allow refinement of the E}
functions used to scale the traditional E}, measurements. Finally,
comparison of the predicted distribution of redox species with
their actual distributions may provide additional insight into the

issue of the geochemical legacies of the McMurdo Dry Valleys
lakes.
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