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Abstract

Carbon cycling in natural ecosystems is a biologically mediated process with global consequences. Recent
work has revealed the important role that lakes play in the global carbon cycle, suggesting organic carbon
burial in small lakes and reservoirs matching and even surpassing that of the world’s oceans. While much is
known regarding biogeochemical cycling of carbon in the water column and underlying sediments of freshwa-
ter and marine systems, less is known about permanently redox-stratified water bodies. The modern ocean is
fully oxygenated, however, the ocean is thought to have been redox-stratified throughout much of Earth’s his-
tory, and seasonal redox-stratification is an increasing problem in many freshwater systems due to eutrophica-
tion driven by human land usage and warming resulting from global climate change. To better understand
carbon signals preserved in the rock record from times of ocean redox-stratification as well as the effects of
increasing redox-stratification on carbon cycling in modern freshwater systems, we have characterized the con-
centration and stable isotopic signal of inorganic and organic carbon in permanently redox-stratified Fayette-
ville Green Lake (FGL), New York. The results of these analyses indicate that: (1) groundwater is the primary
source of dissolved inorganic carbon (DIC) at FGL; (2) organic carbon is extensively cycled within the water
column and upper sediments resulting in an increasingly isotopically depleted DIC pool; (3) cyanobacteria-
driven carbonate precipitation in the oxic zone is the primary source of carbonate in the sediments; (4) meth-
ane concentrations increase below the chemocline with extremely negative 6'3C values (—99.1%, to —102.3%,).

Stable carbon isotopic signals preserved in carbonate rocks
and organic carbon reflect environmental conditions at the
time of deposition, and record results of carbon cycling
driven by an ever changing Earth surface and evolving bio-
sphere. Recent work on carbon sequestration in lake and res-
ervoirs has focused on mass balance and total organic
carbon (e.g., Downing et al. 2008; Tranvik et al. 2009;
Kastowski et al. 2011; Dong et al. 2012; Heathcote and
Downing 2012; Anderson et al. 2013; Anderson et al. 2014),
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with results indicating lakes, reservoirs, and ponds may
sequester 1.4-3.7 times as much organic carbon as the
world’s oceans (Downing et al. 2008). Previous work has
shown the value of quantifying carbon isotope values of
inorganic and organic carbon pools in lakes for tracking the
flow of carbon through these systems (e.g., Fry and Sherr
1989; Schindler et al. 1997; Kritzberg et al. 2004). Global cli-
mate change is expected to increase the occurrence of strati-
fication in lake and reservoirs which results in anoxic
conditions in the bottom layer of the water column (Paerl
and Huisman 2009). This underscores the need for quantify-
ing inorganic and organic carbon pools in permanently
redox stratified systems. Furthermore, redox-stratified
systems were more common in Earth’s past thus modern
redox-stratified systems serves as analog for interpreting
carbon isotope signals preserved in the rock record.

In the context of modern, natural environments, Fayette-
ville Green Lake (FGL), New York is a peculiar, redox-
stratified, freshwater system supporting abundant microbial
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life (Fig. 1). FGL is located in the gypsum-bearing Vernon
Shale charged with groundwater that is replete in sulfate
(Deevey et al. 1963). Continuous input of sulfate and
organic carbon into FGL supports sulfate reduction in the
monimolimnion and sediments resulting in a monimolimn-
ion that is perennially euxinic (sulfide-rich), and an oxic/
euxinic boundary that hosts a phototrophic microbial plate
(dense floating layer of microbial biomass). In FGL, this
boundary (at ~ 20.5 m) is inhabited by cyanobacteria, purple
sulfur bacteria (PSB), and green sulfur bacteria (GSB) (Hunter
2012). In addition, dramatic changes in Mn, Fe, and Mo con-
centrations occur across the oxic/euxinic transition. These
conditions are similar to those thought to have been preva-
lent during the Proterozoic (Meyer and Kump 2008; Havig
et al. 2015) but are not widespread today.

FGL is supersaturated in the oxic zone with respect to cal-
cite and dissolved inorganic carbon (DIC) concentration
increases while §'*C values decrease with depth in the water
column (Eggleton 1956; Deevey et al. 1963; Takahashi et al.
1968; Brunskill and Ludlam 1969; Torgersen et al. 1981;
Havig et al. 2015). The dissolved organic carbon (DOC) con-
centration is relatively unchanged throughout the water col-
umn (Havig et al. 2015) while the particulate organic carbon
(POC), or seston, has more negative 513C values at and
below the chemocline relative to the oxic zone (Fry 1986;
Fulton 2010). The concentration of organic carbon in sedi-
ment is classified as a sapropel (> 2% organic carbon) with
0'3C values between —26%, and —349, (Fry 1986; Hilfinger
et al. 2001; Fulton 2010). Carbonates are the dominant min-
eral in the sediments with #'3C values between —3.4%, and
—5.6%, (Takahashi et al. 1968; Hilfinger et al. 2001; Fulton
2010).

Carbon in natural systems exists in many different forms
including DIC, DOC, and POC, with the difference between
particulate and dissolved operationally based on the pore size
of the filters used (0.22 um for this study). DIC is typically the
primary source of carbon for primary productivity and carbon-
ate precipitation in natural waters. The concentration and iso-
topic value of DIC is influenced by biological activity (e.g., C-
fixation, microbial respiration) and inorganic processes (e.g.,
mixing, carbonate precipitation, weathering, air/water gas
exchange). DOC encompasses a variety of organic compounds
ranging from those that are very labile and experience rapid
turnover, generally being consumed as quickly as they are pro-
duced (e.g., sugars, amino acids, short-chained fatty acids), to
refractory organic carbon that is recalcitrant and can experi-
ence turnover timescales of millennia (Hansell 2013). POC is
assumed to be predominantly made up of microbial biomass,
though it also contains dead and decaying planktonic organic
material, allochthonous plant material, and fecal material
from zooplankton and macrofauna. The cycling of carbon
between DIC, DOC, and POC pools is predominantly biologi-
cally mediated, and the accumulation of POC in sediments is
one of the primary drivers maintaining the oxidized state of
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the Earth’s surface. The concentration and carbon isotope sig-
nal of this material integrates all of the processes that influ-
ence the movement of carbon through the water column and
deposition as sediments (as well as movement of carbon from
sediments back into the water column) that can be incorpo-
rated into the rock record. Using these data, we can better
constrain the redox history of the ancient oceans and predict
the effects increasing phytoplankton blooms and resulting
anoxia have on carbon cycling and burial in terrestrial lakes
and reservoirs.

In this study, we expand on this body of knowledge to
build a more complete conceptual model of the carbon cycle
in the water column and sediments at FGL. We report the
carbon isotopic values of DIC, DOC, POC, and methane in
the FGL water column; DIC and DOC of sediment pore
water; organic and inorganic carbon in sediments; and DIC
and DOC for inputs into the lake (e.g., groundwater and
surface inflow). From this data set, we show the effects of
carbon cycling on the carbon isotope systematics in a perma-
nently redox stratified lake and present a conceptual model
for the movement of carbon in FGL. Finally, we relate our
findings at FGL to increasing anoxia in lakes and reservoirs
due to global climate change and perspectives on periods of
redox stratification in the ancient ocean.

Methods

Samples were collected during sampling trips on 10-11
November 2012, 09 June 2013, 16-19 July 2013, 17-18 July
2014, and 13-17 July 201S. High-density water column sam-
pling and sample processing was conducted as described in
McCormick et al. (2014), and subset samples were collected
via peristaltic pump (attached to a sonde to verify depth) or
3.8 L Van Dorn bottle. Geochemical and physical analysis
methods were followed as described previously, with results
from 2012 and 2013 samples reported in Havig et al. (2015),
and results are summarized in Figs. 2-7. Temperature, pH,
conductivity, optical dissolved oxygen, oxidation-reduction
potential (ORP), turbidity, and depth were determined for
the full water column using a calibrated YSI 6600 multi-
parameter sonde probe (YSI, Yellow Springs, Ohio). ORP val-
ues reported in mV relative to the Ag/AgCl electrode. Water
samples were filtered through 0.22 um polyethersulfone
syringe filters (VWR International). Anion (SOif, Cl7) con-
centrations for samples collected in 2015 were determined
via ion chromatography and cation (Ca®**, Mg?*, Na*) and
trace element (P) concentrations via inductively coupled
plasma optical emission spectrometry by the Star Lab (Ohio
State University, Columbus, Ohio). Additional water samples
were collected from the input stream fed by outflow from
Round Lake, the outlet draining FGL, and a sulfidic
groundwater-fed spring located near Chittenango, New York.
Temperature, pH, and conductivity for these samples were
determined using a WTW 3110 pH meter and a YSI Pro30
conductivity meter. Sediment cores were collected at a depth
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pH, turbidity, ORP, and optical dissolved oxygen (DO) measured via SONDE. Total dissolved solids reported by Havig et al. (2015). Gray lines repre-
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Fig. 3. Major cation and anion concentrations plotted against depth from surface for FGL, New York, modified from Havig et al. (2015). Gray lines
represent values from November 2012, and July 2013, and black filled circles from July 2015. Gray shaded region represents the chemocline.

of 53 m using a gravity corer fitted with clear 50 cm long,
S5 cm diameter polycarbonate liners. Sediment cores were
immediately sealed with caps that were fixed in place with
electrician’s tape, kept upright, and either placed on dry ice
until they were returned to the lab where they were stored at
—20°C until processed or kept on ice and processed upon
return to the lab for pore-water samples. Sediment subsamples
were collected by extrusion and sectioning into a N-filled and
positive pressure glove box. Pore water was recovered by centri-
fugation of sediments in gas tight Oak Ridge tubes (5000 rpm

at 4°C for 10 min) with a N, headspace, and supernatant water
was drawn into a syringe and filtered through a 0.22 um polye-
thersulfone syringe filter and distributed into appropriate sam-
ple containers as described previously (McCormick et al. 2014;
Havig et al. 2015). A core collected in November of 2012 was
divided into 3 cm sections for analysis of pore-water CH4 con-
centration, and a core collected in July of 2015 was divided
into 2-4 cm sections for pore-water analyses. Cores in Novem-
ber 2012 and July of 2013 were used for incubation and DNA
extraction at Penn State University. For detailed descriptions of
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Fig. 4. Geochemistry measured in samples collected in July 2015 from sediment pore water of FGL, New York, plotted against depth from sediment sur-
face/water column interface. Black filled circles represent samples from July 2015. Carrots at the top of plots indicate values for overlying water when known.

physical and geochemical methods used, please see the Sup-
porting Information Material.

All stable carbon isotope results are given in delta forma-
tion expressed as per mil (%,):

613C = [((Ro)sampie/ Ra)sanama )~ 1] X 10* (V)

where R, is the >C/'?C ratio of the sample or standard, and are
reported vs. the Vienna Pee Dee Belemnite (VPDB) standard.

DNA extractions and polymerase chain reaction (PCR)
amplifications were carried out on filters containing water col-
umn biomass and on bulk sediments collected from the top
50 cm to test for the presence of methanogens, with the
details of collection and methods used reported in the Sup-
porting Information Material. Methane production micro-
cosms were inoculated with biomass collected via filtration
from the water column or bulk sediments collected from the
top 50 cm, with the details of setup and analysis reported in
the Supporting Information Material.

Results

Water column geochemistry
Water column physical and geochemical parameters mea-
sured in 2015 (temperature, pH, turbidity, ORP, dissolved

oxygen, ammonium, calcium, magnesium, sodium, sulfate,
and chloride) were similar to values that have been reported
previously (Havig et al. 2015), and consistent with previous
work indicating FGL is meromictic (Eggleton 1931). The
water column is stratified with an oxic mixolimnion and a
euxinic monimolimnion. A mixing zone characterized by
multiple chemical gradients is observed between 15 m and
21 m (chemocline) and a redox transition zone (redoxcline)
occurs near 20.5 m.

Water column carbon

Dissolved carbon concentrations and stable carbon isotopic
values for DIC, DOC, and CH, in the FGL water column had
similar patterns in samples collected in November 2012, July
2013, July 2014, and July 2015 (Fig. 5). DIC concentration
increased with depth, from concentrations near or below
4 mM in the mixolimnion to a high of 9 mM in the deepest
samples from the monimolimnion, while DIC 6'3C values
became increasingly negative with increasing depth, with
values at or above —99, in the mixolimnion to a low of
—21.3%, in the monimolimnion. DOC concentration was
slightly elevated in the mixolimnion compared to the rest of
the water column. Carbon isotope values for DOC, while
exhibiting some scatter, seemed to show a general trend of
013C values around —319%, through the mixolimnion, slightly
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lower (—329%,) in the chemocline, and slightly higher in the
monimolimnion (ca. —309%, in the upper monimolimnion,
ca. —319, in the lower monimolimnion).

Seston carbon content of filter-concentrated biomass
(> 0.22 um) from the FGL water column had §'3C values of
—27.1%, (£ 1.6) at 0 m, —32.1%, (* 2.8) at 10 m, —36.8%,
(= 0.9) at 18 m, —40.0%, (= 0.1) at 20.5 m, —34.59%, (= 2.3)
at 24 m, and —37.0%, (= 0.1) at 30 m (Supporting Informa-
tion Material). Suspended carbonate collected via filtration
from 0 m and 10 m depths had §'*C values of —5.4%, and
—5.59%,, respectively.

Water column methane

Methane concentrations were consistently below 1 uM
through the mixolimnion and the chemocline, with concen-
trations increasing coincident with a turbidity maximum
associated with a thick purple sulfur bacterial plate occurring
near the base of the chemocline (Fig. 2, Havig et al. 2015).
In November of 2012, the CH, concentration increase
occurred between 20.6 m and 20.9 m (Fig. 5), while in July
of 2014, it was between 19.7 m and 19.9 m, and in July of
2015, it was between 19.8 m and 20.0 m. The shift up in the
water column is consistent with a slight shallowing of the
turbidity peak (bacterial plate). Methane concentration
reached a maximum value of 23.5 uM (loss corrected, see
note in “Methods” above) in the lower monimolimnion (Fig.
5). Methane ¢'3C values in the monimolimnion were
between —99.1%, and —102.3%, while a measurement at
10 m yielded a value of —66.29, consistent with mixing of
monimolimnion methane and atmospheric methane (5'3C
value of —47.39%,).

Sediment pore-water geochemistry

Pore-water cation and anion concentrations were mea-
sured at regular intervals (2-4 cm) in the top 34 cm of sedi-
ments, and show several patterns (Fig. 4). Sodium and
chloride concentration increases with sediment depth (from
1.7 mM Na and 3.2 mM ClI from 0 cm to 2 cm to 3.6 mM
Na and 7.8 mM CI from 31 cm to 34 cm). Ammonium con-
centrations increased with depth for the upper 15 cm, then
decreased to 27 c¢m, and increased below 30 cm. Calcium
(and to a lesser extent magnesium) concentration decreased
with depth. Sulfate concentration decreased with depth
while sulfide concentration increased. Phosphorous concen-
tration varied between 12.9 yM and 24.2 M, with an outlier
of 45.6 uM at 10-14 cm. Single data points that vary dramat-
ically from overall trends are assumed to be outliers.

Pore-water carbon

The sediment core collected from near the center of FGL
(~ 53 m) was 48 cm in total length, with dark brown sedi-
ments from 48 cm to 20 ¢m, and gray sediments from 20 cm
to the surface. This color transition is consistent with Euro-
pean settlement and clear-cutting of the forest dated at
approximately 1770 CE resulting in a shift in sedimentation
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Fig. 5. DIC, DOC, and methane (CH,) concentrations (top) and carbon
stable isotope values (bottom) measured in samples collected from the
water column of FGL, New York, plotted against depth from surface.
DIC and DOC concentrations first reported in Havig et al. (2015). Filled
symbols represent samples collected with the high-resolution sampler,
open symbols for samples collected via peristaltic pump or Van Dorn
bottle. All carbon isotope values are reported vs. VPDB standard, in units

of per mil (%,)-

rates from 0.1 mm/yr prior to 0.7 mm/yr following this time
(Hilfinger et al. 2001). scanning electron microscope (SEM)
imaging of sediments revealed larger carbonate crystals in
the deeper sediments, and smaller carbonate crystals in sedi-
ments above ~ 20 cm (Fig. 8). Sediment total carbonate con-
centration decreased from 82% total carbonate (wt. %
CaCOs, dry weight) at the surface to a minimum of 73% for
the 15-20 cm depth range (Fig. 7). Values then increase to a
maximum of 89% at the 25-30 cm depth range, and then
decrease slightly with depth to 86% at the 40-48 cm depth
range. Carbonate 013C values exhibit a low of —5.0%, near
the sediment/water interface to a high of —3.3%, for the 25-
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30 cm depth range, with an average value of —4.39, over the
whole 48 cm depth range. Carbonate 6'3C values reported
here agree with those reported for FGL sediments in previous
work (Takahashi et al. 1968; Hilfinger et al. 2001). Sediment
total organic carbon concentration increases with depth
from a low of 1.8% organic carbon (wt. % organic C, dry
weight) at the surface to a maximum of 4.2% for the 40-
48 cm depth range. Organic carbon concentration was lower
than that reported by Hilfinger et al. (2001), but is similar to
that reported by Fulton (2010). Organic carbon 6'3C values
increase from —32.69, at the surface to a high value of
—28.8%, for the 15-20 cm range, and then decrease to a low
value of —32.6%, for the 40-48 cm depth range, matching
that of the surface, consistent with Fulton (2010).

Sediment core pore-water DIC concentration increases
with depth, from values similar to the overlying monimo-
limnion water in the top 8 cm (~ 8 mM) to a maximum
of 13.3 mM for the 31-34 cm depth interval (Fig. 6),

concurrent with 6'3C values that are similar to the overlying
water column DIC §"*C values (pore-water value of —19.49%,,
deep-water values of —20.19%, to —21.49,), and decreasing
with depth to a minimum of —25.2%, for the 31-34 cm
interval. Sediment pore-water DOC concentration was the
lowest over the 0-2 cm depth range (1.0 mM), and increased
with depth to a highest value at the 31-34 cm depth interval
(3.8 mM). Pore-water DOC 6'3C values ranged from —33.79,
to —38.7%, Sediment pore-water methane concentration
increased from values similar to the overlying water column
(25.2 uM) at the sediment-water interface to a maximum of
137.4 uM at the 32-38 cm depth range.

Other associated samples

Inflow from Round Lake (measured in July 2013)(Fig. 1)
had a DIC concentration of 3.5 mM and a §'3C value of
-8.1%, and a DOC concentration of 0.13 mM with a 6'3C
value of —32.89,. The outlet draining FGL (also measured in
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40 — 48 cm

Fig. 7. Scanning electron microscope images of thin sections made from sediments collected from the top 5 cm (0-5 cm depth, left) and from the
bottom 8 cm (40-48 cm depth, right) of a core collected from FGL in July 2015. Diatom frustules (SiO;) show up as dark gray, carbonate crystals as
light gray, and iron sulfide minerals as white. Field of view is identical for both images (note scale).

2013) had a DIC concentration of 2.9 mM with a 6'3C value
of —6.9%, and a DOC concentration of 0.12 mM with a
513C value of —33.7%, (Table 1).

A groundwater fed sulfidic spring located ~ 8 km from
FGL (south of Chittenango, New York on highway 13) was
sampled in 2015 as a presumed proxy for groundwater input
into FGL. The spring pH (7.2), calcium (12.33 mM), sodium
(1.18 mM), chloride (1.45 mM), and sulfate (15.84 mM) val-
ues were all similar to those found in the chemocline for
FGL (Table 1). The spring had a DIC concentration of
4.9 mM and a 6'3C value of —11.7%, and a DOC concentra-
tion of 0.07 mM with a ¢'3C value of —29.0%,, also similar
to the values found at the FGL chemocline.

Discussion

One-Dimensional box mixing models for DIC and CH,4
Comparing analytical results to the chloride concentra-
tion profile (a conservative tracer) indicates diffusion
between a higher Cl concentration “deep source” from
groundwater inputs in the monimolimnion and a lower Cl
concentration “shallow water” source diluted by precipita-
tion and surface runoff in the mixolimnion. Using this infor-
mation, we built a simple 1-dimensional (1D) box mixing

models for DIC and CH,4 to estimate potential sources and
sinks in the water column.

Dissolved inorganic and organic carbon

DIC §'3C values in the water column reflect three distinct
layers (Fig. 5)—the chemocline DIC §'3C values are consis-
tent with groundwater input; the mixolimnion DIC 6'*C val-
ues are influenced by dilution with surface-water inputs, loss
of CO, to the atmosphere, and removal of more negative
0'3C value DIC by primary producers; and the monimolimn-
ion DIC '3C values are increasingly negative with depth
due to the remineralization of organic carbon in the water
column and sediments.

The DIC 6'*C values in the chemocline reflect groundwa-
ter input similar to a sulfidic spring south of Chittenango,
New York (DIC 6"*C of —11.7%,) and groundwater well val-
ues (DIC 6'3C of —10%,, Thompson et al. 1997). These obser-
vations are supported by previous work that indicated a
significant groundwater contribution to FGL (Takahashi
et al. 1968; Havig et al. 2015 and references therein). A
groundwater DIC 613C value of close to —129%, is expected
from the reaction of aqueous CO, derived from the micro-
bial respiration of organic carbon (producing H,CO3 with a
013C value of approximately —259%,) reacting with marine
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with units indicated at the top.

carbonate rock (with CaCO; with a ¢'3C value of ~ 0%,
Deines et al. 1974). The mixolimnion DIC §'3C values are
influenced by dilution with surface-water inputs, loss of CO,
to the atmosphere (Takahashi et al. 1968: this study, Sup-
porting Information Material) leading to preferential loss of
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12C0,, and removal of more negative 6'3C value DIC by pri-
mary producers during carbon fixation. These processes drive
mixolimnion DIC 6'3C values more positive. Monimolimn-
ion DIC 6'*C values, on the other hand, are increasingly
negative with depth due to the mineralization of organic
carbon in the water column and sediments with §'*C values
of —299%, to —409%,. Increasing DIC concentration with depth
in the sediment pore water coupled to DIC §'3C values
reaching —25.29,, (Fig. 6) indicate organic carbon mineraliza-
tion is occurring in the sediments, likely due to fermentation
and subsequent oxidation by sulfate reducing organisms
(SROs) given the availability of sulfate and high concentra-
tion of sulfide in the sediments (Fig. 4). Other redox-coupled
metabolisms (manganese reduction, iron reduction, nitrate
reduction, etc.) are not likely to be significant below the
redoxcline (Havig et al. 2015).

A simple 1D box diffusion model with 3-m layer spacing
was constructed (integrated over 20 yr) to estimate possible
sources and sinks of DIC in the water column (Fig. 8). Sim-
ple diffusion explained the overall trend in DIC concentra-
tion in the water column, but to explain the deviations from
the diffusion line, sources, and sinks were required. Specifi-
cally, DIC sinks of 4 mM/m?*/yr for the 0-3 m depth interval
and of 3.2 mM/m?/yr for the 18-21 m interval are consistent
with carbon fixation and precipitation of carbonate at the
surface and within the bacterial plate at the base of the che-
mocline. Sources of DIC peak just below the chemocline
(2 mM/m?/yr for the interval from 21 m to 24 m), then
decline gradually (1.5 mM/m?®/yr between 24 m and 27 m
and 0.5 mM/m?/yr from 27 m to 30 m). These values are
consistent with mineralization of organic carbon in the
upper portions of the monimolimnion. While an additional
DIC sink at the 33-36 m interval (1 mM/m?®/yr) may indicate
carbon fixation, it might also reflect a second chemocline
suggested previously (e.g., Jelacic 1970; Torgersen et al.
1981).

DOC §'3C values show little variation through the water
column, suggesting the DOC is likely recalcitrant organic
carbon, and that labile DOC is rapidly cycled so that its
influence on DOC §'3C values is minimal (Fig. 5). DOC con-
centration is consistently at or below 200 yM and nearly
unchanging through the water column, supporting this
hypothesis. Sediment pore-water DOC concentrations are
about an order of magnitude higher than in the water col-
umn, and have isotopic values that indicate input from che-
mocline and monimolimnion sourced biomass (e.g., seston),
as well as potential input of isotopically light DOC from oxi-
dation of CH,.

Methane

Methane concentration increases below the chemocline
(~ 20 m), reaching a maximum of ~ 20 uM near 50 m (Fig.
5). Similarly, concentration of methane increases in the sedi-
ments to a maximum of 137.4 uM at 30 cm (Fig. 6). The
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Table 1. Geochemistry of inputs to and outflow from FGL.

Carbon isotopes at FGL

Units Sulfide spring Round Lake OF Green Lake OF

UT™M m 4762750 4766646 4767716
18T m 0430840 0420851 0421627
Elevation m 176 128 127
pH — 7.2 7.7 8.0
Temperature °C 11.2 22.9 24.4
Conductivity uS/cm 2050 1879 1898
DIC mmol/L 4.9 3.5 2.9
DIC %o -11.7 —-8.1 -6.9
DOC mmol/L 0.07 0.13 0.12
DOC %o -29.0 -27.7 —28.6
Chloride mmol/L 1.45 — —
Sulfate mmol/L 15.84 — —
Ammonium umol/L 571 — —
Sodium mmol/L 1.06 — —
Calcium mmol/L 14.42 — —
Magnesium mmol/L 3.82 — —
Silicon umol/L 165 — —

Conductivity adjusted to equivalent at 25°C. UTM = Universal Transverse Mercator, OF = outflow.

increase with depth into the sediments indicates a diffusion
from a source below 30 cm. The shape of the methane con-
centration profile in the water column is similar to that
reported by Torgersen et al. (1981), but differs from that of
other stratified systems (Reeburgh et al. 2006; Dahl et al.
2010; Schubert et al. 2011) where methane concentrations
typically increase dramatically below a redoxcline and then
are constant throughout the lower water column. Diffusion
of CH,4 from a sole sediment source would produce a straight
line. However, a shoulder in the CH4 concentration below
the chemocline that then declines with depth is inconsistent
with diffusion. Matching the concentration curve through
construction of a simple 1D diffusion model over a 20 yr
time interval allowed estimation of sources and sinks at dif-
ferent depths in the water column (Fig. 8). For CH,, the best
fit was obtained with CH, sources of 21 umol CH4/m?/yr for
21-24 m and 4 ymol CH,/m?/yr for 24-27 m and sinks of 26
umol CH,/m?/yr from 18 m to 21 m, 5 yumol CH,/m?/yr for
27-30 m and 1 umol CH4/m?/yr between 30 m and 39 m
(Fig. 8) suggesting methane production in the water column.
However, we failed to amplify the gene (mcr) that encodes
the alpha subunit of the methyl-coenzyme M reductase from
water column samples collected from 20.5 m, 24 m, or
30 m. Furthermore, PCRs of genomic DNA (gDNA) extracted
from the top 50 cm of sediment samples also failed to
amplify mcr. Methyl-coenzyme M reductase is present in all
methanogens and catalyzes the last step in methanogenesis.
In addition, there was no measurable methane production in
mesocosms from the same depths (see Supporting Informa-
tion Material for details). These sources likely represent
inputs of groundwater at around 20 m (Thompson et al.
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1990) accelerating the diffusive upward flux toward the sink
for methane within the chemocline.

A potential source for methane in FGL is from CHy-bear-
ing/generating sedimentary units. Based on water and gas
analysis, the majority of methane at depth (> 168 m) in
Devonian-aged shales and sandstones that are part of the
northern Appalachian Basin margin is thermogenic in origin,
with 6'C values that range from —53.3%, to —40.29%,
(Osborn and McIntosh 2010). However, small accumulations
of biogenic CH4 were detected at shallow depths in western
New York, with 6'3C values that range from —74.79, to
—-57.99,, (Osborn and McIntosh 2010). Groundwater wells in
Arkansas underlain by CHy-containing shales had CH, 6'3C
values that ranged from biogenic (lowest CH, 6'*C value of
—74.7%,) to thermogenic (highest CH, 6'*C value of
—42.3%,) (Warner et al. 2013). If methane at FGL was from
similar sources, we would expect to find values within these
ranges.

Methane in water column samples is remarkably light,
with 6'3C between —99.1%, and —102.39%,, indicating a bio-
genic origin (Fig. 5). Methane 6'C measured at a mixolimn-
ion depth of 10 m was —66.2%,. This value is between the
monimolimnion values (ca. —100%, and that of atmo-
spheric CHy (—47.1%, Whiticar 1999), indicating mixing of
the two sources. All of the values found at FGL can be attrib-
uted to a biotic source of methane—methanogenesis can
produce fractionation factors of up to 779, (with methanol
as the source for C, methyltrophic) and 589, (with CO, as
the source of C, hydrogenotrophic) in pure culture experi-
ments (Whiticar 1999). Typically, hydrogenotrophic metha-
nogenesis produces the most negative §'°C values and



Havig et al.

greatest fractionations (up to 959, observed in natural
systems (Whiticar 1999). Assuming the smallest possible
fractionation (subtracting the most negative sediment pore-
water 6'3C-DIC value of —25.29%, from water column §'3C-
CH,4 values), fractionation factors are ca. 779, suggesting
hydrogenotrophic methanogenesis as a potential source of
methane in FGL. In Lago di Cadagno, a permanently strati-
fied lake in the Swiss Alps, the §'*C fractionation factors for
sediment CH, from DIC (data from Schubert et al. 2011) are
up to 779, similar to those estimated for FGL. Methane is
produced in the upper 30 cm of sediments in Lago di
Cadagno due in part to drawdown of sulfate to values less
than 100 uM by the action of SROs. In contrast, this extreme
drawdown of sulfate was not observed in the top 48 cm of
sediment in FGL (Fig. 4). An alternative hypothesis for the
generation of negative CH4 6'*C values comes from isotopic
fractionation effects in adsorption/desorption systems during
mass transport of thermogenically produced CH, through
rocks and sediments. While laboratory experiments indicate
that the fractionations can be great, extrapolation to geo-
logic processes predict a maximum change of only ~ 5%,
more negative from the original value (Xia and Tang 2012).
This is supported by the lack of extremely negative values
from natural sources in the region (e.g., Osborn and McIn-
tosh 2010; Osborn et al. 2011) or other natural gas produc-
ing regions (e.g., Warner et al. 2013).

The methane 6'*C values measured in the monimolimn-
ion water column at FGL were most similar to those reported
from sediment core pore-water analyses for samples collected
from the Orca Basin in the Gulf of Mexico (lowest CHy 6'3C
value of —105%,, Sackett et al. 1979) and the King George
Basin of Antarctica (lowest CH, 6'3C value of —101.9%,
Whiticar and Suess 1990). The conditions in both basins are
similar to those predicted to favor the co-occurrence of SROs
and methanogens (Mitterer 2010). Traditionally sulfate
reduction and methanogenesis have been viewed as competi-
tive metabolic pathways, with SROs out-competing metha-
nogens for energetic substrates (e.g., H,, acetate). However,
methylotrophic methanogens produce CH, via the break-
down of noncompetitive methylated substrates such as
methanol (4 CH30H — 3 CH4+ CO;, +2 H,0), trimenthyl
amine (4 (CH3)3N+6 H,O — 9 CHy,+3 CO, +4 NHj), and
dimethylsulfide (2 (CH3),S + 2 H,O — 3 CHy4 + CO; + 2 H,S),
allowing production of CH, in zones of active sulfate reduc-
tion by SROs. The co-occurrence of sulfate reduction and
methane production in marine sediments has been docu-
mented where (1) there are noncompetitive substrates avail-
able to methanogens and SROs, (2) there is moderate to high
total organic carbon present, (3) there is a source of sulfate
in the sediment sub-seafloor (e.g., brine), (4) there is a mod-
erate to high sedimentation rate, and (5) the sediments are
carbonate-dominant (Mitterer 2010). FGL sediments have
characteristics which are consistent with the co-occurrence
of SROs and methanogens: high organic carbon content
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(Fig. ©6), sulfate in the pore water (Fig. 4) possibly from a
deeper brine source (Brunskill and Harriss 1969), a sedimen-
tation rate of 0.1-0.7 mm/yr (Hilfinger et al. 2001), and
carbonate-dominant lithology (Hilfinger et al. 2001; Fig. 6).
A study of sediments from the Orca Basin (a hypersaline sub-
marine environment sulfate concentrations ca. 40 mM) indi-
cated methylotrophic methanogenesis was the source of CH,
with 6'3C values of —779%, to —89%, (Zhuang et al. 2016).
Pure culture experiments have indicated methylotrophic
methanogenesis can produce extremely isotopically light
CHy4. In one study, Methanosarcina barkeri generated CHy
with 0'3C values of —112.2%, to —114.2%, from a methanol
substrate with 6'3C values of —39.9%, (Krzycki et al. 1987).
In another study, Methanococcoides burtonii generated CHy
with a 6'3C value of —97%, from a trimethyl amine substrate
with 6'3C values of —36.9%, (Summons et al. 1998). These
values are consistent with more recent work reporting frac-
tionation factors of —729, to —839%, generating CH, with
o13C values at or below —100%, from a methanol substrate
for pure cultures of Methanosarcina barkeri, Methanosarcina
acetivorans, and Methanolobus zinderi (Penger et al. 2012).
While fractionation and absolute 6'*C values of CH, gener-
ated via methylotrophic methanogenesis in natural systems
is still poorly constrained, the environmental conditions in
FGL pore water suggest extremely negative §'*C CH, found
in the water column is likely sourced from this pathway.
Given the results of our 1D model, we propose CH, is being
generated primarily in the sediments and diffusing into the
water column, with an input of CH, associated with lateral
groundwater input.

Sediment carbonate

Carbonate minerals are the dominant mineralogy of FGL
sediments (due to cyanobacteria Synechococcus spp. driving
calcite precipitation in the water column, as described in
Thompson et al. 1997), with greater wt. % CaCO3 values
below 20 cm (86-89%), and lower wt. % CaCOs3 values across
the 20 cm transition (73%) which then increase to values
that approach those of the deep sediments at the surface
(82%) (Fig. 6). Cores collected at FGL (47 cm total sediment
depth) from a previous study were dated to ~ 2500 yr before
present based on varve counting coupled to '*C dating of
plant material (Hilfinger et al. 2001). Previous work has
shown that carbonate below the ~ 20 cm transition is cal-
cite, while above the transition there is a significant input of
dolomite from the accelerated erosion of local bedrock by
deforestation and agriculture following EFuropean settlement
of the area ca. 1770 CE (Hilfinger et al. 2001). Through this
transition, the size of calcite crystals in the deeper sediments
is significantly larger than those found above the transition
(Fig. 7). From counts conducted on SEM images, 59% of crys-
tals had a long axis that fell between 4 ym and 8 um for the
0-5 cm depth range (average of 7.4 um), while 58% of crys-
tals had a long axis that fell between 6 ym and 12 ym for
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Fig. 9. Organic carbon stable isotope data associated with FGL, New York, including allochthonous plant material (leaves), autochthonous biomass
(water column), water column DOC, and sediment organic carbon (sediments). Data from Fry (1986), Fulton (2010), and this study. Black horizontal
bar encompasses full data range, with a triangle indicating mean values when there is more than one data point, and number of data points given.
All carbon isotope values are reported vs. VPDB standard, in units of per mil (%,).

the 40-48 cm depth range (average of 10.3 um). The decrease
in calcite crystal size observed between the deep and surface
sediments at FGL may reflect a decrease in calcite precipita-
tion rates as a result of increasing pCO, in the atmosphere
from anthropogenic sources, resulting in acidification lower-
ing calcite saturation indices (which would have been fur-
ther compounded by release of NOy and SO, from the
burning of coal producing HNO3z and H,S04). An alternate
hypothesis is that more recent whiting events (precipitation
of carbonate minerals in the water column, resulting in a
milky appearance) have become more dense, resulting in a
shorter period of crystal growth before settling. Precipitation
of carbonate with increasing depth leading to coarsening
crystal size is inconsistent with the carbonate 6'3C values
found in the FGL sediments (Fig. 6 and described below).
Carbonate 6'3C values in the sediments have an average
value of —4.39, and fall within a tight range (—4.29%, to
—5.09%,) (Fig. 6), similar to values reported in previous studies
(Takahashi et al. 1968; Fry 1986; Thompson et al. 1997; Hil-
finger et al. 2001; Fulton 2010). Sediment carbonate §'3C
values are similar to those measured for carbonates filtered
from water depths of 0 m (—5.4%,) and 10 m (—5.5%,), and
values for carbonates measured from surface water and
thrombolite material reported in Thompson et al. (1997).
This similarity between carbonates precipitating in the oxic
zone to those deposited over the last ~ 2500 yr (represented
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by the sediment core) suggest water column precipitation is
the primary source of carbonate minerals in the sediments.

Sediment organic carbon

Sediment organic carbon ranges from 1.8% to 4.2% mak-
ing it a sapropel, which is consistent with euxinic conditions
acting to inhibit organic carbon oxidation and loss (Fig. 6).
Lower values in the upper sediments may partially be the
result of dilution with increased inorganic detrital sedimen-
tation, though there is no abrupt shift near 20 cm. Organic
carbon §'3C values were —32.6%, for the 40-48 cm depth
interval, and increased slightly to values between —329%, and
-319%, from 25 cm to 40 cm, then exhibited a further
increase to a high of —29.0%, to —28.8%, for sediments
between 10 cm and 20 cm before dropping back down to
—32.69%, at the surface (equal to those of the deepest sedi-
ments) (Fig. 6). These organic carbon 6'*C values indicate
greater input of organic carbon from sources with more neg-
ative 6'3C organic carbon in the deeper sediments (below
25 cm) and at the surface (0-5 cm), and a more positive §'*C
organic carbon source between 5 cm and 25 cm (peaking
between 10 cm and 20 cm). A source of more negative 6'3C
organic carbon includes primary productivity by PSB and
GSB at and below 20 m, with seston §'C values that range
from —379, and —429, (Table 1; Fig. 9). Note that GSB use
the reverse tricarboxylic acid (trTCA) pathway for fixing car-
bon, which typically yields relatively smaller fractionations
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(Havig et al. 2011 and references therein), however GSB are
also capable of uptake and incorporation of organic com-
pounds in conjunction with autotrophic photosynthesis
(Fuchs et al. 1980), which could be generated by fermenters
from PSB-sourced organic material. More positive organic
carbon 6'3C values may be sourced from higher plant mate-
rial (e.g., tree leaves, with a range of —27.39, to —31.5%,) or
from primary productivity in the upper 10 m of the water
column where seston can have values of between —25.59,
and —33.09%, (Fig. 9; Fulton 2010). Assuming no preferential
breakdown of organic matter across the 48 cm sediment
depth range, organic carbon §'°C values may reflect a rela-
tive decrease in more negative organic carbon and an
increase in less negative organic carbon between 5 cm and
25 cm depths. An alternative would be an increased rate of
breakdown of isotopically lighter organic matter between
S cm and 25 cm leaving heavier recalcitrant organic matter
behind; though this is not reflected in the total organic car-
bon values (Fig. 9). Pore-water DOC §'3C values from 0 cm
to 10 cm are approximately 1.5-29/, more negative than sedi-
ment organic C, and below 20 cm are approximately 2.8-
2.99%, more negative, and are from 3.3%, to 10.09, more neg-
ative between 10 cm and 20 cm (Fig. 6). Our first order
assumption is that the DOC is produced from the breakdown
of labile microbial biomass, while sediment organic C is a
combination of more recalcitrant allochthonous plant and
soil material and autochthonous microbial biomass. The pos-
itive trend in sediment organic carbon 6'*C values above
20 cm is consistent with greater influence of more positive
soil and/or plant material input following European settle-
ment of the FGL area, while the sharp shift of DOC §'*C for
the 16-19 cm depth range to more negative (and similar to
PSB biomass values ca. 409, indicates a concurrent shift
toward a greater influence of PSB on DOC. It is important to
note that the sedimentation rate at FGL increased by seven
times with the onset of European settlement (Hilfinger et al.
2001), so adjusting the % organic C content indicates the
amount of organic carbon being deposited in FGL sediments
increased dramatically, with an adjusted value of 22.0%
organic carbon for the 10-20 cm depth range, 15.7% for 5-
10 c¢m, and 12.6% for 0-5 cm. Thus, it appears that there
was an increase in biomass being delivered to the sediments
in FGL concurrent with European settlement and shift
toward agricultural land use around FGL. The subsequent
negative shift of 6'C values for carbonate minerals as well
as organic carbon in the uppermost sediments coincides
with the onset of fossil fuel burning associated with the
industrial revolution (12 cm depth = the year 1850, Hilfinger
et al. 2001). The increasing use of fossil fuels since that time
has resulted in a shift of atmospheric CO, §'*C values from
approximately —6.59, circa the year 1850 (Friedli et al.
1986) to modern values of approximately —8.39%, circa the
year 2013 (United States Department of Energy), and this
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change could help explain the shift to more negative §'*C
values in the uppermost sediments at FGL.

Carbon isotope conceptual model

Modern redox-stratified water bodies such as FGL may
serve as useful proxies to elucidate the effects of stratification
on inorganic and organic carbon burial and resulting carbon
isotope signals transferred to the rock record. A conceptual
1D model interpreting the results of analyses of water col-
umn and sediment samples collected at FGL illustrates the
primary influences driving carbon isotopic values for inor-
ganic and organic carbon (Fig. 10). All isotopic values are
expressed as average o'°C values, with any data included
from previous studies indicated.

DIC 6'3C values within the chemocline reflect input of
groundwater replete with DIC into FGL, consistent with
what has been suggested previously (Deevey et al. 1963;
Takahashi et al. 1968; Torgersen et al. 1981; Thompson
et al. 1990; Havig et al. 2015). DIC 6'3C values are increased
by approximately +49, in the mixolimnion relative to the
groundwater input due to preferential removal of low §'3C
inorganic carbon through carbon fixation by diatoms and
cyanobacteria (reflected as the DIC sink in Fig. 8). Loss of
CO; to the atmosphere may also contribute to surface water
with heavier 6'3C values through exchange at the surface
and subsequent mixing (consistent with calculated pCO2
values greater than atmospheric values, Supporting Infor-
mation Material), as well as precipitation input of DIC with
values close to zero (in equilibrium with atmospheric CO,).
Inputs of organic carbon include biomass generated
through carbon fixation by terrestrial plants, diatoms, cya-
nobacteria, PSB, and GSB. Primary productivity in the water
column acts to preferentially transfer '?C to the deeper
water and sediments. Remineralization of organic carbon is
driven by heterotrophic microorganisms (including SROs,
fermenters, and methanogens) converting '>C enriched
organic carbon into DIC, thereby increasing the DIC pool
concentration and making it more 'C enriched. DIC in the
monimolimnion is approximately —39%, relative to ground-
water DIC input from 21 m to 37 m, approximately —79,
from 37 m to 53 m, and approximately —119, for sediment
pore water, likely reflecting a diffusive gradient from remi-
neralization of organic C in the sediments with additional
water column remineralization occurring below the chemo-
cline (Fig. 8).

Carbonate precipitation in the mixolimnion driven by
cyanobacteria (esp. Synechococcus sp., Thompson et al.
1997) produces calcite that is heavier than the water DIC
values, and that signal is transferred to the sediments. The
fractionation between mixolimnion DIC 6'3*C values and
those of precipitated calcite is approximately +29%,, and the
fractionation from the original groundwater DIC value is
approximately +69%,. This carbonate is transferred to the
sediments, and the §'*C value remains essentially unaltered
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in spite of the high concentration of '*C enriched DIC Relevance of FGL for systems with increasing anoxia

(average of 10.4 mM) as well as calcium (average of Increasing temperatures due to global climate change are
14.1 mM) in the sediment pore water maintaining calcite predicted to lead to higher lake surface temperatures that
super-saturation. will increase thermal stratification and stability (Einsele et al.
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2001; Ficke et al. 2007). Furthermore, higher surface temper-
atures will lead to increased cyanobacterial and algal biomass
production which will drive increasing anoxia in deeper
water due to increasing organic carbon oxidation of that pro-
duced biomass as well as associated carbonate precipitation
(Einsele et al. 2001; Ficke et al. 2007). Supporting this, a
study of the effects of the 2003 summer heat wave in Europe
on two Swiss lakes showed an increase in overall thermal
stratification and stability, and dissolved oxygen depletion
in the hypolimnions of both (Jankowski et al. 2006). Using
FGL as a perennially stratified end-member for the effects of
increasing anoxia in lakes and reservoirs, we can make pre-
dictions for the effects on carbon cycling and sequestration.
While it has long been established that anoxic conditions
are advantageous to sequestration of organic carbon in sedi-
ments (e.g., Canfield 1994), precipitation of carbonate in the
water column can also be an important sink for carbon in
lakes. At FGL (owing to the high calcium concentrations),
the sediments sequester 2-6 times as much C as carbonate
(8.8-10.6% C dry weight in sediments) then as organic car-
bon (1.8-4.2% C dry weight in sediments). Also, heterotro-
phic breakdown of organic C and conversion into DIC leads
to large amounts of C in the water column (Fig. 5) as well as
sediment pore water (Fig. 6). Longer periods of thermal strat-
ification coupled to increased productivity by benthic photo-
autotrophs may lead to an increase in the amount of organic
carbon sequestered in sediments, though this might also
drive increased methanogenesis (e.g., Waseda 1998).
Increased occurrence and length of cyanobacterial bloom
periods in lakes where carbonate precipitation occurs in the
water column as a result will also lead to increased sequestra-
tion of C in the sediments. Increased occurrences of thermal
and redox stratification may also lead to an increased roll for
anoxygenic photosynthesis in primary productivity in lakes
where the redox transition occurs in the photic zone. Over-
all, the impacts of increased stratification in lakes on the
local and global carbon cycle will depend on the physical
and geochemical conditions of the lake in question.

Potential perspectives for the paleoproterozoic ocean

The effects of the oxic/euxinic redox stratification of FGL
may serve as a model for similar conditions that occurred in
the oceans during the Paleoproterozoic. One is the large role
carbonate precipitation in the water column plays in carbon
sequestration into the sediments at FGL, where most of the
precipitation occurs in the upper oxic mixolimnion. Another
is the large range of DIC concentration and 6'*C values for
DIC from the oxic mixolimnion through to the euxinic
monimolimnion and on into the sediment pore water (Figs.
5, 6). Owing to heterotrophic breakdown of organic material
generating DIC, there is an increase in concentration by a
factor of two in the mixolimnion and four in the sediment
pore water compared to the mixolimnion. Mirroring this
increase in concentration is a decrease in the DIC §*C
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values of —129%, in the monimolimnion and —16%, in the
sediment pore water vs. the mixolimnion. If global circula-
tion patterns were to stagnate for a significant period of
time, this could lead to an increase in the amount of DIC
stored in the deep ocean. A further effect is the relatively
high DOC concentration in the monimolimnion (70-262
umol/L) observed at FGL (Fig. 6). These values may prove
useful as estimates for global ocean C cycling models for
redox stratified oceans, especially given they range from sim-
ilar to, to much higher than the highest values for the mod-
ern ocean (Hansell 2013). Last, the generation of CH, in FGL
sediments with extremely negative §'C values (—99.1%, to
—102.3 9, in the presence of high sulfate concentrations
may have implications for the generation of methanotrophic
biomass with anomalously negative biomass 6'3C values
(i.e., the Francevillian excursion circa 2.0 Ga, Schidlowski
2001) without the need for sulfate concentrations to
decrease enough to limit SROs.

Conclusions

Investigation and high depth-resolution sampling of the
water column and sediments at FGL have revealed a com-
plex carbon cycle resulting in unique inorganic and organic
carbon stable isotope signals. The groundwater input with
high concentrations of calcium, sulfate, and bicarbonate
maintains the meromictic nature of FGL where primary pro-
ductivity is driven by different communities in the upper
water column and sulfate reducing bacteria produce sulfide
to sustain euxinia below 21 m. Carbon fixation and concur-
rent calcite precipitation decrease the DIC concentration in
the upper 15 m of the FGL water column and drive DIC
0'3C values positive by approximately +49, (relative to the
groundwater input) resulting in precipitation of calcite that
is enriched by approximately +69,, relative to the input
source (groundwater DIC). As a result of remineralization of
organic matter, DIC concentration increases with depth
below the chemocline (> 21 m depth), and DIC §'*C values
become enriched in '?C driving deep DIC '3C values to
approximately —79,, (relative to groundwater input). Possible
noncompetitive co-occurrence of sulfate reducing bacteria
and methanogens allows for the production of methane in
spite of copious amounts of sulfate present in the sediments,
generating methane with §C values of —99.1%, to
—102.39, (the most negative values yet recorded for a non-
marine system, and only the third report of natural abun-
dance §'3C values below —100%, known to the authors).

Our data indicate complex carbon cycling in a perma-
nently stratified lake which is distinct from other systems
and underscore the need for future studies in other stratified
systems. FGL and other stratified systems can serve as valu-
able end-members for understanding the role of increasing
occurrences of thermal and redox stratification in lakes and
reservoirs on global carbon cycling. Similarly, these redox-
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stratified systems are valuable analogs of carbon cycling in
the oceans during the Paleoproterozoic (as well as other
times of global ocean redox stratification).
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