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Abstract
Lacustrine carbonates are a powerful archive of paleoenvironmental information but 
are susceptible to post-depositional alteration. Microbial metabolisms can drive such 
alteration by changing carbonate saturation in situ, thereby driving dissolution or pre-
cipitation. The net impact these microbial processes have on the primary δ18O, δ13C, 
and Δ47 values of lacustrine carbonate is not fully known. We studied the evolution 
of microbial community structure and the porewater and sediment geochemistry in 
the upper ~30 cm of sediment from two shoreline sites at Green Lake, Fayetteville, 
NY over 2 years of seasonal sampling. We linked seasonal and depth-based changes 
of porewater carbonate chemistry to microbial community composition, in situ carbon 
cycling (using δ13C values of carbonate, dissolved inorganic carbon (DIC), and organic 
matter), and dominant allochems and facies. We interpret that microbial processes are 
a dominant control on carbon cycling within the sediment, affecting porewater DIC, 
aqueous carbon chemistry, and carbonate carbon and clumped isotope geochemistry. 
Across all seasons and sites, microbial organic matter remineralization lowers the δ13C 
of the porewater DIC. Elevated carbonate saturation states in the sediment porewa-
ters (Ω > 3) were attributed to microbes from groups capable of sulfate reduction, 
which were abundant in the sediment below 5 cm depth. The nearshore carbonate 
sediments at Green Lake are mainly composed of microbialite intraclasts/oncoids, cha-
rophytes, larger calcite crystals, and authigenic micrite—each with a different origin. 
Authigenic micrite is interpreted to have precipitated in situ from the supersaturated 
porewaters from microbial metabolism. The stable carbon isotope values (δ13Ccarb) 
and clumped isotope values (Δ47) of bulk carbonate sediments from the same depth 
horizons and site varied depending on both the sampling season and the specific loca-
tion within a site, indicating localized (μm to mm) controls on carbon and clumped iso-
tope values. Our results suggest that biological processes are a dominant control on 
carbon chemistry within the sedimentary subsurface of the shorelines of Green Lake, 
from actively forming microbialites to pore space organic matter remineralization and 
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1  |  INTRODUC TION

Carbonate minerals capture information about their formation en-
vironment, and thus can be used to reconstruct ancient climate and 
tectonics throughout Earth's history. Lacustrine carbonates source 
their carbon and oxygen from the water in which they form. As such, 
the carbonate oxygen (δ18Ocarb) and carbon (δ

13Ccarb) isotope ratios 
can be related to the oxygen and the dissolved inorganic carbon (DIC) 
compositions of the formation water via predictable water-mineral 
fractionation (Coplen, 2007; Emrich et al., 1970; Kim & O'Neil, 1997; 
Romanek et al., 1992). These values can then be related to the re-
gional and local processes that influence meteoric water and carbon. 
Lacustrine carbonate sediments, in particular, are used to create 
regional records of terrestrial paleoclimate and biogeochemical 
cycles. The lacustrine carbonate record has shaped much of our 
understanding of the response of terrestrial environments and eco-
systems to regional or global stresses (e.g., Dansgaard, 1964; Leng & 
Marshall, 2004; Li & Ku, 1997; Pietzsch et al., 2020; Rowley, 2007; 
Steinman & Abbott, 2013; Talbot, 1990; Thompson et al., 1990).

Both the temperature of lake water and the oxygen isotope com-
position of the lake water (δ18Ow) determine the oxygen isotope val-
ues of carbonate forming in the lake water (δ18Ocarb). The δ

18O value 
of lake water is affected by elevation and latitude, (which alters δ18O 
of precipitation) and relative amount of evaporation. In hydrologi-
cally open systems, δ18Ocarb can be used to reconstruct δ18O values 
of precipitation and ancient elevations (e.g., Currie et al., 2016; Ingalls 
et al., 2017; Ingalls, Frantz, et al., 2020; Ingalls, Rowley, et al., 2020; 
Poage & Chamberlain, 2001; Rozanski et al., 1993; Talbot, 1990). In 
hydrologically closed lakes, lake water δ18Ow values are typically 
higher than δ18Ow values of regional meteoric water due to Rayleigh 
distillation of lake water during evaporation (Leng & Marshall, 2004). 
Carbonate minerals that form in equilibrium with lake water thus re-
cord the relative 18O-enrichment at the time of mineral formation 
and can be used to reconstruct evaporation-precipitation balance 
and paleo-aridity (Dansgaard,  1964; Steinman & Abbott,  2013; 
Talbot, 1990). δ13Ccarb values can be related to basin-scale primary 
productivity (Leng & Marshall, 2004) as well as past partial pres-
sure and δ13C values of atmospheric CO2 (Pietzsch et al., 2020). In 
closed basin lakes, δ13Ccarb and δ18Ocarb values are often positively 
correlated, with both trending towards higher values with increasing 
evaporation (Li & Ku, 1997).

These traditional interpretations require an assumption that the 
stable isotope values of lacustrine carbonates are controlled solely 
by hydroclimate and water column processes and remain unaltered 

after deposition. However, complex biogeochemical cycles that 
occur at both the basin scale and shorter length scales contribute 
to lacustrine carbonate geochemistry and isotopic signatures. For 
example, when microorganisms metabolize, they cycle nutrients and 
major ions (e.g., C, N, P, and S species) that impact carbonate chem-
istry. Microbial metabolisms mediate the components of aqueous 
chemistry that set the carbonate saturation state of a given carbon-
ate mineral, Ω, by producing or consuming dissolved inorganic car-
bon (DIC) and/or alkalinity (ALK; a measure of a solution's ability to 
buffer the addition of protons). The saturation state (Ω) of calcium 
carbonate is defined as Ω =

�
Ca2+

∗�
CO2−

3

Ksp

, where �Ca2+ and �CO2−
3

 are the 
activities of Ca2+ and CO2−

3
 in solution, and Ksp is the solubility prod-

uct constant for a given carbonate polymorph at the temperature, 
pressure, and salinity of the solution (Zeebe & Wolf-Gladrow, 2001). 
Because microbial metabolisms can alter both DIC and alkalinity 
concentrations, which in turn can impact the CO2−

3
 concentration, 

microbial metabolisms can result in changes to Ω. Ultimately, the 
magnitude of change in Ω can be predicted based on the ratio of net 
change in alkalinity to net change in DIC concentration (ΔALK/ΔDIC) 
caused by the metabolism's net reaction (Bergmann et  al., 2013). 
Because the carbonate saturation state governs whether a solution 
favors carbonate mineral dissolution (Ω < 1) or precipitation (Ω > 1), 
microbial activity is an important lever in carbonate mineralization 
and alteration in the sediment porewater. In addition to altering 
Ω, different microbial metabolisms result in unique carbon isotope 
fractionations within lake and sediment porewaters due to distinct 
carbon fixation pathways. As a result, authigenic microbial carbon-
ate precipitating from sediment porewaters may have distinct δ13C-

carb values (Blättler et  al., 2015; Claypool & Kaplan,  1974; Ingalls, 
Frantz, et al., 2020; Meister et al., 2007). Microbial subsurface pro-
cesses are also hypothesized to impact carbonate clumped isotope 
values (Δ47; the relative abundance of the 13C18O16O isotopologue; 
Ingalls, Frantz, et al., 2020; Ingalls, Rowley, et al., 2020; Petryshyn 
et al., 2015; Thaler et al., 2020). In other words, isotopic measure-
ments of bulk carbonate that include a mass fraction of authigenic 
carbonate (i.e., carbonate that precipitated from sediment porewa-
ters) may not reflect basin-scale processes alone. Here, we connect 
processes occurring in the lacustrine sediment subsurface – both 
microbiological and physicochemical – to the isotopic signatures 
(δ18Ocarb, δ13Ccarb, and Δ47) of bulk lacustrine carbonate sediment.

We measured δ13Ccarb and δ18Ocarb of shoreline carbonate sed-
iments, stable carbon isotope ratios of the porewater (δ13CDIC) and 
organic matter (δ13Corg), and the major ion concentrations of the 
porewater at two shoreline sites in Green Lake, NY, USA to evaluate 

micrite authigenesis. A combination of biological activity, hydrologic balance, and al-
lochem composition of the sediments set the stable carbon, oxygen, and clumped 
isotope signals preserved by the Green Lake carbonate sediments.

K E Y W O R D S
carbonate, clumped isotopes, diagenesis, geomicrobiology, microbialite, sedimentology
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the geochemistry at different depths in the sediment over 2 years. 
The core locations were within the well-mixed, upper, oxic portion 
of the lake. We used 16S rRNA gene amplicon sequencing to identify 
the microbial clades present at each depth and to ultimately con-
nect the microbial community in the sediments with porewater and 
sediment geochemistry. We identified the allochems present within 
the sediment to understand the paragenesis of shoreline carbonate 
sediment at Green Lake. We identified proto-facies present in the 
shallow sediments to diagnose which carbonate facies may be most 
affected by microbial processes. We also measured Δ47 values of 
a subset of carbonate samples to determine how microbial carbon 
cycling impacts the clumped isotope temperatures preserved by 
the sediments. In doing so, we determined the impacts of microbial 
carbon cycling on driving early diagenesis and on what signals are 
preserved in the lacustrine carbonate record of Green Lake with 
the goal of informing isotope-based interpretations of the lacustrine 
rock record—especially of shoreline microbial carbonate facies.

1.1  |  Geologic setting and carbonate geobiology of 
Fayetteville Green Lake

Green Lake in Fayetteville, New York is well-studied due to a redox 
structure thought to be comparable to Proterozoic oceans (Havig 
et  al.,  2018), and the known influence of microbes in both water 
column whiting precipitation and active microbialite bioherms lin-
ing the steep margined shorelines. Green Lake is a closed-basin, 
meromictic lake, with a chemocline that permanently separates the 
oxic upper layer (mixolimnion) from the anoxic bottom layer (moni-
molimnion; Thompson et al., 1990). This results in a redox gradient 
from lake surface to bottom, and a dense bacterial layer between 
mixolimnion and monomolimnion. Both Green Lake and its neigh-
boring (upstream) Round Lake are primarily recharged by saline, 
sulfate-rich groundwater that percolates through the evaporite-rich 
(i.e., gypsum (CaSO4•H2O), dolomite (CaMg(CO3)2), and halite-rich 
(NaCl)) Syracuse and Vernon Shale Formations of the Silurian Salina 
Group (Thompson et al., 1990). The permanent stratification is at-
tributed to the density contrast between the saline bottom layer 
and decreased wind stress due to the steep-basin geometry of 
the lake (Thompson et  al., 1990). The permanent redox stratifica-
tion and sulfur-rich incoming groundwater have a major influence 
on the lake's microbial community structure: photosynthesis and 
aerobic respiration are the main metabolisms in the mixolimnion, 
while paired sulfate reduction and sulfide oxidation are the main 
metabolisms at the chemocline, and anaerobic oxidation of organic 
matter and methanogenesis are the main metabolisms below the 
chemocline (Thompson et al., 1990). Green Lake has been used to 
understand carbon cycling and fluxes in ancient redox-stratified 
and euxinic environments, like intermittent periods of the late 
Paleoproterozoic and Mesoproterozoic ocean (Havig et  al.,  2018; 
Meyer & Kump, 2008), despite the fact that sulfate concentrations 
were likely much lower in the Proterozoic ocean than in the modern 
(e.g., Chu et al., 2007; Gellatly & Lyons, 2005).

Microbial photosynthesis drives carbonate precipitation in multi-
ple ways in Green Lake. Previous work has demonstrated the bioge-
nicity of “whiting events” at Green Lake, a phenomenon that occurs 
in some shallow marine and lacustrine environments today (Stanton 
et al., 2022; Thompson et al., 1997). These studies have shown that 
water column calcite precipitation during whiting events in the lake is 
controlled by photosynthetic cyanobacteria (Synechococcus) and dia-
toms and relies on extracellular polymeric substances (EPS) to scaf-
fold mineralization (Kamennaya et  al., 2020; Stanton et  al.,  2022). 
Photosynthetic cyanobacteria also induce carbonate precipitation 
on the surface of the thrombolitic bioherms in Green Lake, which 
are clotted microbialites that line the east and northwest shores of 
Green Lake (DeMott et al., 2020; Thompson & Ferris, 1990; Wilhelm 
& Hewson, 2012).

2  |  METHODS

2.1  |  Field sampling

Sediment cores, porewater samples, and lake water samples were 
collected from Green Lake every fall, spring, and summer from 
September 2020 to July 2022 (Table S2). Each season, at least one 
sediment core and suite of water samples were taken at a location 
on the eastern shore of the lake (Bioherm East; BHE) in the reworked 
sediments on top of a thrombolite bioherm (Figure 1a–c). BHE cores 
did not penetrate the thrombolite underneath the reworked sedi-
ment. In the summer 2021 and spring 2022, a sediment core and 
water samples were also collected at a location on the southern 
shore of the lake at the inlet from Round Lake to Green Lake (Round 
Lake Inflow South; RIS; Figure  1a). Sediment cores were taken at 
approximately 40 cm water depth at both locations. During each 
sampling session and at each site, surface water, ambient air tem-
perature, and lake water pH were measured. Additionally, a HOBO 
Pendant® MX Temperature/Light Data Logger was deployed in 
fall 2020 at the BHE location and collected data every 30 min from 
September 19, 2020 to April 10, 2021 (Figure S1). In spring 2022, 
porewater temperatures were measured using a k-type temperature 
probe connected to a multimeter. The temperature probe was at-
tached to a metal rod and inserted into the sediment at 5 cm depth 
increments.

During all site visits, the upper ~30 cm of sediments were ex-
tracted via push coring with PVC core liners. One core (known as the 
“long core” collected from BHE in spring 2022, denoted as Spring 
2022b) was collected using a slide hammer corer. All sample types 
described herein were collected at 5 cm depth increments. In the 
field, porewater was extracted through 0.15 μm pore size rhizons 
(Rhizosphere) connected to 10 mL syringes inserted into holes drilled 
at 5 cm depth increments downcore (Figure 1d). Details of how pore-
water was treated in the field for DIC, pH, and ion analyses can be 
found in the Data S1.

After collecting the porewater, the core was sliced into 5 cm in-
tervals while being extruded from the core liner such that sample 
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“5 cm” represents sediment from 0 to 5 cm depth, “10 cm” is sediment 
from 5 to 10 cm depth, and so on. From each section, bulk sediment 
was collected in polypropylene conical centrifuge tubes for carbon-
ate stable isotope and facies analyses, and into glass vials for organic 
matter isotope analyses. Excluding the summer 2022 samples, sedi-
ment from each section was also collected for DNA extraction using 
an acetone-sterilized spatula into 2 mL lysis tubes prefilled with 
Zymo Research bashing beads and 750 μL of DNA/RNA Shield, as 
well as surface waters collected using a sterile syringe. All samples 
were frozen on dry ice in the field and stored in a −20°C freezer at 
Penn State until further processing.

2.2  |  Sample treatment

Details of sediment pre-treatment protocols for organic carbon and 
carbonate isotope analyses can be found in the Data S1.

2.2.1  |  DNA extractions and sequencing

DNA was extracted from the samples using a Zymo Research Quick-
DNA Fecal/Soil Microbe DNA Miniprep kit. A ThermoScientific 
Nanodrop was used to quantify nucleic acid concentrations in the 
samples. Once extracted and quality checked, samples were sent to 
Wright Lab (Huntingdon, PA) where they were amplified, primed, and 
sequenced for the 16S rRNA gene following the Earth Microbiome 
Project protocol (Thompson et al., 2017; Walters et al., 2015). DNA 

was amplified using the 515f/806r primer pair to amplify the 16S V4 
region, with Illumina adapters on the 5′ and 3′ ends (515F: Parada 
et al., 2016: 806R: Apprill et al., 2015). Wright Lab sequenced the 
samples using Illumina MiSeq v2 chemistry with paired-end 250 
base pair reads.

2.3  |  Measurements

2.3.1  |  Stable isotope measurements

All isotopic values are reported in permille (‰) relative to the VPDB 
standard (i.e., δ13C = [(13C/12C)sample/(

13C/12C)VPDB] × 1000). For each 
stable isotope measurement, corrections were made for linearity, 
instrumental drift, and offsets from standards, and major outliers 
were culled. Instrument details, standardization, and determination 
of measurement accuracy and precision for each measurement can 
be found in the Data S1.

2.3.2  |  Carbonate clumped isotope 
measurements and temperature calculations

Carbonate clumped isotopes values, Δ47, are defined by 
Δ47 =

(

R
47

R
47∗

− 1

)

× 1000 where R47 = (2[13C18O16O] + 2*[12C17O18O
] + [13C17O2])/[

12C16O2] for the sample, and R47* is that ratio given 
a stochastic distribution of the heavy isotopes for the same bulk 
isotopic composition. The temperature dependence of a given Δ47 

F I G U R E  1 (a) Location of Green Lake and sampling sites Bioherm East (BHE) and Round Lake Inflow South (RIS) on the Green Lake 
shoreline (base map courtesy of Google Earth). (b) A thrombolite bioherm at BHE (white arrow pointing to ~20 cm fish for scale; pictured 
bioherm is approximately 1 m across). (c) Example of a push core taken during the April 2021 sampling season. Blue and white intervals are 
each 10 cm. (d) Example setup of core porewater extraction with rhizons and syringes.
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value is such that the preferential “clumping” of the heavier isotopes 
of oxygen (18O) and carbon (13C) occurs at colder temperatures, and 
decreases with progressively warmer temperatures (Eiler,  2007). 
The Δ47 measurements of the Green Lake carbonate sediment sam-
ples were made on a Thermo 253 Plus with a Protium Isotopologue 
Batch EXtractor (IBEX) at Penn State. Details of the digestion and 
CO2 gas purification within the IBEX can be found in the Data S1.

Δ47 values were obtained for depths of 5, 15, and 25 cm for cores 
from the 2020 to 2021 sampling year and depths of 35, 40, and 50 
from the “long core” (spring 2022b) in spring 2022. Each sample ∆47 
value had ≥3 replicates, where each replicate had ≥8 acquisitions 
and each acquisition had 10 cycles. Temperatures for each sample 
were calculated using the T-∆47 calibration of Anderson et al. (2021). 
Error from both analytical uncertainties and standardization were 
propagated through to the final Δ47,I-CDES values using the Python 
package “D47crunch” (Daëron, 2021).

2.3.3  |  Porewater and lake water ion measurements

Cation concentrations were measured on a Thermo iCAP 7400 
Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-
AES; Na+, K+, Ca2+, Li+, Mg2+, and Si4+), and anion concentrations 
were measured on a Dionex™ ICS-2100 Integrated IC System (IC; 
Cl−, SO4

2−) at the Penn State Laboratory for Isotopes and Metals 
in the Environment (LIME). Samples were diluted for the ICP-AES 
(Table S3) but not for the IC. A calibration curve was created from a 
suite of High Purity Standards. An EPA 200.7 standard with known 
concentrations of the ions measured was measured over a range of 
concentrations on both the ICP-AES and the IC as a quality check 
to ensure the accuracy of measurements. Accuracy was better than 
±0.12 ppm across all measurements. Reported measurements were 
in μg/mL and were converted to mM.

2.3.4  |  Sedimentology

Samples from fall 2020, summer 2021, and spring 2022 were rinsed 
with DI water and air-dried. Loose sediments were sent to Spectrum 
Petrographics, Inc. (fall 2020 and summer 2021) and Wagner 
Petrographic (spring 2022) to create thin sections. Images of the 
thin sections were taken using a Zeiss AxioScan and AxioImager 
at PSU. Thin section analysis was used to identify dominant grain 
types and fabrics in each site and sample. We point-counted the 
grain types found at three depths (5, 15, and 25/30 cm) at both sites 
using JMicrovision (Roduit, 2022). We counted ≥400 grains per thin 
section to quantify the contribution of each grain type to our bulk 
isotopic analyses. By 400 grains counted, the proportion (in percent) 
of each grain category stabilized and did not change with additional 
grains counted for each sample. The proto-lithology was assigned 
using Dunham classifications under the assumption that the sedi-
ments would become lithified as-is to predict which facies would 
be found in the rock record for each sediment type. Select samples 

were analyzed using X-ray diffraction (XRD) to confirm calcite is 
the main mineralogical phase of the samples (details of analysis in 
Data S1 section 1.7; Figure S2).

2.4  |  Calculations and data treatment

2.4.1  |  Calcite saturation state

We used the R package “phreeqc” using the Pitzer database to model 
the saturation index (SI) of calcite, with dissolved ion concentrations, 
[DIC], temperature, and pH of the Green Lake porewater samples as 
inputs. Ω was calculated from SI where Ω = 10SI. PHREEQC was also 
used to calculate [CO2−

3
] from this data (Figure S7).

2.4.2  |  Processing pipeline of raw 16S 
rRNA sequences

A QIIME 2 pipeline was used for sequence processing and analysis 
(Bolyen et al., 2019). Sequences of samples from cores collected in 
September 2020, April 2021, and July 2021 (Year 1 samples) were 
filtered together in a batch, and sequences from September 2021, 
May 2022, and July 2022 (Year 2 samples) were filtered together in 
a second batch, then all samples were pooled to assign taxonomy. 
Amplicon sequence variants (ASVs) classified as mitochondria or 
chloroplast were filtered from the dataset. Demultiplexed sequences 
were then trimmed at position 220 in the forward read and 190 in 
the reverse for Year 1 samples, and 190 in the forward and reverse 
for Year 2. All sequences were denoised, paired ends joined, error-
checked, and dereplicated. Chimeric sequences were screened for 
and removed using the consensus method using DADA2 (Callahan 
et al., 2016). Singleton sequences were removed. The SILVA 138.1 
SSU NR 99 reference database of sequences was used to assign tax-
onomy to ASVs (Quast et al., 2013; Yilmaz et al., 2014). The data-
base was first prepped for QIIME import using RESCRIPt (Robeson 
II et al., 2021), during which reference sequences were quality con-
trolled and culled using default settings and read lengths below 
900 bp (Archaea) or 1200 bp (Bacteria) were removed. Reads were 
extracted between the 515f/806r primer pair used for sample am-
plification, dereplicated, and then used to train a naïve Bayesian 
taxonomy classifier (Pedregosa et  al.,  2011), which was used to 
assign taxonomy to our ASVs. Eight contaminant sequences were 
identified based on their abundance in most samples and extraction 
blanks and were removed (Table S5). Four samples (0920-FGL-20-3, 
0920-FGL-10-1, 0522-FGL-5-b, and 0522-LC-30 cm-A) that were 
substantially different in composition and sequence count from 
replicates were removed from downstream analyses. MAFFT was 
used to align sequences (Katoh et al., 2002). Rarefaction plots were 
generated to determine an appropriate sampling depth for diversity 
analyses in QIIME: samples with less than 3114 sequences were 
excluded from diversity analyses. This included eight samples all 
of which had replicates with greater sequence counts, besides the 
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lake water sample from RIS summer 2021. All sequence FASTQ files 
used for this study were deposited to the public National Center for 
Biotechnology Information (NCBI) Sequence Read Archive (SRA) da-
tabase under BioProject PRJNA916981 BioSample accession num-
bers SAMN35677971–SAMN35678027.

3  |  RESULTS

3.1  |  Sedimentology and facies

3.1.1  |  Bioherm East (BHE)

All cores at BHE exhibited a light tan color in the upper 10 cm and 
transitioned to become visibly darker in color between 10 and 15 cm 
in the core. The dominant allochems identified in the BHE sediments 
were grains 100–500 μm in size, identified as either microbialite 
intraclasts or in situ formed oncoids (Figure 2d,e). Both likely have 
a microbial origin, but formed in different locations. Determining 
whether these grains are intraclasts or oncoids required diagnos-
ing a genetic origin, addressed in the discussion. These grains were 
made up of (1) 5–50 μm, subhedral to euhedral calcite crystals that 
were translucent in plane polarized light and arranged in shrubby 
(Figure 2f) or radial (Figure 2i) fabrics, and (2) low porosity, clotted 
carbonate mud (which we use interchangeably with micrite, to mean 
a grain size less than <4 μm; Figure  2d,e). Clotted carbonate mud 
is expressed as dark, typically rounded, masses of carbonate with 
spaces in between that can be filled with crystalline carbonate. The 
intraclasts/oncoids made up ≥61.5% of the sediment at BHE in the 
fall 2020 core. The proportion of shrubby calcite to clotted micrite 
fabric within the grains decreased with depth, and by 25 cm depth, 
the micritic fabric made up 70% of the internal fabric of these grains. 
Other allochems within the BHE sediment included 5–50 μm calcite 
crystals, micrite, and charophyte thalli fragments (calcifying algae; 
mainly in sediment below 10 cm depth, Figure 2c). In addition to car-
bonate grains, organic matter was a significant component of the 
sediment but decreased in abundance with depth (Figure 3). Organic 
matter fragments were commonly found in spatial association with 
micrite (Figures S3 and S4). BHE sediments were classified as proto-
packstone in the Dunham scheme (Figure 2a,b).

3.1.2  |  Round Lake Inlet South (RIS)

RIS cores had a greyish, organic-rich upper 10 cm that transitioned to 
a light tan color below 10 cm. At RIS, the dominant allochems identi-
fied were carbonate mud and charophytes. The charophyte grains 
were composed of a mixture of 1–10 μm anhedral calcite crystals 
and micrite (Figure 4e–g). Some charophyte grains had excess car-
bonate precipitation, and some were partially dissolved into frag-
ments of the original grain as evidenced by wall-thinning (Figure S5). 
Intraclasts made up of charophyte fragments, and other organic 

matter fragments, and cemented by micrite were found throughout 
the RIS sediment and were up to ~1000 μm in size (Figure 4d). The 
abundance of the intraclasts and charophyte fragments decreased 
with depth, and the micrite increased with depth (Figure  3). The 
proto-facies for the RIS sediment were classified as wackestone to 
packstone (Figure 4a,b).

3.2  |  Water chemistry and geochemistry

Green Lake water temperatures at our sites ranged from 10.4 to 
25.4°C across all seasons. Porewater temperatures, which were 
measured spring and summer 2022, ranged from 14 to 23°C, and 
decreased from the temperature of the overlying water column with 
depth in sediment by ~3°C by 25 cm sediment depth (Figure 5). The 
water and geochemical results were described separately for Year 
1 (includes cores/samples from fall 2020, spring 2021, and sum-
mer 2021) and Year 2 (includes cores/samples from fall 2021, spring 
2022, and summer 2022; Tables S3 and S4).

3.2.1  |  Dissolved ions concentrations

Ca2+ was the most abundant cation in both the porewater and the 
surface water, ranging from 2.01 to 9.60 mM in porewater and 2.29 
to 10.41 mM in the surface water across all depths and seasons. 
Cation concentrations (Ca2+, Na+, Mg2+, and K+) generally decreased 
from the sediment–water interface to 20 ± 5 cm depth (Figure S6). 
Dissolved silica increased in the first 5–10 cm, then decreased with 
depth. Since we did not find diatoms in the sediment, but they are 
known to be present in the water column (Stanton et al., 2022), we 
interpret that this is likely due to diatom frustule dissolution in the 
upper 10 cm. Sulfate was the most abundant anion, with concentra-
tions ranging from 1.07 to 8.45 mM in the porewater and 2.62 to 
9.88 mM in the surface water across all depths and seasons. Like 
most cations, across all seasons, [SO2−

4
] decreased from the sedi-

ment–water interface to a minimum at around 20 cm below which 
[SO2−

4
] increased with depth (Figure  S6). Chloride concentration 

ranged from 0.21 to 0.98 mM in the porewaters and on average de-
creased with depth (Figure S6).

3.2.2  |  DIC concentrations

DIC concentrations ranged from 0.83 to 7.26 mmol/kgw in the 
porewaters and 0.65 to 5.34 mmol/kgw in the surface water across 
all seasons and depths (Table  S3). [DIC] was greatest in the lake 
water in spring 2021 and in the porewater in summer 2021 at the 
BHE location. The minimum [DIC] occurred in fall 2020 for both 
the porewater and lake water. On average for all cores/seasons, 
[DIC] increased with depth until around ~20 cm, below which [DIC] 
decreased.

 14724669, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gbi.12609 by Iceland Telecom

, W
iley O

nline Library on [30/12/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

info:refseq/SAMN35677971
info:refseq/SAMN35678027


    |  7 of 23LEAPALDT et al.

F I G U R E  2 Plane-polarized transmitted 
light microscopy photographs of 
sediments at Green Lake showing the 
dominant proto-facies (a–c) and grain 
types (d–i) at Bioherm East (BHE) from 
fall 2020 sediments. Arrow in (i) denoting 
approximately 80 μm subhedral calcite 
crystals radiating from organic core. 
Note that the near-horizontal transparent 
region in (a, b) is an artifact of thin section 
preparation.
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8 of 23  |     LEAPALDT et al.

3.2.3  |  Calcite mineral saturation state

Calcite is the dominant carbonate mineral precipitating in the photic 
zone at Green Lake (Thompson et  al.,  1990). Across all sites and 
depths, calcite saturation state (Ωcal) was above mineral saturation 
(Ωcal >1) in both the lake water and porewater in all Year 1 cores 
(Figure 6), and for one of the Year 2 cores. Ωcal values ranged from 
1.82 to 8.69 in the porewater in Year 1, and 0.32 to 16.20 in Year 
2. At BHE, porewater Ωcal values reached a maximum value in fall 
2021 at 5 cm depth and minimum in the spring 2022 at 20 cm depth. 
The lake water Ωcal values at BHE were 2.70, 14.38, and 5.46 in fall, 
spring, and summer for Year 1 and 4.47, 1.38, and 4.34 in fall, spring, 
and summer for Year 2. The RIS lake water Ωcal value was 2.15 in 
summer 2021 and 3.08 in spring 2022. The RIS porewater maximum 
Ωcal value occurred at 25 cm depth and minimum Ωcal value at 35 cm 
depth. On average, porewater Ωcal values decreased with depth until 
~25 cm. At either 25 cm or 30 cm, seven out of the nine cores show 
an increase in porewater Ωcal values (Figure 6; Table S3).

3.2.4  |  Organic carbon isotopes

Across all sites and seasons, δ13Corg values ranged from −26.4 to 
−31.7‰ VPDB, a range typical for C3 plant-derived organic matter 
(Kohn, 2010). On average at BHE, δ13Corg values decreased slightly 

with depth, whereas at RIS δ13Corg values increased with depth 
(Figure S8), but these trends between depth and δ13Corg were not 
strongly correlated (R2 < 0.3).

3.2.5  |  DIC carbon isotopes

Surface water δ13CDIC values ranged from −8.7 to −6.8‰VPDB 
across all sites and seasons. Porewater δ13CDIC values ranged from 
−10.2 to −15.2‰ at BHE and −14.6 to −19.5‰ at RIS (Figure 6). For 
all cores, δ13CDIC values decrease by an average of 6.2‰ between 
the shallow lake water or sediment–water interface DIC and the up-
permost 5 cm of sediments. The δ13CDIC values increased with depth 
after reaching a minimum; however, the depth of this inflection point 
varied from 10 to 25 cm depending on the season and site (Figure 6).

3.2.6  |  Carbonate carbon and oxygen isotopes

The δ18Ocarb values across both years ranged −10.5 to −7.1‰ VPDB 
among all seasons and depths in sediment at BHE (Figures  7 and 
S9). The δ13Ccarbvalues at BHE across both years range from −3.9 
to −1.2‰ VPDB (Figures 7 and S9). The δ13Ccarb values at the same 
depth horizons are up to 2.2‰ different depending on the season 
the core was taken, despite the BHE core being extracted from 

F I G U R E  3 Abundances of major grain 
types found at Round Lake Inflow South 
(RIS) (a) and Bioherm East (BHE) (b, c), and 
how they change with depth.
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    |  9 of 23LEAPALDT et al.

approximately the same shoreline location atop the same bioherm 
shelf with less than a meter between each core location in differ-
ent seasons (Figure 6). The δ13Ccarb patterns with depth in the sedi-
ment differed depending on season. In Year 1, fall and spring core 
δ13Ccarb values decreased in the first 10 cm depth in sediment, then 
increased until between 20 and 25 cm depth (Figure 6). In contrast, 
in the Year 1 summer samples, the ẟ13Ccarb values increased for the 
first 15 cm depth in sediment but had no discernable pattern below 
15 cm (Figure 6). In Year 2 samples, the down core trends were vari-
able, even between cores taken on the same day, only 1 m apart 
(spring 2022a and spring 2022b; Figure 6). For both Year 1 and Year 
2 cores, there was the most variability in ẟ13Ccarb values between 
cores at the 5 cm depth and the lowest variability at the 25 cm depth 
(Figure 6).

The RIS ẟ18Ocarb values were, on average, lower than at BHE, rang-
ing from −11.1 to −8.9‰ VPDB (Figures 7 and S9) The ẟ13Ccarb values 
from RIS samples ranged from −3.51 to −1.2‰ VPDB (Figure 7). In 

both the Years 1 and 2 RIS cores, ẟ13Ccarb values increased until 15 cm 
depth, below which there was no distinct pattern (Figure 7). Notably, 
the most similar downcore trends in ẟ13Ccarb values occur in the sum-
mer 2021 RIS core, summer 2021 BHE core, and the spring 2022 RIS 
core, rather than between the two cores taken at the same site and 
same season (spring 2022a BHE and spring 2022b BHE; Figure 6).

3.2.7  |  Carbonate clumped isotopes

The average ∆47 values for the community-accepted standards, 
ETH2, ETH3, ETH4, and IAEA-C2 (used to create the empirical 
transfer function (Data S1 section 1.6; Figures S10–S14, Table S1)) 
during the two analytical periods were 0.209 ± 0.038, 0.613 ± 0.026, 
0.451 ± 0.030, and 0.646 ± 0.026 (±2σ). The uncertainties on the em-
pirical transfer function for each analytical session are reported in 
the Data S1.

F I G U R E  4 Plane-polarized transmitted 
light microscopy photographs of 
sediments at Green Lake showing the 
dominant proto-facies (a, b) and grain 
types (c–g) at RIS from summer 2021 
sediments. Arrows in panel (g) denote 
triangular calcified charophyte fragments 
common throughout the RIS sediment.
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10 of 23  |     LEAPALDT et al.

The Δ47,I-CDES,90 values for all samples measured ranged from 
0.603 ± 0.007 (±σ) to 0.633 ± 0.01‰ yielding a temperature range 
of 12.5 ± 2.9 to 22.0 ± 2.5°C (Figure 5). The range of clumped isotope 
values obtained across each season at BHE was 0.603 ± 0.007 to 
0.618 ± 0.007 at 5 cm depth, 0.611 ± 0.007 to 0.613 ± 0.007 at 15 cm, 
and 0.615 ± 0.008 to 0.625 ± 0.008 at 25 cm. The smaller range of 
measured Δ47 values at 15 cm led to a smaller range in calculated 
temperatures at 15 cm than for 5 and 25 cm depths (Figure 5). The 
average clumped isotope-derived temperature recorded by the up-
permost 5 cm of sediment is 17.4°C but ranges between 13.3 and 
21.5°C. The average T(∆47) decreases to an average of 15.8°C by 
25 cm depth.

3.2.8  |  16S rRNA gene sequencing

In the surface water, the dominant phylum across all seasons was 
Actinobacteria, a phylum of mainly organoheterotrophs that com-
monly participate in lignin decay (Eisenlord & Zak, 2010), followed 
by various orders of Gammaproteobacteria (Figure 8). In the RIS lake 
water, however, the dominant family was Bathyarchaeia, known for 
sulfate reduction (Zhou et al., 2018). Cyanobacteria made up a small 
portion of sequenced bacteria in the lake water samples despite 
being known to be widespread in the surface waters of Green Lake. 
Underrepresentation of cyanobacteria in 16S rRNA gene sequenc-
ing has been observed in other work, and the low abundance of cy-
anobacteria detected in our 16S rRNA gene sequencing results for 

both the surface water and sediment–water interface may be due 
to ineffective lysing of cyanobacteria because of protective EPS 
(Águila et al., 2021; Frantz et al., 2023; Garcia-Pichel et al., 2001).

The three most diverse samples were all from 5 cm depth (BHE 
0421 5 cm, BHE 0721 5 cm, and RIS 0522 5 cm; Figure S15 and S16). 
Gammaproteobacteria, made up of families like Comamonadaceae 
(many of which are capable of aerobic respiration (Willems, 2014)), 
was the dominant class in the 5 cm samples. Below 5 cm depth, the 
majority of samples decreased in alpha diversity (Figures  8, S15 
and S16). Below 5 cm, Bathyarchaeia became most abundant at 
BHE and the candidate phylum Sva0485 at RIS, both of which have 
members able to reduce sulfate (Concheri et  al.,  2017; Vuillemin 
et al., 2018; Zhou et al., 2018). Across all seasons and sites, various 
other sulfur cyclers are common (e.g., Thermodesulfovibrionia and 
Desulfobaccia; Henry et al., 1994).

F I G U R E  5 Temperatures calculated from carbonate clumped 
isotope values for cores fall 2020, spring 2021, and summer 2021 
(both locations) from Year 1 for depths 5, 15, 25, and 35 (RIS only) 
cm below sediment–water interface, and depths 35, 40 and 50 cm 
from the spring 2022 long core. Error bars are calculated from the 
minimum and maximum ∆47 based on standard error. A standard 
error of ∆47 represents the fully propagated allogenic and autogenic 
standard errors calculated using ClumpyCrunch (Daëron, 2021). 
Lake water temperatures at the time of core extraction are plotted 
as open circles. A porewater temperature profile (blue) was 
measured in May 2022 for comparison to T(∆47).
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    |  11 of 23LEAPALDT et al.

4  |  DISCUSSION

4.1  |  Carbonate δ13C and δ18O lack expected 
correlation for closed basin lakes

Green Lake is considered hydrologically closed, yet the sediment 
lacked the typical δ13Ccarb–δ18Ocarb positive correlation expected of 
a closed basin lake (R2 < 0.3; Figure 7). The BHE sediment δ13Ccarb 
versus δ18Ocarb values have a slight and statistically insignificant 
positive correlation (R2 = 0.054), so δ13Ccarb and δ18Ocarb are con-
sidered uncorrelated (Figure 7b). δ13Ccarb and δ18Ocarb values of RIS 
sediments yield a weak negative correlation (R2 = 0.199; Figure 7b). 
When evaluating all Green Lake carbonate samples together, there is 
no statistically significant correlation between δ18Ocarb and δ13Ccarb 
values (R2 = 0.003 and a negative slope). These trends require an al-
ternative explanation for the main control on the carbonate stable 
isotope values. A large range in both δ13Ccarb and δ18Ocarb contrib-
utes to the lack of correlation. However, the range in δ18Ocarb is likely 
explained by the hydrologic differences between BHE and RIS: the 
RIS sampling location is near a stream inlet, and therefore has lower 
δ18Ocarb values, whereas sediments at BHE source their oxygen from 
the well-mixed, evaporatively 18O-enriched epilimnion (Figure S9). 
Similar δ18Ocarb values in the surface sediment of the two sites may 
reflect a recent decrease in the contribution of the stream at RIS. 
Nonetheless, the difference in δ18Ocarb among cores taken at the 
same site and same depth is, on average, <0.5‰. In contrast, the 
range in δ13Ccarb, especially when considering carbonate from the 
same site and same depth horizons, needs further explanation. We 
combined sedimentological evidence with microbial community and 
geochemical data to show that both hyperlocal (1) spatial hetero-
geneity and (2) in situ carbonate precipitation and dissolution help 

explain the lack of covariation and range in δ13Ccarb values within the 
Green Lake shoreline sediments.

4.1.1  |  Allochems record different processes and 
diagenetic histories

The unique formation and/or diagenetic mechanisms of the various 
allochems in Green Lake sediment may impart specific isotopic sig-
natures that could affect the bulk carbonate values (Figures 2 and 
4). The most abundant grain category at BHE, the thrombolite in-
traclasts/oncoids, are made of a combination of micrite and shrubby 
calcite. Some grains in this category exhibit preserved laminations 
(Figure  3h), but most have no laminations. The grains in this cat-
egory are either transported from the nearby thrombolite (throm-
bolite intraclast) or formed in situ from localized microbial carbon 
cycling (oncoid). Some of these grains have similar textures to 
samples collected directly from the exterior surfaces of the throm-
bolite bioherms in Green Lake (Figure 2d,e; DeMott et al., 2020), 
but most of the grains lack lamination observed on the thrombo-
lite exterior (Figure S17). Many of the clotted structures formed on 
and/or around organic matter on a micro- and macroscopic scale 
(Figures S3 and S4). An organic matter “nucleus” suggests that some 
of these grains were instead oncoids that may have formed from 
photosynthesis at the sediment-water interface, microbial reminer-
alization of other organic carbon during burial (e.g., detrital leaves 
or fecal matter), or a combination of both. Furthermore, the relative 
ratio of micritic fabric to shrubby calcite fabric within these grains 
increased with depth while organic matter decreased (Figure  3). 
This could have resulted from the contribution of anaerobic metab-
olisms consuming organic matter below 5 cm depth in the sediment, 

F I G U R E  7 (a) Hypotheses demonstrating expected covariance between δ13Ccarb and δ18Ocarb when water column hydrologic balance 
processes are being preserved by the stable isotope values and the lack of covariance expected between δ13Ccarb and δ18Ocarb when in 
situ microbial carbon cycling is instead being recorded. (b) δ13Ccarb versus δ18Ocarb for all samples, separated by location. The R package 
“smatr” was used to perform the linear standardized major axis regression (SMA) to generate the lines and to obtain the squared correlation 
coefficients for data set (Warton et al., 2012). Error bars represent standard deviations of replicate analyses.
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some of which increase Ω and can cause precipitation of carbonate 
mud (Figure 9).

The contribution of the oncoid/thrombolite intraclast grain cat-
egory to the bulk δ13Ccarb of may be a mixture of both heavier and 
lighter values. Previous measurements of thrombolites at Green 
Lake have found δ13C values that are enriched ~3–4‰ relative to the 
water column because of photosynthetic impacts on the local DIC 
pool (Thompson et al., 1997). However, the abundance of clotted mi-
crite preferentially growing on woody and other organic substrates 
within the sediment suggests that carbonate forming from isotopi-
cally lighter DIC in the pore spaces, due to microbial organic matter 
remineralization, may also make up a fraction of these grains. Since 
both photosynthesis and forms of anaerobic heterotrophy may con-
tribute to the carbonate formation in these grains, clotted micrite 
likely records a combination of photic zone, nearshore, and sediment 
subsurface processes in their δ13Ccarb values.

Micrite (Figures 2g and 4c) separate from the intraclasts and on-
coids was a dominant component at both sites and the most abun-
dant grain category at RIS. We interpret this grain type as authigenic 
carbonate that precipitated in situ due to carbonate saturation states 
elevated by microbial metabolism and availability of abundant EPS 
for CaCO3 nucleation. Authigenic carbonate that precipitates from 
sediment porewater preserves δ13Ccarb values of porewater com-
position that are isotopically distinct (13C-depleted) from the water 
column (Section 4.2; Figure  6). Authigenic carbonate precipitation 
may respond to seasonally and spatially variable Ω in the porewa-
ters (Figure 6) and could provide one mechanism for the observed 
seasonal and spatial variation in δ13Ccarb at the same depth horizons.

Authigenic micrite is a known secondary phase in lacustrine car-
bonate sediments (Freytet & Verrecchia, 2002), but its contribution 
to the isotopic signatures of the bulk lacustrine carbonate record 

is less studied. Recent work from Lake Van (Turkey) revealed water 
column aragonite and low-Mg calcite co-occur with diagenetic, pore 
space-precipitated aragonite (McCormack & Kwiecien, 2021). They 
found the pore space and early diagenetic aragonite to have δ13Ccarb 

F I G U R E  8 Predicted change in calcite saturation state and effect on δ13Ccarb based on the dominant microbial classes present at each 
depth and inferred dominant metabolism. % abundance of each microbial class is shown for summer 2021 cores from Bioherm East (BHE) 
and Round Lake Inflow South (RIS). Colors for the most abundant 20 classes are shown in the key. Taxa with known ability for sulfur cycling 
metabolisms are outlined in black. Information for 16S gene sequencing results for all samples in the OSF.
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values distinct from primary carbonate fabrics. At Kiritimati Lake, 
on the central Pacific Island Republic of Kiribati, micritic carbonate 
sediment that was interpreted to have formed in association with 
heterotrophic metabolisms in the subsurface had lower δ13C values 
than carbonate spherules forming at the sediment surface associ-
ated with photoautotrophy (Chen et al., 2022). Micrite in the Green 
Lake shoreline sediments precipitated from pore spaces in equilib-
rium with porewater δ13CDIC would contribute a lower-end member 
to the bulk carbonate δ13C values.

Charophytes, the other major allochem at RIS, result from con-
current photosynthesis and carbonate precipitation. Charophyte 
algae mediate carbonate precipitation on their thalli to prevent 
local photosynthesis-inhibiting alkalinization and can contrib-
ute a significant mass to the lacustrine sediments of lakes they 
grow within (Pełechaty et  al.,  2013; Sand-Jensen et  al.,  2021). 
Photosynthetically driven calcification can occur rapidly, leading to 
isotopic disequilibrium with the surrounding water column, but this 
has only been observed in strongly evaporitic environments associ-
ated with decreased lake level and shoreline desiccation (Pentecost 
et al., 2006). The δ13Ccarb values of charophytes may be slightly 13C-
enriched or 13C-depleted (~1–2‰) relative to water column DIC de-
pending on the species, but still typically within the range of the 
δ13Ccarb values expected when in equilibrium with the local DIC 
(Pronin et al., 2016). The location where the RIS sediments were 
collected at Green Lake is not water-stressed, and therefore the 
charophyte calcite should record photosynthetically altered DIC 
compositions.

The charophyte grains provide unique evidence that both carbon-
ate precipitation and dissolution likely occurred within the sediment. 
While charophyte thalli usually calcify, causing the preservation of 
a distinctive grain within the sediment, there were occurrences of 
excess calcite accumulated on the exterior of the charophyte grains 
within the sediment (Figure S5). Carbonate in excess of what is typ-
ically calcified suggests that carbonate continued precipitating on 
the charophyte grains after deposition. Furthermore, fragments of 
incomplete charophyte grains, including solution-enhanced pores 
and thinned walls, (Figures 4 and S5) suggest that dissolution after 
deposition likely caused the degradation of some charophyte grains. 
While it is possible that some fragmentation of charophyte grains 
could be caused by mechanical breakage, the wall thinning cannot 
be explained by mechanical breakage. If these features reflect in situ 
processes, the presence of both precipitation and dissolution fea-
tures in both locations agrees with our finding that carbonate satu-
ration state was spatially and seasonally variable.

The larger subhedral to euhedral calcite crystals that exist in 
the sediment separate from the intraclasts and oncoids (Figure 3f), 
which are a minor allochem at both sites, may be the product of 
water column whitings via photosynthetic phytoplankton (Stanton 
et al., 2022). DIC surrounding the cyanobacterial cell becomes lo-
cally 13C-enriched during photosynthesis because it is energetically 
favorable for cyanobacterial cells to use 12CO2 (Merz, 1992), thereby 
increasing localized δ13CDIC available for calcite precipitation. As 
a result, the δ13C values of photosynthetic calcite crystals can be 

4–5‰ higher than the average water column DIC (Havig et al., 2018; 
Thompson et  al.,  1990). We therefore interpret that whiting-
generated calcite should contribute a high δ13C end member to the 
bulk carbonate δ13C values of our shoreline sediments and provide a 
record of water column primary productivity.

4.2  |  Controls on porewater chemistry and 
carbon isotopes

4.2.1  |  Porewater in disequilibrium with the 
water column

We evaluated the processes controlling porewater δ13CDIC values by 
comparing δ13CDIC at different locations in the lake (between BHE 
and RIS, and water column vs porewater) and by comparing the δ13C 
of various carbon pools in the sediment (organic matter, DIC, and 
carbonate). The main factors controlling water column δ13CDIC are 
exchange with the atmosphere, δ13CDIC values of water inputs (rivers, 
groundwater, and surface runoff), and primary productivity (Leng 
& Marshall, 2004). During our 2020–2022 sampling, this combina-
tion of processes and sources yielded a relatively narrow range of 
δ13CDIC values of −6.9 to −8.7‰VPDB in the shallow (<1 m) waters. 
However, the significantly larger range of porewater δ13CDIC values 
across all seasons/cores (−10.2 to −19.5‰) did not overlap with the 
range observed from the shallow water column samples (Figure 6). 
We interpret the discordance in porewater versus lake water δ13CDIC 
values as evidence that the two DIC pools were controlled by differ-
ent processes. Specifically, the porewaters were heavily affected by 
microbial carbon cycling even in the uppermost sediments.

In the pore fluids, organic matter remineralization and carbonate 
dissolution contribute to the concentration of porewater DIC and 
yield opposite effects on δ13CDIC values. In Green Lake, nearshore 
carbonate sediments had δ13C values 3–4‰ higher than the water 
column DIC, and as expected, organic matter had lower δ13C values 
than DIC and carbonate (Figure S8; Table S4). Microbial organic mat-
ter remineralization introduced 13C depleted carbon in the form of 
dissolved CO2 to the porewater DIC pool, thereby decreasing the 
porewater δ13CDIC value. In contrast, dissolution of 13C-enriched car-
bonate increases porewater δ13CDIC values (Blättler et al., 2015). We 
interpret the 13C-depleted porewater DIC in Green Lake as evidence 
that, in general, microbial organic matter remineralization had a 
stronger control on porewater DIC than carbonate dissolution in the 
shallow sediments. However, there were likely seasonal to interan-
nual differences in the relative contribution of carbonate dissolution 
to the porewater DIC pool. For example, the Year 2 average pore-
water δ13CDIC values were higher than in Year 1, and the Year 2 Ωcal 
values were lower than in Year 1. We interpret this as an increase 
in the contribution of carbonate dissolution, returning 13C-enriched 
carbon to the DIC pool, in Year 2 relative to Year 1 (Figure 6). Aerobic 
oxidation of organic matter and carbonate dissolution are often cou-
pled in sediments (Hu & Burdige, 2007) because aerobic oxidation of 
organic matter produces CO2, which lowers Ω (Figure 9). However, 
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sediment oxygen microprofiling has shown that oxygen can be used 
up in the sediment by 5 cm, and can even be used up within the first 
few millimeters (e.g., Martin et al., 1998). Based on our 16S rRNA 
community data, we do not suspect aerobic respiration was a domi-
nant metabolism in our sediments below 5 cm, and thus, did not yield 
a strong control on porewater δ13CDIC values. Below the 5 cm depth, 
microbes well known for sulfate reduction (an anerobic process), not 
aerobic respiration, were most abundant. Sulfate reduction can in-
crease or decrease Ωcal, depending on the organic molecule reduced 
and whether the sulfur product is oxidized (Section 4.3.1).

4.2.2  |  Subsurface processes are influenced by 
seasonality in the water column

Seasonal processes in Green Lake also contribute to seasonal dif-
ferentiation of sediment and porewater geochemistry. Episodic oc-
currence of annual late-spring to mid-summer whiting events cause 
seasonal differences in lake water ion concentrations and water 
column chemistry. Our porewater samples collected in spring 2021 
(Year 1) yielded elevated alkalinity and [Ca2+] relative to fall 2020 
and summer 2021. This indicates that the buildup of alkalinity and 
[Ca2+] in the water column preceding a whiting precipitation event 
also affects the sediment porewater. However, Ωcal values and 
[CO3

2−] were not greater in the porewaters in spring 2021 than in 
fall 2020, due to lower average pH and higher average porewater 
[DIC] in spring 2021 (Figures 6 and S7). The elevated [DIC] may re-
sult from greater microbial organic matter remineralization, pointing 
to a microbial control on Ωcal values independent of water column 
processes. In contrast, the alkalinity and [Ca2+] for our spring 2022 
(Year 2) cores were not elevated relative to the other seasons, sug-
gesting the spring whiting event may have been occurring during the 
spring Year 2 core sampling.

4.3  |  Evidence for microbially driven authigenic 
carbonate precipitation in Green Lake

4.3.1  | Microbial effects on carbonate chemistry

Microbes living in sedimentary pore spaces can interact with carbon-
ate geochemistry both passively by producing or consuming alkalin-
ity and DIC, and actively by providing nucleation sites for CaCO3 on 
negatively charged EPS (Braissant et al., 2007; Dupraz et al., 2009). 
Microbial organic matter remineralization alters both DIC and alka-
linity, which ultimately can change pore space carbonate mineral 
saturation (Bergmann et al., 2013). The magnitude and direction of 
the caused change in alkalinity to the change in DIC (ΔALK/ΔDIC) 
by a microbial metabolism will determine whether that metabolism 
will locally increase or decrease the Ωcal. For most natural waters, 
the total ΔALK must exceed the total ΔDIC caused by a metabo-
lism in order for Ω to increase. For example, aerobic respiration does 
not change alkalinity but increases DIC by producing CO2 and can 

therefore decrease Ωcal (Figure 9). Each candidate metabolism within 
the sediments at BHE and RIS has the potential to affect Ωcal, which 
governs carbonate precipitation/dissolution in the pore spaces.

Calcite mineral saturation states for all but two cores decreased 
from the sediment–water interface to 10 cm depth (Figure 6). In the 
upper 5 cm, the dominant microbial class was Gammaproteobacteria, 
made up of families like Comamonadaceae (Figure 8), many of which 
are capable of aerobic heterotrophy (Willems, 2014). We attributed 
the decrease in saturation state in the uppermost sediment to aer-
obic oxidation of organic matter, which increases [DIC], decreases 
δ13CDIC values, lowers Ωcal values, and has been observed to occur 
concurrently with carbonate dissolution (Hu & Burdige,  2007). 
However, cyanobacteria, mostly Synechococcales, were also present 
within all sediment samples at 5 cm depth, albeit at low abundance 
(≤3%), which is likely attributable to extraction bias as discussed 
in the results. Synechococcales are an order of coccoidal oxygenic 
photosynthetic cyanobacteria that have been previously reported 
as abundant in the Green Lake benthos and implicated in contrib-
uting to the formation of the bioherms (e.g., Thompson et al., 1990). 
Cyanobacterial pigments have been found on the surface of micro-
bialites of Green Lake, further suggesting a photosynthetically ac-
tive microbialite/sediment surface (Uveges et  al., 2018). Although 
metabolisms cannot be directly inferred from the presence of DNA, 
prior microscopy-based research plus the presence of cyanobacte-
rial sequences in the upper 5 cm of our sediment samples implies a 
photosynthetically active and aerobic environment at the sediment 
surface. Oxygenic photosynthesis, if occurring, would have the op-
posite effect on Ωcal values versus aerobic respiration. The relatively 
high Ωcal values at the sediment surface may indicate a net balance 
of photosynthesis vs. respiration in the upper portions of our sedi-
ment cores.

Below 5 cm, Ωcal decreases and then stabilizes with depth in most 
samples, likely reflecting a shift in the net balance of microbial me-
tabolisms away from photosynthesis. Ωcal values were consistently 
>1 in all cores from fall 2020 through fall 2021 but dipped below 1 
deeper than 15 cm in the remainder of the Year 2 cores. In all Year 1 
cores, between 10 cm and ~20–25 cm depth, Ωcal values increased or 
stayed relatively constant with depth.

We attribute the maintenance of calcite supersaturation in the 
anaerobic sediments in Year 1 to a high abundance of microbes 
likely capable of sulfate reduction such as Bathyarchaeia, Sva0485, 
Thermodesulfovibrionia and Desulfobaccia (Henry et  al.,  1994; 
Vuillemin et  al.,  2018; Zhou et  al.,  2018). In the BHE sediments, 
Bathyarchaeia are most abundant across all seasons below 5 cm 
(Figure 8). Members of Bathyarchaeia are capable of many anaero-
bic metabolisms, including sulfate and nitrate reduction, acetogen-
esis, and potentially anaerobic oxidation of methane (AOM) (Zhou 
et  al.,  2018). The second most abundant class in samples at BHE 
below 10 cm (Sva0485) is also capable of sulfate reduction (Concheri 
et al., 2017; Vuillemin et al., 2018). Sulfate concentration in the pore-
water at Green Lake is orders of magnitude higher than in most fresh-
water lakes (1.06–9.89 mmol), leading to an energetically favorable 
environment for sulfate to be the dominant electron acceptor. The 

 14724669, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gbi.12609 by Iceland Telecom

, W
iley O

nline Library on [30/12/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



    |  15 of 23LEAPALDT et al.

effect of the sulfate reduction metabolism on carbonate saturation is 
debated because it produces carbonate alkalinity in the form of HCO3

− 
but also decreases alkalinity through the production of hydrogen sul-
fide (Bergmann et al., 2013; Gallagher et al., 2014; Meister, 2013):

The above reaction leads to a net increase in alkalinity greater 
than the net increase in [DIC], resulting in an increase of Ωcal 
(Figure 9). However, the true ΔALK/ΔDIC of sulfate reduction de-
pends on the stoichiometry of the organic molecule or other termi-
nal electron acceptors used by the microbe (Gallagher et al., 2014). 
While DNA is not directly indicative of metabolic activity, the pres-
ence of several organisms affiliated with sulfate-reducing metab-
olisms, high porewater sulfate concentrations, and dark sediment 
coloration are all consistent with the occurrence of sulfate reduction 
at depth in our sediments.

Given the persistence of Ωcal >1 in most core samples, we expect 
that in situ microbial sulfate reduction was a driver of authigenic car-
bonate precipitation in Green Lake sediments. Ωcal was <1 below 
15 cm depth for four cores (Figure  6), and [Ca2+] decreased with 
depth from the sediment surface to 20–25 cm depth in sediment 
for all cores. A lowered Ωcal and decreased [Ca

2+] is consistent with 
the precipitation of calcium carbonate minerals in situ. Alternatively, 
Ωcal < 1 in some Green Lake porewater samples may suggest that 
sulfate reduction does not always produce conditions favoring car-
bonate precipitation.

At RIS, the sulfate reduction-affiliated clade Sva0485 was most 
abundant from 10 to 35 cm depth, but classes Aminicenantia and 
Dehalococcoidia were also common. Both consist of members that 
perform variations of anaerobic organoheterotrophic metabolisms 
and were also present (in lower abundance) at BHE. Their higher 
abundance at RIS, however, may be attributed to higher amounts 
of organic carbon in the surface sediments at RIS (Li et  al., 2012; 
Salgado-Dávalos et  al.,  2021). Members of Aminicenantia and 
Dehalococcoidia are also capable of organohalide respiration (reduc-
tion of halogenated compounds using H2 as an electron donor; Dong 
et  al.,  2019). Common organohalide respiration pathways, such as 
reductive dechlorination, are known as a common cause of ground-
water acidification due to the release of hydrochloric acid (Futamata 
et al., 2007; Lacroix et al., 2014). The presence of the organohalide 
compounds typically respired by these taxa, such as trichloroeth-
ylene, perchloroethylene, and polychlorinated biphenyl have not 
been detected in FGL sediments but are common pollutants from 
agricultural pesticide and fertilizer usage. Green Lake is directly 
adjacent to a golf course, which can be a source of organohalide 
pollution from heavy fertilizer and pesticide use. If such metabo-
lisms occur, the release of H+ could cause a decrease in alkalinity 
(with no change to DIC, causing a decrease in Ωcal; Figure  9) at a 
sub-millimeter scale where these taxa and organohalide compounds 
exist. “Microniches,” or submillimeter-scale heterogeneity in geo-
chemical variables like pH, have been observed in sediment and soil 
and can be caused by submillimeter heterogeneity in labile organic 

compounds (Cai et al., 2023; Stockdale et al., 2009). Further, simula-
tions of reductive dechlorination in soils have been shown to cause 
the dissolution of minerals including calcite (Robinson et al., 2009). 
Thus, organohalide respiration and other acidifying metabolisms 
could contribute to the decrease in Ωcal values with depth in the Year 
2 cores and could account for the decrease in Ωcal values at certain 
depths in the Year 1 cores.

At RIS, the percent abundance of bacteria from the clade 
Acetothermia increased from 0.2% of the sample at 15 cm to ~2% 
of the sample at 20 cm, and became the most abundant class by 
the deepest sample (35 cm) at RIS. The class Acetothermia is sug-
gested to perform carbon fixation via an acetyl CoA pathway 
(Takami et al., 2012) using HCO−

3
 and/or CO2−

3
 as the carbon source 

(Korzhenkov et  al.,  2018). This form of chemoautotrophy — con-
sumption of HCO−

3
/CO2−

3
 — would decrease alkalinity and could be 

responsible for the observed decrease in Ωcal values with increas-
ing abundance of Acetothermia in RIS sediments (Figure  6). If de-
creasing Ωcal resulted in carbonate dissolution, this could impact 
the bulk δ13Ccarb values. A pairwise Spearman-Rank correlation re-
vealed a statistically significant correlation between the abundance 
of Acetothermia and δ13Ccarb in the Green Lake sediments, implying 
that Acetothermia may impact carbonate carbon isotopic composi-
tions (Table S6).

As mentioned for sulfate reduction, the stoichiometry of the 
organic molecule being used, redox conditions, and speciation of 
metabolism products all affect the net ΔALK/ΔDIC and impact on 
the saturation state of carbonate minerals. To construct the vec-
tors in Figure  9, we used an amended Redfield ratio for the stoi-
chiometry following Bergmann et al.  (2013). However, this organic 
molecule represents the average stoichiometry of phytoplankton 
in the pelagic ocean, not in sedimentary porewaters or lacustrine 
environments (Anderson, 1995). Without knowledge of the exact 
stoichiometry of the organic molecules being used in metabolism, 
the exact magnitude of the change in Ωcal cannot be determined. 
Therefore, the arrows in Figure 9 should be viewed as estimates, not 
absolute values.

To further examine the interactions between microbial com-
munity and sediment geochemistry, we performed a Principal 
Coordinates Analysis (PCoA) on the 100 most abundant families 
present within the sediment at Green Lake (excluding water col-
umn data). Abundance of Bathyarchaeia (the most abundant family 
in the dataset, and the most abundant taxa in BHE >5 cm samples) 
and abundance of Sva0485 (second most abundant taxa in the 
dataset), both of which are sulfur-cycling anaerobes, appear to con-
tribute strongly to the variance along axes 1 and 2, respectively 
(Figure 10a,b). When plotting axis 1 and 2 of the PCoA, nearly all 
samples plot along a linear path except most of the sediment top sam-
ples (5 cm samples). This distribution indicates that the 5 cm samples 
are most different from all deeper samples. Similarly, the 5 cm car-
bonate samples from different cores also have the highest variance 
and range in δ13Ccarb values out of all depths (Figure 10c; discussed 
further in Section 4.3.2). The δ18Ocarb values appear to vary along 
the linear trend of samples ≥10 cm in the PCoA, which could suggest 

C106H175O42 + 69SO4
2−

+ 69H
+
→ 106HCO3

−
+ 69H2S
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a potential co-variation with microbial taxa (Figure 10d). However, 
δ18Ocarb does not have a statistically significant variation with any of 
the 20 most abundant taxa (Table S6). Instead, the observed pattern 
is more likely due to location, a variable that causes differences in 
both δ18Ocarb (RIS is next to an inflow stream and BHE is not, impact-
ing δ18O of the source fluid) and microbial abundances (the microbial 
communities were somewhat different between the two locations, 
with Bathyarchaeia more abundant at BHE).

4.3.2  |  Evidence for seasonal and spatial carbon 
isotope discontinuity

Carbonate sediment isotopic compositions varied laterally between 
and within sites, with depth, and through time. We observed dif-
ferences in δ13C values of carbonate sediment collected from the 
same depths in the same site but collected in different seasons. In 
fact, δ13Ccarb values were more similar (i.e. smaller sum of residuals) 
from the same depth between cores taken from the two different 
sites in one season (BHE and RIS cores, summer 2021) than when 

comparing δ13C values of same depth samples taken in different 
seasons at a single site (BHE). Differences in downcore δ13Ccarb val-
ues from samples collected in similar locations but different seasons 
suggest that there may have been hyper-local differences in authi-
genic carbonate formation. Moreover, in spring 2022, we observed 
differences in δ13Ccarb at the same depths from two cores extracted 
on the same day only ~1 m apart from each other (Figure 6; Spring 
2022a and Spring 2022b at BHE). Spatial heterogeneity of δ13Ccarb 
on a meter-scale necessitates that there are spatially varying con-
trols on carbonate geochemistry at a <1 m scale. Here, we hypoth-
esize that the seasonal and spatial differences observed in δ13Ccarb 
at the same depth horizons can be explained by both (1) spatial and 
seasonal variations in authigenic carbonate precipitation and disso-
lution, potentially caused by variation of microbial communities and 
(2) sediment reworking resulting in spatially varying proportions of 
the different allochems that record either photic zone or porewater 
processes.

We suggest that δ13Ccarb variability is strongly dependent on 
carbonate proto-facies. Although there were differences in the mi-
crobial communities observed between sites and seasons, the most 

F I G U R E  1 0 Principal Coordinate Analysis (PCoA) performed on 100 most abundant microbial family data (level 5) normalized to sample 
total sequence counts for sediment samples only, using package “Vegan” in R. Bray-Curtis distance matrix was used. Dotted lines in panel 
(a) used to demonstrate how data patterns differ between 5 cm and >5 cm samples. Each panel shows a different data variable (a and b) or 
attribute (c and d) represented by a color scale.
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abundant classes remained the same, and thus, likely not the sole 
control on δ13Ccarb variability between cores. The variability in δ13C-

carb at a given depth was more pronounced at BHE where the domi-
nant carbonate allochem is microbial intraclast than at RIS where the 
dominant allochems are carbonate mud and charophyte. Although 
there is a ~3‰ range in δ13Ccarb values downcore at RIS, between 
seasons, the δ13Ccarb values at a given depth horizon were very 
similar for the duration of our study. Thus, the sediment δ13Ccarb is 
relatively less laterally variable at the meter scale at RIS (Figure 6). 
The dominance of micrite and calcified charophytes at RIS suggests 
these allochems may record δ13Ccarb values that remain unaltered by 
microbial early diagenesis on timescales longer than 2 years.

The sediment at BHE is comprised of physical mixtures of throm-
bolite intraclasts, oncoids, and micrite, with some contribution of 
larger calcite crystals from whiting events, each likely contributing 
different end member δ13Ccarb values to the bulk carbonate sig-
nature. If the micrite is forming within the porewaters, potentially 
from in  situ sulfate reduction, we would expect δ13Ccarb values to 
decrease with depth. The oncoids also become more micritic (less 
shrubby calcite) with depth, possibly pointing to micritization/in situ 
formation of these grains with depth.

As a result of authigenic micrite formation, we would expect to 
see δ13Ccarb values decrease with depth and negatively covary with 
Ωcal values. We applied a simple linear mixing model to predict the 
mass fraction of authigenic carbonate precipitating at each depth 
based on the change in δ13Ccarb values between sampling time 
points. For example, the spring and summer 2021 δ13Ccarb values at 
5 cm depth at BHE were −1.49‰ and −2.90‰, respectively. If we 
assume the authigenic carbonate is precipitating from the DIC of 
the porewater in summer 2021 (δ13CDIC = −14.00‰), and an appar-
ent fractionation, ε, between dissolved HCO2−

3
 and solid CaCO3 of 

+1.27‰ (Emrich et al., 1970), carbonate precipitating from this DIC 
pool should have a δ13Ccarb of −12.73‰. We can calculate the frac-
tion of new or authigenic carbonate required to yield the summer 
2021 5 cm sample using the spring 2021 composition as the primary 
endmember (−1.49‰), −12.73‰ as the secondary endmember, and 
the summer 2021 δ13Ccarb value as the resultant mixture (−2.90‰), 
in the following simple mixing model:

where fprim is the fraction of carbonate precipitated or deposited at 
the sediment–water interface and authigenic carbonate formed prior 
to spring 2021 and fauth is the fraction of authigenic carbonate formed 
between spring and summer 2021 sampling periods. Solving for fauth, 
we find that an addition of 13% authigenic carbonate is required to 
change the bulk δ13Ccarb from −1.48‰ in the spring 2021 to −2.90‰ in 
summer 2021. Similar calculations could be performed for each depth 
for an estimate of the amount of authigenic precipitation occurring 
and/ or if there was instead net dissolution.

This trend of decreasing δ13Ccarb with depth is not observed 
in all cores. Furthermore, the range of δ13Ccarb values across all 

cores/seasons decreases with depth from 2.44‰ at 5 cm to 1.45‰ 
at 25 cm depth (Figures 6 and S9). However, the average of all cores' 
δ13Ccarb values do not decrease with depth (Figure S9) and do not 
correlate with Ωcal values. We hypothesize that the reason that we 
do not observe a simple relationship between δ13Ccarb values and 
depth may result from either (1) different proportions of allochems 
or (2) that authigenic micrite is sediment-buffered, resulting in 
δ13Ccarb similar to primary carbonate. Lateral variability in relative 
amounts of allochems was observed (Figure  S18). However, this 
mechanism cannot help to explain the reduction in δ13Ccarb variabil-
ity with depth. The second mechanism, sediment buffered authigen-
esis, would suggest that authigenic micrite is precipitating from a 
DIC pool that is not in equilibrium with the porewaters but is instead 
directly impacted by carbonate dissolution. This style of early dia-
genesis could also help explain the decrease in δ13Ccarb range with 
depth. However, sediment-buffered early diagenesis of carbon iso-
topes typically only occurs in diffusion-dominated systems and/or 
when there is significantly less carbon in the pore space fluid than 
there is in the sediment, and is therefore unlikely here. Nonetheless, 
the overall decreased range in δ13Ccarb with depth suggests that 
early diagenesis may be homogenizing the preserved isotope values 
(Figure S9). This implies if spatial uniformity in stable isotope values 
is observed in facies dominated by microbialite clasts in the lacus-
trine rock record, early diagenetic overprinting may have altered the 
original values.

4.3.3  |  Carbonate clumped isotope-derived 
temperatures record a facies bias

The temperatures derived from carbonate-clumped isotope meas-
urements (T(Δ47)) record the temperature of mineral formation if 
the carbonate forms in thermodynamic equilibrium with the pre-
cipitating fluid (Eiler, 2007). Therefore, if carbonate precipitates in 
the water column, it should record a water column temperature, 
whereas authigenic carbonate would record a porewater tempera-
ture. Water temperature at our shoreline sites ranged from 10.4 to 
25.4°C, but T(∆47) recorded by the upper 50 cm of sediment was re-
stricted to 14.5+2.4/−2.4 to 21.5+2.3/−2.3°C at BHE and 12.2

+2.9/−2.8 to 
14.9+2.3/−2.2°C at RIS (Figure  5). The 5 cm samples at BHE yielded 
T(∆47) values that reflected seasonal changes in lake water tempera-
ture. For example, the measured lake water temperature in fall 2020 
(19.8°C) is within the uncertainty of the fall 2020 calculated T(Δ47) 
(18.2+2.3/−2.2°C). Although T(∆47) of the spring 2021 BHE sample 
(16.7+2.2/−2.2°C) is not within the uncertainty of the measured lake 
water temperature (10.4°C) at the time of sampling, this was the 
lowest T(∆47) measured in the BHE dataset. Similarly, summer 2021 
measured lake water temperature (25.4°C) is not within the uncer-
tainty of the calculated TΔ47 (21.5

+2.3/−2.3°C), but both measured lake 
water temperature and TΔ47 are the highest out of all Year 1 BHE 
5 cm samples. Similar to the mass balance argument for δ13C homog-
enization, the significant seasonal differences in T(∆47) at 5 cm sug-
gest that there is enough new carbonate formation between seasons 

− 1.48‰
(

fprim
)

+ − 12.73‰
(

fauth
)

= − 2.90‰

fprim + fauth = 1
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to pull the physical mixture of new and “old” carbonate towards the 
temperature of new carbonate formation.

The seasonality of T(∆47) in the uppermost sediments may 
suggest that carbonate production in the photic zone is abundant 
enough to contribute to a seasonal isotopic signal. Following the 
logic of the carbon isotope mixing model, we performed a non-linear 
mixing calculation to determine what mass fraction of newly form-
ing carbonate would be required to change the ∆47 value at 5 cm 
from one season to the next (Defliese & Lohmann, 2015; Data S1 
section 1.8). We considered a physical mixture of “primary” carbon-
ate and carbonate formed between sampling timepoints that are in 
equilibrium with the temperature of shallow porewater at that sea-
son. For example, if we consider the spring 2021 BHE 5 cm ∆47 value 
(0.618‰) as the primary end member and calculate the second end-
member ∆47 based on equilibrium with the summer 2021 porewa-
ter temperature (0.597‰), a mass fraction of 71% “new” carbonate 
is required to yield a final measured ∆47 of 0.603‰. This is much 
higher than the 13% of authigenic carbonate predicted by the δ13C 
linear mixing model between the same two samples, and we lack 
petrographic evidence to suggest that over half of the carbonate in 
summer 2021 at 5 cm is newly formed.

The mixing calculation above assumes that the carbonate 
forming between seasons precipitates in isotopic equilibrium with 
the DIC pool. However, kinetics of DIC dehydration/dehydroxyl-
ation reactions have been shown to result in lower ∆47 values than 
predicted for thermodynamic equilibrium (e.g., Bajnai et al., 2020; 
Fiebig et al., 2021; Guo, 2020; Lu & Swart, 2023). CO2 removal via 
photosynthesis can result in CO2 dehydration/dehydroxylation, 
which would result in kinetic isotope effects that lower Δ47 val-
ues. If we apply the mass fractions of 13% new carbonate and 
87% primary from the carbon isotope mass balance calculations, 
we calculate a ∆47 value of ~0.500‰ for the summer-forming 
carbonate at 5 cm, which supports our hypothesis of photosyn-
thetically driven disequilibrium. Therefore, the range of ∆47 values 
captured at 5 cm is likely due to both a mass fraction of carbon-
ate precipitation each season, potentially disequilibrated from the 
local DIC pool, and horizontal heterogeneity of sediment compo-
sition and source.

T(∆47) generally converged downcore at BHE to approximately 
18.5°C regardless of the sampling season, which represents the av-
erage temperature of the fall, spring, and summer seasons of the 
2020–2021 sampling season. If this is due strictly to pore space 
carbonate precipitation, it could require up to 39% mass fraction of 
authigenic carbonate precipitation to achieve largest the change in 
∆47 observed from 5 to 10 cm depth (summer 2021 core; Data S1 
section 1.8). Instead, the convergence is likely due to a combination 
of both pore space precipitation at 10 cm and time averaging of the 
primary photic zone carbonate and authigenic carbonate previously 
formed between 0 and 10 cm depth. At 25 cm depth, however, one 
sample (fall 2020) records a colder temperature of 14.5°C. The colder 
temperature of the fall 2020 25 cm sample could result from a higher 
fraction of authigenic carbonate precipitation at porewater tem-
peratures colder than the overlying water column, or disequilibrium 

porewater processes resulting in higher than expected ∆47 values 
associated with CO2 hydration/hydroxylation (Bajnai et  al.,  2020; 
Guo, 2020).

At RIS, the recorded T(∆47) of the carbonate material is consis-
tently colder than the temperatures recorded at BHE, in addition 
to being colder than the overlying water temperature, even in the 
top 5 cm of sediment. The colder temperatures here could result 
from a spring-season bias, such that most of the carbonate mate-
rial is derived from a whiting event happening in spring each year. 
However, whiting events extend until July, and there are no reports 
of whitings happening at different times in different portions of 
the lake. Instead, the colder temperatures could be the result of 
a facies-specific bias within the RIS core, with the majority of the 
carbonate material at RIS consisting of micrite and calcified charo-
phyte fragments, not whiting crystals. Photosynthesis, performed 
by charophytes or microbes, and other microbial metabolisms may 
cause carbonate to form in disequilibrium with formation water 
due to processes affecting DIC interconversion, which can result 
in disequilibrium ∆47 values and inaccurate temperatures (Bajnai 
et al., 2020; Guo, 2020). Stable carbon isotopes have been used to 
show that charophytes can precipitate calcite in isotopic disequi-
librium due to water stress, but disequilibrium in clumped isotopes 
has not yet been tested (Pentecost et  al., 2006). Moreover, if the 
facies at RIS is indicative of a larger fraction of repreciptated car-
bonate material from the pore spaces, this may contribute to the 
observed colder T(∆47). While most water column carbonate pre-
cipitation at Green Lake occurs in the late-spring to mid-summer 
(Brunskill,  1969) the average porewater temperatures are likely 
closer to the T(∆47) recorded by RIS. A carbonate facies at RIS rep-
resentative of a larger fraction of porewater precipitated carbonate, 
then, may create T(∆47) values that reflect a yearly average pore-
water temperature, while the facies at BHE reflect grains record-
ing T(∆47) of mainly spring–summer season average temperatures 
during water column precipitation.

To address whether precipitation of carbonate from the pore 
spaces could be responsible for observed downcore temperature 
variability and between-site variability, we measured porewater 
temperatures during the spring 2022 sampling season (Figure  5). 
At BHE, the porewater temperatures are colder than the T(∆47) re-
corded by the carbonate for all seasons, and, inversely, porewater 
temperatures are warmer than the T(∆47) of the carbonates at RIS. 
The porewater temperatures, however, are variable at hourly, daily, 
and seasonal timescales, although the variability is dampened rel-
ative to the overlying water column. BHE porewater temperatures 
were measured in the morning, and RIS porewater temperature 
in the afternoon on the same day – over which time there was an 
increase in air temperature that also increased surface water and 
porewater temperatures. It is most likely that the carbonate T(∆47) 
values do not result from a single precipitation event; rather, the 
T(∆47) variability is likely from a combination of carbonate precipi-
tating at water column temperatures, porewater temperatures, and 
carbonate precipitating in disequilibrium due to microbial carbon 
cycling processes.
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4.4  |  Implications for the lacustrine rock record

We have demonstrated that in the shoreline sediment in Green Lake, 
microbial carbon cycling as well as variable inputs of different al-
lochems likely contribute to lateral variability of carbonate carbon, 
oxygen, and clumped isotope geochemistry. Time averaging of the 
5 cm depth increments, which each integrate deposition on decadal 
to centennial timescales, mutes some of this variability. However, 
the lateral, meter-scale variability does not entirely disappear for 
δ13Ccarb, and the isotope values can differ between entirely different 
locations in a lake despite the decrease in lateral variability in a single 
location (δ18Ocarb, Δ47).

These findings suggest that bulk carbonate from the lacus-
trine rock record, especially in locations that have shoreline mi-
crobial facies such as mat textures, stromatolites, or thrombolites, 
cannot be assumed to be formed from one singular process or re-
cord one single variable. Where possible, a facies-specific or even 
allochem-specific approach to carbonate geochemistry may help 
to resolve different processes occurring within the lake. For ex-
ample, the microbial carbonate facies of the Laney Member of the 
Green River Formation have been described for more than 50 years 
(Sarg et al., 2013; Surdam & Stanley, 1979). Facies- and microfabric-
specific carbon, oxygen, and clumped isotope analyses of the Laney 
Member in western Colorado allowed Ingalls et al. (2022) to recon-
struct both lake paleohydrology and controls on the occurrences of 
the charismatic “giant” stromatolites. Furthermore, there are paleo-
lake systems that primarily preserve shallow/shoreline carbonate 
with microbial carbonate facies, like Member B of the Sheep Pass 
Formation (Fouch,  1979; Winfrey,  1960). Our work demonstrates 
that facies/allochem-specific work of such systems may help untan-
gle climatic drivers and global carbon cycle variations of the isotopic 
values from those caused by microbiology.

Sediment cores extracted in modern lakes for more recent pa-
leoclimate studies are often taken in the deepest part of the lake, or 
in a transect from the center of the lake to the shoreline, like cores 
that have been used in Green Lake paleoclimate studies (Hilfinger IV 
et al., 2001; Kirby et al., 2002). However, given the permanent redox 
stratification of Green Lake and the implications of redox stratifica-
tion on chemical sediments, our shoreline sediments are expected to 
be dissimilar to coeval lake bottom cores. Green Lake's anoxic lake 
bottom sediments preserve varves (Brunskill, 1969), which suggests 
the carbonate remains unaltered. Havig et al. (2018) found evidence 
for potential co-occurrence of microbial methanogenesis and sulfate 
reduction in the anoxic sediment, which would have opposing ef-
fects on carbonate saturation state. If these metabolisms occur at 
approximately equal rates, the overall impact on carbonate satura-
tion would be negligible, supporting the idea that the deeper sedi-
ments are largely unaltered and preserve a water-column signal of 
hydrologic balance and primary productivity. It is likely that this ex-
tends to most carbonate-producing, sulfate-rich, meromictic lakes. 
However, lakes with different bedrock, water chemistry, and mixing 
regimes will resultingly have different sediment microbial communi-
ties, impacting carbonate geochemistry in different ways.

5  |  CONCLUSIONS

Prior to this work, Green Lake had two described microbially 
mediated carbonate sources: (1) annual whitings driven by water 
column cyanobacterial blooms and (2) meter-scale shoreline 
thrombolites (Stanton et al., 2022; Thompson et al., 1997; Wilhelm 
& Hewson, 2012). Here, we demonstrated the possibility of a third 
undocumented source of microbially mediated carbonate in Green 
Lake: authigenic micrite, genetically linked to subsurface micro-
bial carbon cycling. Authigenic carbonate precipitation in the 
shoreline sediments at Green Lake, in combination with spatially 
variable proportions of different allochems with different average 
δ13Ccarb values, help to explain seasonally variable δ13Ccarb values 
at the same depth horizons, and variability of preserved ∆47 de-
rived temperatures in our sediments. The abundance of bacterial 
and archaeal classes capable of sulfate reduction in our sediment 
samples and high porewater sulfate concentrations indicates that 
microbial sulfate reduction pathways are likely in the sediments. 
In situ sulfate reduction in our sediments appears to have driven 
supersaturated Ωcal in most samples where sediment was likely 
anoxic, potentially promoting authigenic carbonate precipita-
tion. However, acidifying metabolisms like organohalide respira-
tion pathways (reductive dehalogenation in some halide-rich and 
organic-rich samples) may counteract the carbonate-favoring ef-
fects of sulfate reduction.

Our data suggests that within Green Lake, carbonate formation 
is linked to microbial carbon cycling in the water column, at the sedi-
ment–water interface, and within the sediments, in addition to influ-
ence from charophyte algae. This challenges the notion that modern 
lacustrine carbonate sediments can be ascribed to simple water-
column formation processes recording secular change in hydrocli-
mate and productivity. Using an allochem/facies-specific lens when 
evaluating lacustrine carbonates can provide insight into where and 
how the carbonate in a sample formed, allowing for more accurate 
and nuanced interpretations of bulk lacustrine carbonate stable and 
clumped isotope signatures, and deep-time, biological processes and 
physicochemical parameters. To adequately constrain these pro-
cesses and interpret the signatures they may leave in the lacustrine 
carbonate sedimentary record, we must continue to describe both 
the physicochemical and biologic processes involved in lacustrine 
carbonate precipitation in the modern and identify the implications 
for the stable isotope signatures preserved in the sedimentary and 
rock records.
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