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ABSTRACT. Recent studies targeting the metabolic, physiological, and biochemical
controls of sulfur isotope fractionation in microbial systems have drawn linkages
between results from culture experiments and the sulfur isotope signatures observed
in natural environments. Several of those studies have used newer techniques to
explore the minor isotope (**S and %S) variability in those systems, and also have
attempted to place them in an ecophysiological context. Sparingly few have incorpo-
rated this newfound understanding of minor isotope behavior into natural systems
(sediment pore waters, water columns) and none of them have refined existing
isotope-dependent reaction-transport models to explicitly include **S. In this study, we
construct a three-isotope (*%S, 3°S, and **S) reaction-transport model of pore water
sulfate for a well-characterized sedimentary system within the California-Mexico
Margin (Alfonso Basin). An additional goal is placing recent laboratory culture work
into a natural, physical context. The model first reproduces the measured bulk
geochemical characteristics of the }gore water profiles of [SO42_], [CH,], dissolved
inorganic carbon ([DIC]), and [Ca *]—and predicts bulk (non-isotope-specific but
depth-dependent) rates of sulfate reduction. Next, the model uses those depth-
dependent bulk rates, in combination with empirically calibrated fractionation factors,
to explain the minor isotope characteristics (5°*S and A®*S values) of the 0 to 40 cm

pore water SO,>~. The down core, isotopic evolution of pore water sulfate requires a
large fractionation associated with sulfate reduction (3485R = 70=% 5%0) that
appears to be independent of bulk rate, but in line with low temperature
thermody-namic predictions. The minor isotope characteristics (**+ g
0.5130) are also independent of rate and fall within the range expected from
microbial calibrations, but differ from minor isotope predictions of
thermodynamic equilibrium. The high value of **eqy raises key questions in
relating the physiological state of marine microorganisms relative to their
laboratory counterparts, as well as point toward exceedingly low metabolic rates
in natural marine sediments.
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INTRODUCTION

Microbial sulfate reduction (MSR) is quantitatively the most important remineral-
ization pathway for organic matter in modern continental margin sediments (Jor-
gensen, 1982) and carries profound geochemical consequences for the environmental
interpretation of biogeochemical cycling (Canfield, 2004). Sulfur isotope geochemistry
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is a primary analytical tool for tracking and quantifying the influence of MSR and other
sulfur metabolic pathways in those environments. Several decades of research focused
on understanding the S isotope biochemistry of MSR (Rees, 1973; Detmers and others,
2001; Canfield, 2001) and metabolisms such as microbial sulfur disproportionation
(Bak and Pfenning, 1987; Canfield and Thamdrup, 1994; Thamdrup and others, 1994;
Canfield and Teske, 1996; Finster and others, 1998; Habicht and others, 1998). Those
studies targeted the two most abundant sulfur isotopes (**S/??S) and largely used the
magnitude of a fractionation (*%¢, see definition below) as a diagnostic feature for
distinguishing between different metabolisms.

In natural marine seafloor environments, where MSR flourishes, diagenetic
reaction transport modeling complements isotopic studies and is the primary means
for reconstructing microbial reaction rates from the concentrations of pore water and
solid phase species. The mathematical framework underlying the modeling has long
been established (Berner, 1980; Boudreau, 1997) and models of increasing complexity
are continuing to be constructed (compare Arndt and others, 2013). Such models
have been used to understand organic matter degradation kinetics (Aller, 2014),
methane biogeochemistry (for example, Alperin and others, 1994), and as explored
further here, sulfur cycling (Berner, 1964; Jorgensen, 1979; Aller and Blair, 1996; Aller
and others, 2010). Sometimes bulk geochemical rates serve as model inputs, but more
often biogeochemical rates, derived from concentration profiles, are the desired
model output (Bowles and others, 2014). A small cadre of studies have constructed
such models for understanding measured S isotope profiles in sulfate and sulfide,
beginning with the seminal study of Jorgensen (1979), and later to more unique
localities like the deep biosphere (Wortmann and others, 2001) and Cariaco Basin
(Donahue and others, 2008). As with the aforementioned microbial work, these efforts
employed measurements and modeling of the conventional 315 /328 values in the
target sulfur bearing phases.

With the application of multiple or minor sulfur isotope systematics (specifically
33g /32 36q /32 : : i ;
studlies a5 5 informiant oF micrbial process (Earquiar ahd others, 2004 The Sl
but analytically resolvable kinetic isotope fractionations generated by microbial pro-
cesses remain a target of much new research (Leavitt and other, 2013), the underpin-
ning of which is firmly rooted in the physical chemistry of mass-dependent isotope
fractionation (Bigeleisen and Mayer, 1947; Young and others, 2002; Farquhar and
others, 2003). These emerging studies of biological systems highlight the added level
of interpretability that comes with exploring related triple isotope metrics (here S,
A8, and *’\gg - the rigorous definition of these different metrics is provided below).

Early applications of **S/?*S measurements, paired with an understanding of how
mass is conserved at the cellular scale, demonstrated that the signatures of MSR and
sulfur disproportionation are distinguishable and unique (Johnston and others,
2005a; Johnston and others, 2005b; Johnston and others, 2008). This is in contrast to
simply using the classic **S/*S measure (Canfield, 2001). This discovery led to minor
S isotopes being used to understand S cycling and the antiquity of different processes
within ancient systems (Johnston and others, 2005a; Johnston and others, 2005b;
Johnston and others, 2008). Subsequent studies have further characterized multiple S
isotope signatures in microbial experiments (Johnston and others, 2007; Sim and
others, 2011; Sim and others 2012) and improved our understanding of the influence
of rate (Leavitt and others, 2013), sulfate concentration (Bradley and others, 2015),
and enzyme effects (Leavitt and others, 2015) in the ultimate expression of multiple S
isotope biosignatures. Due to the overwhelming importance of MSR in the historical S
isotope record (for example, Strauss, 1999), multiple S isotope studies have also tried
to interpret these mass-dependent **S/%*S signatures in proxy records ( Johnston and



others, 2008; Wu and others, 2010; Wu and others, 2015; Sim and others, 2015;
Masterson and others, 2016). The variability in the **S/%*S record is clearly connected
to microbial metabolism, but the proper quantification of the connection between
laboratory calibrations of microbial signatures depends on placing those isotopic
observations into a diagenetic context; recall that most geologic sedimentary records
began their life as marine sediments. In keeping with approaches to the **S/?*S system
(compare Jorgensen, 1982), only one study has extended a diagenetic model to
include the multiple S isotopes. Here, Pellerin and others (2015) constructed a
diagenetic model to describe a pore water sulfate concentration profile and associated
isotope information from Mangrove Lake, Bermuda. Fortunately, information from
allied elemental and isotopic systems (see C, Fe, N, et cetera) provides added leverage on
the behavior of the sulfur cycle in these settings. The natural extension of previous
work is then to interpret sulfate concentration profiles in parallel with those of other
geochemical species (organic matter, CH,, DIC) in order to improve the quantifica-
tion of biogeochemically important rates (such as sulfate reduction and anaerobic
methane oxidation). In concert with multiple S isotope information, this next genera-
tion of model will allow for a better understanding of the connection between
laboratory studies of microbial signatures—where rates are generally well understood—
and natural systems.

In this study, we use pore water data and samples from an anoxic basin in the Baja
California-Mexico margin, Alfonso Basin, to reconstruct sedimentary S cycling and
to understand the implications for interpreting minor S isotope (A**Sgy,,) pore water
sulfate profiles. The anoxic-silled basins of the California-Mexico margin are an ideal
place to study S cycling due to their low bottom water O, content (<5 wM), laminated
sediments, and high particulate organic carbon (POC) content (>5%). Alfonso Basin
in particular has been well-studied (Berelson and others, 2005; Gonzalez-Yajimovich
and others, 2007; Staines-Urias and others, 2015). Sediment and pore water data
previously sampled and measured (Berelson and others, 2005) during the CalMex
campaign of 2001 from which tour samples include POC, [SOf], [CH,], [DIC],
and [Ca®*], and form the basis for our model. The model includes organic matter
degradation kinetics, sulfate reduction, methanogenesis, anaerobic methane oxida-
tion, and authigenic carbonate precipitation. The essential output of that bulk model is a
net sulfate reduction rate (SRR) that is used as a model input for running an isotope-
specific reaction transport model for the isotopologues of interest (**SO,*", **SO,*~,
#180,27, and where *S is less than 1% of total sulfur). We ignore %80,2~ because of its
very low abundance (<0.02%). The model inputs include fractionation factors associated
with sulfate reduction—""agz and **agg—and the model outputs include pore water
sulfate 3**S and A**S profiles. The results demonstrate that it is possible to extract intrinsic
S isotope fractionation behavior from a sediment column, and to use pore water A**S and
8*S profiles to extrapolate microbial calibrations to natural environments where biogeo-
chemical rates are largely unconstrained.

ISOTOPE NOMENCLATURE
Multiple isotope systems require an expanded set of notation to fully capture the
witnessed and calculated variability. The common nomenclature used to define the

standard **S/**S ratios is simply delta notation, relating a sample and a standard
(VCDT):
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The difference between two measured 3°*S values can also be captured as **e. For
example, the difference between the composition of sulfate (8**S ) and sulfide
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(7S, i54e) Would be represented as e utaiesuide = ([ (3% Squaie/1000> 1) / (88 e/
1000> 1)]> 1} * 1000 or [®*a > 1] * 1000. Here, we also use a classic definition of a,

which is a fractionation factor and equal to the ratio of ratios. As all the effects
described herein are mass-dependent (Johnston, 2011), they are small and difficult to
interpret as 3°”S (all **S nomenclature holds equally for *S). As a result, it is now
commonplace to normalize data to an ‘expected’ mass-dependent reference line, with
a slope of 0.515 when relating 8**S to 3°*S. This reference value approximates
thermodynamic equilibrium (Farquhar and others, 2003). This results in a A notation,
which is the deviation from that reference line in units of parts per thousand (or %o):

34 0.515
A%S =885 — 1000+ | |7+ 1| —1 (2)
1000 '

In cases where non-equilibrium fractionations or physical processes like mixing
are involved, it is convenient to introduce another term, **\, which is effectively a line
that connects two distinct isotopic compositions (for instance a reactant and product
relationship like sulfate and sulfide). This is a line that commonly only deviates in
slope/value from the reference line by less than 1 percent and is more rigorously
defined as:

In(Pa)

33y —
for the **S/?*S and **S/?*S system. In practice, the **\ term can simply be seen as
another measure of a minor sulfur isotope fractionation and will vary around a value of
0.515.

ALFONSO BASIN SAMPLING AND ENSUING ANALYTICAL METHODS

Coring and pore water sampling of Alfonso Basin took place during the CalMex
cruise of October and November 2001. That particular sampling cruise processed
sediment cores from numerous sites along the California and Mexican margin
(Berelson and others, 2005). We have focused on Alfonso Basin and briefly describe
the sample site characteristics and pore water sampling protocols. Although there is
some temporal variability, in general, bottom water oxygen concentrations are less
than 5 M, and sediments are laminated, indicating long-term bottom water anoxia.
Alfonso Basin, station 15 (24° 38.18’, 110° 36.06) lies oft the coast of La Paz (Baja
Mexico) and was sampled at a water depth of 408 m (see fig. 1). Coring was done with a
multicorer and a gravity corer. Cores with a well-preserved sediment-water interface
were utilized for whole-core squeezing to extract pore waters to define gradients in the
upper few centimeters. Additional multicores from each station were sectioned in an
anoxic glove bag. Sections were alternatingly sampled for methane (CH,) and dis-
solved 8042_, Ca®", DIC, NH4+, and silica. Methane was sampled and analyzed as
described in Sansone and others (2004), as revisited in Berelson and others (2005).
Pore water was filtered and stored in glass syringes for DIC analysis and bottled for the
remaining constituents. See Appendix for all pore water data, in addition to sulfur
isotope data generated in this study.

Frozen, unacidified pore waters from the CalMex (2001) cruise were shipped to
the laboratory for Stable Isotope Geobiology at Harvard University in 2014 for further
sample preparation and isotope analyses. Thawed pore water samples were acidified
with 1N HCI to a pH of ~2.5, and to each sample (ranging in volume from 0.25 mL -
3.0 mL) 500 pL of a concentrated solution of barium chloride (1M BaCl,) was added
in order to precipitate sulfate as BaSO . Barium sulfate precipitates were rinsed several
times with deionized water and dried for a minimum of 12 hours for §**Sg, analyses.
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Fig. 1. Map showing the sampling locality within Alfonso Basin for the cores studied herein. The cores
were sampled at approximately 408 m water column depth, at latitude of 24°38.18" (N) and longitude of
110°36.06" (W) in November 2001. Separate cores (multi cores and gravity cores) were retrieved, and
archived sulfate provided the material for analysis in this study. The details of the cruise, and the sampling
were originally published in Berelson and others (2005). The left panel provides the location of Alfonso
Basin, and the right panel, a modified version of that appearing in Staines-Urias and others (2015), provides
the details of the bathymetry of the California-Mexico margin.

Isotope analyses for §**Sg.,, were done directly on BaSO, precipitates using continu-
ous flow IRMS where SO, is the analyte gas. Here, online combustion utilizing a V,O5
catalyst at 500 °C was performed with a Costech EA, mated to the Delta V. Reproducibil-
ity was estimated from repeat analyses of IAEA-S-1, S-2, S-3, as well as NBS-127, to be
better than *0.2 permil (1o).

For minor isotope measurements (3°°Sgp,), samples were first chemically con-
verted to AgoS by reductive distillation with a mixture of hydriodic acid (HI),
hypophosphorous (H3PO,) and hydrochloric acid (HCl) at ~90 °C for 3 hours
(Forrest and Newman, 1977). The reactors were purged with N, and product HyS was
captured as ZnS and converted to Ag,S by cation exchange with AgNO;. Samples were
rinsed with ~100 mL of Millipore water, 15 mL of 1M NH,OH, an additional ~100 mL
of Millipore water, and dried in a 90 °C oven overnight. Powdered Ag,S samples were
fluorinated at 300 °C in a F, atmosphere at 10X stoichiometric excess. Product SF; was
cryogenically and chromatographically purified and analyzed on a Thermo Finnigan
253 in Dual Inlet mode. Analyses of repeat standards of IAEA-S-1, S-2, S-3, yield a
reproducibility of +0.2 permil and *0.006 permil for 8**S and A*S, respectively.
Samples are reported versus VCDT, calibrated from the long-term running average of
IAEA-S-1 versus the working standard gas at Harvard University (see Johnston and
others, 2014 for a full minor isotope calibration of these standards).

MODEL CONSTRUCTION

All reaction-transport models used in this study are steady-state finite-difference
models, and were coded and run in Fortran 77 to a specified depth (that is, model
domain length, L; Alperin and others, 1999). The baseline geochemical model that
reproduces the bulk pore water profiles consists of two parts: (1) an organic carbon
degradation model that produces a depth profile of remineralization rates (GRR), and
(2) areaction-transport model that calculates depth-dependent reaction rates, such as



TABLE 1

Upper boundary conditions of the baseline geochemical model

Solute Concentration (mmol/L) Source
SO, 28.93 I

CH, 0.00025 L
DIC 2.35 L?
Ca*" 10.53 It
Solid Concentration (%) Source
POC 7.79 L’
POC,, 2.24 C

G 5.55 C
Solid Flux (mmol cm™” y™) Source
G, 0.990 C

G, 4.170 C

G; 4.760 C

Solid phase and pore water concentration boundary conditions for the baseline geochemical model. In this table
and the remaining tables, the Source terms refer to L = Literature, I = calculated from other model conditions
(described in text), and C = Model variable/parameterization.

" Determined from a salinity of S = 35.

' Sansone and others (2004).

2 Berelson and others (2005).

3 Silverberg and others (2014).

organoclastic sulfate reduction, methanogenesis, and anaerobic methane oxidation.
The model also solves for boundary values and the final output reproduces the
measured pore water profiles of [80427] , [CH,], DIC, and [Ca®*]. A key output of the
model is the depth-dependent rate profiles, such as sulfate reduction rate (SRR) and
anaerobic methane oxidation rate. The output SRR, in concert with the upper
[SO,*"] boundary conditions and isotope information is then used to run the
isotope-specific reaction transport model that computes independent rates (**SRR,
#SRR, and **SRR), as well as isotope profiles (8%*S and A*®S) that can be used to fit the
measured data. Discussed below are the more explicit details of the model construc-
tion (boundary conditions, diffusion coefficients, kinetics parameters) that were used
to run each of the models. Further derivation and details are provided in the
Appendix, as the main text provided below targets only the essential details of this
application.

There are a number of physical parameters that are critical to the analysis. For
instance, model inputs for the baseline simulation are physical parameters such as the
size of the model domain (L = 300 cm) below which compaction is negligible. Water
depth, z = 408 m, temperature, T = 9 °C, and salinity, S = 35 were all specified and are
used to compute the diffusion coefficients, which are influenced by the physical
chemical characteristics of seawater (see tables 2 and 3). Dry sediment density, pgy =
2.65 g/cm” and the mass accumulation rate Fgy; = 0.0149 g/cm? are also necessary to
properly compute the coefficients in the diffusion and advection terms of the reaction-
transport equations. Mass accumulation rate is critical in determining the flux of POC
into the model domain since it parameterized as a weight percent of carbon in total
solids. Porosity (), or the fraction of whole sediment volume occupied by pore water,
was measured at the time of pore water sampling of the multi- and gravity cores. The
porosity profile follows a characteristic, exponential decay function with steady-state



TABLE 2

Physical parameters used in the baseline model

Symbol  Description Value Units Source
z Water depth 408 m L'
T Bottom water temperature 9 °C L?
S Bottom water salinity 35 psu L'
L Length of model domain 3000 cm C
0o Porosity at sediment surface 0.945 - C
Qoo Porosity below zone of compaction 0.835 - C
B Porosity attenuation coefficient 0.0147 cm’ C
Psm Dry sediment density 2.65 gem” L'
Fqy Mass accumulation rate 14.9 mgem?y! L'

' Gonzalez-Yajimovich and others (2007).
2 Berelson and others (2005).

compaction (see fig. 2A). That is, it is allowed to vary with depth and is not held
constant. This model fit is used throughout the reaction-transport equations.

The boundary conditions were calculated using salinity data from an adjacent
study (Gonzalez-Yajimovich and others, 2007). From this, it was determined that the
upper boundary concentration conditions for [80427] at 28.93 mM and [Ca®"] at 10.2
mM. The upper boundary conditions for [CH,] and DIC were as determined in
Sansone and others (2004). In all model runs, the upper boundary conditions for the
five species were constant (Dirichlet) concentrations (for example, [C]), and the lower
boundaries were Neumann (d[C]/dx = 0) gradients. Boundary conditions for all
species used in the baseline geochemical model, including POC, and described in
more detail below, are shown in table 1.

Organic carbon remineralization is parameterized using a classic ‘3G’ model
(Westrich and Berner, 1984; Dale and others, 2009). In this formulation, particulate
organic carbon (POC) deposited at the sediment water interface (thatis the boundary
condition) is divided into four fractions: an unreactive fraction, the concentration of
which remains constant throughout the model domain (POC,), and three fractions

TABLE 3

Diffusion coefficients of aqueous species (cm?/s)

25°C, 0 psu, 0 m D 9°C, 35 psu, 408 m &)

Dsos  10.7x10° 6.5x10°

Dena 16.7x10°° 10.1x10°¢
CO,: 19.7x10°® CO,: 11.7x10°° (0, = 2.92%)’

Dpc  HCO;:11.9x10° HCO;™: 7.23x10° (o) = 95.26%)’
C0O;*:9.31x10° CO;%: 5.65x10° (o, = 1.82%)°

DIC: 7.33x10°®
Dca 8.08x10° 4.91x10°°
' Boudreau (1997).

2 Corrected to in situ temperature, salinity, and pressure used in the Stokes-Einstein equation.
3 o values calculated at in situ temperature, salinity, and pressure (assumed pH 7.5) using csys (Zeebe and
Wolf;Gladrow, 2001).
Dpic = a,Dcoy + 01Dycos + @oDcos-
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Fig. 2. (A) Porosity (¢) data from the gravity (GC) and multicores (MC) used in this study, and
originally published in Berelson and others (2005). The exponential fit to the porosity data is typical of
continental margin sediments and is used to determine the porosity in the diagenetic models constructed
here. (B) Model parameterization of organic carbon degradation kinetics. The ‘3G’ model used here
partitions the pool of reactive carbon (G) into three fractions with shared reactivity (G,, Gy, G3), where k; >
ky > kg. The respective sizes of the pools G, are adjustable, as are the rate constants. POC,, is the fraction of
organic matter completely resistant to degradation, and G+POC,. implies the size (wt% C) of total organic
carbon within the Alfonso Basin sediments. In all sediment profile figures, the solid line at depth = 0 is the
sediment water interface.

(G, Gy, and Gg) with decreasing reactivity towards remineralization. The relative
contributions of each fraction to the total reactive carbon pool are adjustable as model
inputs. The solution to the 3G model was solved assuming first order decay for each
fraction of G, and the remineralization rate normalized to reflect the pore water
concentration of C remineralized. Thus, GRRpw is determined in units of pmol/ cm?®d.
A more detailed description of GRR is provided in Appendix 1. In keeping with this
approach, the remineralization rate constants (k; > ko > k3) are adjustable as model
inputs with the chosen values presented in tables 1 and 4. As elaborated upon in
previous studies that apply the same approach (Dale and others, 2009), the reactive
fractions G,, do not resemble actual carbon compounds, but are a simplified means of
modulating the rate kinetics of the whole model. Since all other rates (including SRR
and AOM) are calculated from GRR, the concentration profiles are most easily
adjusted by changing the fraction of each G, and their respective remineralization rate
constants.

Now closing in on sulfate reduction, the bulk model assumes that organic carbon
is degraded via only two pathways: organoclastic sulfate reduction and methanogen-
esis. Thus, aerobic oxidation, which is minimal in a basin like Alfonso, is neglected.
Dissimilatory Fe reduction is also excluded. Quantifying the sulfate reduction rate,
SRR, with respect to GRR requires knowledge of the oxidation state of organic matter
(XS) as it influences the stoichiometry of remineralization (C/S). Moreover, the
mathematical constraints of the diagenetic model require parameterizing sulfate
limitation (to dampen rates at low sulfate thresholds) for SRR, and require a similar
parameterization of sulfate inhibition for methanogenesis. These are accomplished
with the error function (erfc) —a smoothed version of a step function that dials down
rates when sulfate concentrations reach the threshold ([SO,?”]%) of limitation and



TABLE 4

Kinetic and equilibrium parameters of baseline model

Parameter Description Value  Unit Source
K, Reactivity of POC pool G, 0.0100 vy C
k, Reactivity of POC pool G, 0.0010 y! C
ks Reactivity of POC pool G; 0.0001 y! C
f; Fraction of reactive POC pool as G, 0.100 - C
f, Fraction of reactive POC pool as G, 0.420 - C
kmo Rate constant for methane oxidation 0.250 yr'l C
[SO,*]"  Threshold concentration for sulfate uptake  0.200 mM L
Kcacos Rate constant for calcite precipitation 0030 mMy' L
Kabs Equilibrium adsorption coefficient for Ca** 1.6 em’g! L7
K gpecie  Solubility product for calcite 4.92x107  M* L
XS Oxidation state of organic matter -0.7 L

! Habicht and others (2002).

2 Li and Gregory (1974).

3 Zeebe and Wolf-Gladrow (2001).
4 Alperin and others (1994).

inhibition. Here the thresholds are shared for both limitation (in the case of sulfate
reduction) and inhibition (in the case of methanogenesis), and is prescribed as
[SO,*"]1* = 200 wM. That limit is one of several estimated from sulfate affinity
measurements (Tarpgaard and others, 2011) and also from isotope fractionation
studies of MSR in culture (Habicht and others, 2002). The incorporation of this
parameterization into the reaction terms is detailed more clearly in Appendix 1, but
the most important consequence of this input is to prevent the occurrence of negative
rates [mathematically feasible, but entirely unphysical, and a classical problem in early
diagenetic modeling (Boudreau and Westrich, 1984; Boudreau, 1997) ]. Rate constants
also appearing in the model (see table 4) are that for anaerobic methane oxidation
(kpyon) and the kinetic and equilibrium constants associated with CaCOg precipitation
and Ca®" adsorption.

To have a more realistic and complete carbon cycle, we include dissolved
inorganic carbon and CaCOyj precipitation in the model. DIC production rates are
directly linked to GRR and methane oxidation, and the CaCOg precipitation rate is
expressed as a function of the saturation state of CaCOg. Here we assume constant
pore water pH value of 7.5, similar to that observed in the Santa Barbara Basin
(Riemers and others, 1996). Carbonate precipitation is then proportional to the
degree of supersaturation (for example, Q = [Ca®*"][CO5*"]/ K _,.1,)- Since a substan-
tial fraction of DIC and pore water Ca®* is lost to CaCOyg, including these rates is
necessary to reproduce the DIC and [Ca®"] pore water profiles and can be used as a
feasibility check on DIC production via GRR and methane oxidation. Note that the
carbon cycle is here included for completeness and has no direct bearing on sulfur
isotope predictions.

The sum of the discussion above is the extraction of a sulfate reduction rate.
Importantly, the SRR included sulfate consumed via organoclastic sulfate reduction
and via methane oxidation. While it is theoretically possible to calculate the isotope-
specific rates of sulfate reduction (**SRR, **SRR, and **SRR) and incorporate them into
the same model, it is far more straightforward to use the output bulk sulfate reduction
rates, by definition SRR = **SRR +??SRR +**SRR, as the model input for a separate



TABLE 5

Values used for upper boundary condition calculation in 3°S0,/~, 3°S0,/7~, 'S0/~
isotope model

Value Units Source
Solute
SO0,* 28.93 mM L!
Composition
53'S 21.150 %o L’
A*S 0.0475 %o L2
Ratio
SRycpr 0.00787726 - L’
*Ryepr 0.04416264 - L}
Species
250,% 27.472 mM ct
330,% 0.218 mM ct
#30,* 1.239 mM ct

! Gonzalez-Yajimovich (2007).

2 Johnston and others (2014).

* Coplen and others (2002).

# Calculations are shown in Appendix 2.

isotope model that considers only the sulfate isotopologues *?SO,*~, **SO,*, and
34Qy 2-
SO,

ISOTOPIC MODEL COMPONENTS

One clear novelty of this work is the extension of a prior diagenetic model
framework to include the triple sulfur isotope system. Researchers have previously
approached the problem of calculating isotope-specific rates from the total rate, both
for sulfur (Jorgensen, 1979) and carbon (Alperin and Hoehler, 2009). As expected, it
requires (i) the natural abundance ratio of the two or more isotopes in a known
material, usually a standard, (ii) knowledge of the isotopic composition of the starting
reservoir or boundary condition, and (iii) the fractionation factors (o) for the
particular microbial processes involved, in order to calculate their abundance as a
reaction proceeds. The formulation is fairly simple for two isotope systems, but
algebraically more complex with three or more isotopes. For this study, the derivation
of the isotope-specific boundary conditions for [328042_], [338042_], and [345042_],
as functions of 3*!S and A%3S values, as well as the isotope-specific reaction terms with
respect to SRR and the fractionation factors (MOLS2R and **agy) are shown in Appendix
2. The actual concentrations of 3280427, %3580,%", and ® SO427, which are used as
upper boundary conditions in the isotope model, are shown in table 5. As in the
baseline geochemical model, all lower boundary conditions for the isotope model are
Neumann conditions (that is, determined by the rate of change rather than an
absolute value).

As with other S isotope reaction-transport models (348/ 32S,Jorgensen, 1979; Dale
and others, 2009; Aller and others, 2010), the input fractionation factors are an
important component of quantifying the rates for individual species (**SRR, **SRR,



34SRR) with respect to bulk rate. Put differently, the fractionation factors are the ratio
of isotope-specific rate constants for a particular biogeochemical process. In the case of
each isotope model run, the input values include fractionation factors, **agg and **agy.
In keeping with previous determinations (compare Young and others, 2002), the **agx
is calculated using a term ¥ \sr> Where:

Bag = (Mag) . (4)

The computation of the individual rates for 328RR, #*SRR, and *!SRR is shown in
Appendix 2. There we demonstrate how the accurate determination of each depends
on SRR, [3280427], [2380427], [3450427], gSaSR, and 340(511- The isotope-specific
diagenetic model considers all species independently, but they are mathematically
linked through their reaction terms.

The model output produces depth-dependent concentrations of [325042_],
[3380,%7] and [3480427], which are used to calculate the isotope profiles of 8343504
and 8°Sq(,. These values are then used in conjunction with equation 2 to calculate
A¥S¢,. Although the bulk sulfate reduction rates are fixed, the sulfate isotopologue
profiles are adjustable with **agy and **\gg. These values (**agg and **Agg), which in
the case of the model can vary and are chosen to fit the measured sulfate isotope
profiles, are then comparable to the fractionations extracted from laboratory studies
with sulfate reducing bacteria and archaea.

RESULTS AND DISCUSSION

Sediment Geochemistry Profiles and Rates

As organic carbon is the key electron donor for sulfate reduction, we begin with
considering this component of the system. Gonzalez-Yajimovich (ms, 2004) quantified
the weight percent of the top 10 cm of Alfonso Basin sediments using the same New
Horizon cores employed for this study and found POC = 6.2 = 0.4 weight percent,
with the largest values measured at 6.85 percent (table 1). At 250 to 300 cm, POC
values have decreased to 3.3 * 0.2 percent, consistent with other studies (Berelson and
others, 2005). However, as suggested in Gonzalez-Yajimovich and others (2007), there
is evidence of seismically induced turbidity flow in Alfonso Basin, leading to non-steady
state conditions of sedimentation deeper in the core. This is consistent with Alfonso
being a small marginal basin in the tectonically active Gulf of California. Despite this
evidence for non-steady conditions, a simple linear loss model (r* = 0.8) for organic
carbon implies ~1.0 weight percent loss per 100 cm for the top 300 cm (see also
Berelson and others, 2005). The POC modeled in the reaction transport model (3G
model) overestimates the concentration at shallow depths (POC, = 7.79%), but
accurately reproduces the concentrations mid-depth. The upper boundary condition
was derived from estimates of sinking POC fluxes from sediment trap data in Alfonso
Basin (Silverberg and others, 2014).

From here, the 3G model partitioned the ‘reactive’ organic matter into three
different fractions, lumped by reactivity. Each fraction decays (independent mathemati-
cally) with first-order decay kinetics with decay constants ky, ky, and ks for G;, Gy, and
G, respectively. The values used for the first-order decay constants (k; = 0.0100 yr™ ',
ko = 0.0010 yr~', and ks = 0.0001 yr~') were chosen to fit the data, as were the
respective fractions of G (fi, f,, f3 = 1 — f; —f,). The weight percent of each fraction is
displayed in figure 2B, as is total weight percent POC. It is worth noting that G; and Gy
are consumed almost entirely by organoclastic sulfate reduction, and that a substantial
fraction of Gg, the least reactive fraction of G, is lost via methanogenesis. The summed
remineralization rates of the fractions G leads to GRRyyy, which decreases from ~2
pmol/cm® d™ ! at the sediment water interface to ~0 at the lower boundary (fig. 3).
The output rates for the rest of the model, including SRR, are mathematically linked to
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Fig. 3. (A) Model output from the 3G POC degradation model that parameterizes the remineralization
rate, GRR (.Mpy, d '), the methane production rate CH,PR, and the methane oxidation rate CH,OR. The
rates are the primary output of the 3G model, and are used to determine the sulfate reduction rate. (B)
Modeled sulfate reduction rate, SRR (wMpyy d™ 1), determined from the organic carbon remineralization
and methane oxidation rates, as shown in (A). The different stoichiometries of oxidation 1:1 in the case of
methane oxidation, and related to the oxidation state of organic matter, XS, in the case of GRR control their
contribzution to SRR. In all cases, sulfate consumption is reduced in cases where sulfate is limiting ([SO,*"]
<[S0,%1%).

GRR via the reaction stoichiometry of the process of interest. Since there is no direct
proxy for remineralization rates, the kinetics were tuned by the [5042_] and [CH,]
profiles.

The pore water sulfate concentration data in Alfonso Basin exhibits a near linear
profile (Berelson and others, 2005). Such profiles are typical of organic carbon rich-
sediments, and are, to first order, linked to sedimentation rate (compare Berner, 1978;
Niewohner and others, 1998). As shown in figure 4A (see Appendix 3 for data),
[8042_] decreases from 27.1 = 1.0 mM at 1 cm depth to 1.35 mM at ~230 cm depth. An
additional measurement from deeper within the gravity core yields a larger concentra-
tion measurement, but this is within error of the gravimetrically determined data. Pore
water sulfate decreases from the sediment-water-interface to the sulfate-depletion of
depth at ~230 cm. Pore water methane reaches concentrations >1 mM at depths
greater than 180 c¢m, giving a sulfate methane transition zone from approximately 175
to 225 cm. The concentration of dissolved inorganic carbon, DIC, increases from
~3 mM at 1 cm depth approximately linearly to ~40 mM at 150 cm depth, where the
slope changes and the concentration gradient decreases. Berelson and others (2005)
postulated that this change in slope is the combination of both the reaction stoichiom-
etries of sulfate reduction and anaerobic methane oxidation, but also the presence of
persistent pool of reactive organic carbon below the sulfate depletion depth.

The modeled organic carbon remineralization rate (GRR) and methane oxida-
tion rate (CH,oRr) were then used directly to calculate the sulfate reduction rate (see
fig. 3). As mentioned previously, an assumption in the baseline model is that organic
carbon is remineralized either via organoclastic sulfate reduction or methanogenesis.
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Fig. 4. (A) Model concentration outputs and Alfonso pore water data for [SO,?7] and [CH,]. The
smaller data points (core top) are multi-core samples, and the larger data points are gravity core samples.
The model fits are produced by parameterizing SRR as a function of organic carbon remineralization
(GRR). See Appendix 1 for the details of the model construction. (B) Dissolved inorganic carbon (DIC) and
pore water calcium (Ca®”) concentrations and diagenetic model fits. The DIC profile is largely controlled by
organic carbon remineralization, and Ca®" is largely controlled by authigenic CaCOj precipitation.

Since anaerobic methane oxidation also has only sulfate as a terminal electron
acceptor—by inference, all organic carbon that is remineralized in the model domain
is ultimately oxidized with sulfate. The reaction stoichiometries of sulfate reduction,
specified here as (C:S) of 0.6:1 and AOM of 1:1 determine the relationship between
the rates of GRR, CH,OR, and SRR (see fig. 3B). From the calculated rate profiles,
however, it is possible to estimate the fraction of POC that is remineralized via sulfate
reduction (~70%) versus that lost to AOM (~30%). These fractions agree with those
estimated in Berelson and others (2005), and are within the range determined for
typical organic carbon-rich margin sediments. The output SRR, of course, is the
modulating factor for determining the sulfate concentration profile, and accurately
reproduces the pore water data at depths <200 cm (fig. 4A). Analytical data from
deeper in the core is itself noisier, and the values >2 mM are likely a sampling artifact.
Thus, the column-integrated SRR yields remineralization rates matching sulfate flux
estimates of 400 mmol S/m?y ™', As a check, Berelson and others (2005) computed the
DIC flux across the sediment-water interface in Alfonso Basin as ~660 mmol,/m? y_l,
which, using the stoichiometry specified here equates to ~390 mmol S/m? y~'. This
agreement serves to validate the model presented herein.

Isotopic Considerations

The measured §°*S for pore water sulfate increases with depth (see fig. 5) as is
typical of margin sediments, reflecting the preferential consumption of **SO,*” by
microbial sulfate reduction in pore waters. We were materially limited for most of the
samples deeper in the gravity core, but the pore water sulfate §°*S values increase from
seawater values 8**S = 21.15 * 0.3 permil (Johnston and others, 2014) to 33.0 permil
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Fig. 5. (A) Pore water 8*'Sgn, values with respect to depth, and corresponding model fits output by the
triple isotope reaction transport model. The model uses bulk SRR as an input and recalculates isotope
specific rates using fractionation factors (**agr). The model fits here demonstrate that the best fit comes with
a large applied fractionation associated with sulfate reduction (**egz = 70%0). Here, the modeled sulfate
reduction is all sulfate reduction, meaning that both organoclastic and methane oxidation carry the same
fractionation. This should be further investigated in future studies. Other model fits demonstrate the range
of possibilities in 8**S gradients from different applied fractionation factors (**egz = 50 and 90%o). (B)
Same data and models as in (A), but for the depth range covered by the multicore data. The analytical
precision on 3**S values including chemistry and measurement is +0.3%eo.

at approximately 48 cm depth, where [SO,*"] has dropped to ~22 mM (fig. 5). Less
intuitive is the increase in A%*®S values with depth (see fig. 6), rising from near seawater
values of 0.047 (£0.006%o0) to 0.089 (£0.006%o) at 48 cm depth. A few other studies
have observed similar behavior in pore waters (Johnston and others, 2008; Pellerin
and others, 2015), and the closed-system consumption of sulfate (via MSR) would lead
to similar behavior (increases in the values of both 8**S and A*?S - Ono and others,
2006). For example, rayleigh distillation predicts a similar trajectory in 8**S vs. A**S
when o g, and P\ g, values typical of laboratory culture MSR experiments are chosen.
Clearly, the model used to explain the Alfonso Basin is more sophisticated, but the
point is the same — mass balance can carry isotopic consequences similar to that seen in
pore waters.

Perhaps most importantly, the primary goal of this study is to determine if the
relationship between sulfate reduction rate and isotopic fractionation observed in
experimental, lab-based pure culture studies is captured in marine sediments (Leavitt
and others, 2013). The isotopic model inputs were tunable in the choice of down core
behavior of “7 g and A g, while still taking the SRR from the same bulk geochemical
model. In essence, this allows a sensitivity test on the choice of input fractionation
factors. Recognizing that closed-system modeling of sulfate reduction yields an in-
crease of both 8°*S and A®3S values (Johnston and others, 2008; Pellerin and others,
2015), it is important to highlight that sedimentary systems are open to diffusive and
advective exchange with overbﬁng seawater. This results in a series of important
conclusions. First, pore water 3°*S and A**S values cannot be used directly to compute
intrinsic environmental **agy and **\gg values, as is often done and as would be
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Fig. 6. (A) Pore water A**S,, values with respect to depth, and corresponding model fits output by the
triple isotope reaction transport model. The model uses bulk SRR as an input and recalculates isotope

specific rates using fractionation factors (*'agr), and the ‘exponent’ **\gg, which relates that two fraction-

ation factors (“Pagp and “*agr). The model outputs shown here were run with a constant **eg = 70%o, but
variable **\gg values. A value of **\g; ~0.513 fits the data, and the other fits demonstrate the model A**S
gradients with 33\gg values = 0.511 and 0.515). (B) Same data and models as in (A), but for the depth range
covered by the multicore data. The measurement precision on A**S values is =0.006%o.

required in a Rayleigh approach. The seminal study that highlighted the consequence
of considering sediments as closed systems demonstrated that Rayleigh modeling of
sedimentary systems leads to erroneous estimates of the fractionation factors of
biogeochemical processes ( Jorgensen, 1979). Though the latter is still frequently used
to infer information about in situ biological isotope effects, we submit that only
properly constructed open system reaction-transport models can accurately predict
information about biologically mediated isotope effects. The second key assumption
that is explored with our approach is the requirement in a classic closed-system model
that the fractionation factors be constant throughout the sediment stack, as opposed to
allowing for a depth-dependence to the isotopic fractionation factors (or put differ-
ently, a rate dependence to the fractionation). Our model allows this later assumption
to be directly tested.

With this in mind, we used the sulfur isotope reaction-transport model to estimate
the intrinsic fractionation factors required to reproduce the pore water °*S and A**S
profiles. We begin by simply holding the fractionation constant throughout the
sediment column. As shown in figures 5 and 6, to reproduce the pore water 8**S values
requires a large fractionation associated with sulfate reduction (Pagg = 1.070, *egp =
70%o0, r* = 0.96). As a measure of the sensitivity of the model result to the choice of
*agg, the figures also include results where **egz = 50%o0 (r* = 0.71) and 90%o (r* =
0.78). Model fits using 60%o0 < **eqg <80%o all give r* > 0.90. Repeating a similar
exercise in varying *’\gg, a similar approach can be undertaken to determine the
best fit to the pore water A**S data. In this case, **agp is fixed at 1.070, and a **\gj value
of 0.5130 (r* = 0.85, see fig. 6) best reproduces the pore water A**S data. Other model
A?S outputs shown result from **\gg = 0.5110 (r* = 0.25) and **\gz = 0.5150 (r* = 0.25).
The combination of these results is captured in a triple isotope plot (fig. 7), where
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Fig. 7. Triple isotope plot (A*Sg, versus §7*Sgr,) of Alfonso pore water sulfate that plots the model
outputs from figures 5 and 6 concurrently and shows the range provided by variable **\g values. It is

noteworthy that **\gg = 0.515—on the reference frame defined by A**S has a high positive trajectory—and
is the isotopic consequence of partially closed system loss of pore water sulfate via microbial sulfate
reduction. For reference, the isotopic composition of seawater sulfate is (8*'Sg0s = 21.15 *+ 0.3%o,
A¥Sg0, = 0.0475%0).

increasing depth is represented as the distance along the vector extending to the upper
right and away from the composition of seawater sulfate (the boundary condition).

We can also consider the consequences of changing fractionation with depth. This
could manifest as a linear dependence of fractionation on SRR, or an exponential
dependence on SRR, like that seen in pure culture studies (Leavitt and others, 2013).
Each of the scenarios results in a different **« and **a applied at variable depths
within the model domain, and results in depth-dependent 328RR, **SRR, and **SRR (in
all cases, isotope mass balance was conserved and checked such that SRR = %2GRR +
33SRR + *'SRR).

Each of these different model solutions carries a different prescription between
SRR and isotope fractionation. In the first test scenario, we explored a linear depen-
dence of *'e; on rate (at SRR, **eqp ~ *'¢,,... and vice versa). Here we used the
same regressed values as determined in Leavitt and others (2013):

_ —39.3
ESR B SRRmax - SRRmin

34

SRR + 56.5. (5)
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Fig. 8. Isotope model fits (8**Sgp,, vs. depth) for different parameternatlon scenarios (constant **ggy,
linear dependence of g5z on SRR, and exponential dependence of **eg on SRR). The panels demonstrate
(A) the 1nput “eqr as a function of depth, as determined from the different parameterlzatlon scenario (B)
the model 8%!Sg,, profile fit for each of the scenarios in (A), plotted with the multi- -core 8%'Sg4 Alfonso
Basin data throughout the entire model domain sampled by the gravity core (C), the 8**Sg04 for the top 70
cm, the region sampled by the multicore.

In the next test case, we parameterized the exponential connection between SRR and
e using the model values from Leavitt and others (2013), where *% =

17.2 + 1.83%o0 and **¢,,,. = 56.5 = 2.6%o. Thus, the equation can be written as: "

max

Hegp = 39.3¢ OO S 417 9 (6)

with an attenuation coefficient of 10.

A comparison of the modeled fractionation factors (fig. 8), the whole core isotope
model profile and the core topmodel profile demonstrates the isotopic behavior of
each of the different scenarios. From this, we can highlight several key points. For both
the linear and exponential cases, where the fractionation factor is a function of rate, a
maximum fractionation factor of max = 56 permil is 1nsufﬁc1ent to capture the
behavior of the pore water sulfate 5° S o4 Values. Although the **¢ . and **¢_, are
the same in both cases, and values of *'¢ . converge at depths where SRR decays to
zero. The modeled 1sotope gradient in the exponential case is shallower than i in the
linear case because **eg; increases more slowly. Furthermore the modeled 8*'Sg(4
profiles largely do not reflect the structure of the *egy lnput proﬁle a consequence of
diffusive /advective transport of 32SO 2= %3SO 2~ and? SO

In all cases (exponential, linear, and Constant) the sulfate 8%*Sg04 profile gradl-
ents are approximately hnear with respect to depth down to 150 cm, where [SO,

5 mM Utlhzlng different **¢_ ., fit to the highest SRR at shallow depths and rangmg
from **¢ ;. = (20%0-50%o0), that same linear behav10r in the sulfate 1sotope gradient
is observed. Although a small change in the slope of 8%*Sg04 Versus depth is observed,
the chosen value of **¢ . has a much stronger influence on the sulfate isotope
gradlent than does %, . It is, of course, possible to model the 8**Ssou gradient
with **¢__ > 70 permil, in both the linear and the exponential case. The profile
behavior is largely insensitive to the chosen 34£mm when *¢__ is large (>70%).
Despite the fact that there is pronounced structure in ““gqp associated with the sulfate
depletion depth, there is comparatively little influence on the resultant 8**Sq,, profile.
In the case where **eqy is held constant, independent of SRR and by inference depth,
the best model fitto thei isotope profile is produced when **eg; = 70 permil (see fig. 8).
The model §**Sg, gradient is also linear with respect to depth until ~150 cm, when
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Fig. 9. Isotope model fits (**Sg,, vs. depth) for different parameterization scenarios. Like ﬁgure 8 (A) is
a constant - )\SR, (B) is a linear dependence on **\g, and (C) is the exponential dependence on **\gg. In
each case, **egy is 70 %o.

the sulfate concentration profile also begins to approach the sulfate depletion depth
All **gg, input values into the model where **e¢gx < 60 permil produce a 38404
gradlent that is too shallow, all 1nput tegr > 80 permil produce a %' Ss0r4 gradient that
is too large to accurately reproduce the measured pore water sulfate samples within
Alfonso Basin. Although the constant *!eg; scenario was tested simply as an end
member case, we acknowledge that it provides the best fit with the least number of
assumptions (the most conservatlve approach) to the 8*'Sge, values and accurately
reproduces the pore water 8**Sg.,, gradlent in the top 50 cm. Therefore, a scenario
that parameterized the connection between *'eg, and SRR is not necessary. Further, it
is critical to acknowledge that the physical transport of sulfate (diffusive and advective)
results in the loss of information about the fractionation behavior at the reaction level.

In a similar fashion to that outlined above itis possible to demonstrate a series
of model fits to the pore water sulfate A**Sg,, values. Noting that the variability in
A**Sg, values are modest over the measured range (increasing from near seawater
sulfate values at the seawater interface of 0.047 = 0. 006%0 t0 0.086 £ 0.006%o0 at 47
cm depth). Importantly, only minute Varlablhty in *\gy is required to produce
substantial changes in the trajectory of A*Sg, versus depth. Demonstrating a
sensitivity test, figure 9 exhibits the influence of variable, rate-independent **\gg
on the output pore water sulfate A>*Sy,. While not all of these values are physically
reasonable given the **egy, several features are notable. F1rst increasing **\gx with
constant **egz produces a more rapid increase in the A**Sgq, model output Thls
is an expected result, as **\gy relates the fractionation factors * AUsr and **agg,
larger values of **\gz produce a relatively larger enrichment in *’S. Secondly,
despite the fact that A®’S is calculated within the reference frame **\ = 0.515,
values of *\gg > 0.510 are sufficient to produce a positive trajectory in triple
isotope space (8%'Sgo, — A*Sgn,). It is possible that some closed system behavior,
such as can be observed in pore waters partlally explam this trajectory. Thirdly,
with the apphcatlon of both constant **eqz and *\gg, non-linear trajectories are
observed in the triple isotope composition of pore water sulfate. Whereas simple,
Rayleigh-like models of sulfate in closed systems demonstrate linear arrays (Ono
and others, 2006), the model trajectories for a diagenetic model like that con-
structed here are more complex as sulfate is consumed.



The combination of **agx and **\gy is mechanistically meaningful. A central goal
of this study is to test and explore the implications of these paired fractionation factors
in light of both thermodynamic constraints and laboratory/experimental studies. The
primary result of this test, and perhaps this entire study is that the fit to the isotope data
and preferred model solution does not require that the fractionation factors be
changing with depth or SRR. This could also reflect the overall low metabolic rates
(relative to the lab) in natural systems. Thus, using a fixed fractionation value is the
most conservative approach.

The Uniqueness of Alfonso Basin Sediments

The analysis given above provides quantitative evidence for the contributions of
microbial sulfate reduction and physical transport to an observed pore water sulfate
profile. Much of this analysis, however, is tightly linked to the specific geochemical and
sedimentological environment present in Alfonso Basin. The question then becomes:
is the observation at Alfonso Basin similar to what can be found more broadly in other
early diagenetic environments? Sulfate concentration profiles from a wide range of
different environments are present in the literature, and Alfonso Basin is unexcep-
tional in this sense. Further, there are numerous cases where the 8**Sq, of pore water
sulfate has been included. Much like that for sulfate concentrations, there is broad
similarity between the down core behavior of §**Sgy, values and [SO,*"]. This has
commonly been the motivation for using a closed-system, Rayleigh model to describe
this isotopic behavior. However, as we note from above, transport is also a key feature
in discerning a strictly microbial feature w1th1n marine pore water profiles — a
distinction that was aided by the inclusion of A**Sq.,, measurements. Thus, to begin to
address the broader apphcablhty of **S and the model presented above, we present
pore water sulfate data (8**Sgp, and A**Sgy,) from three other California-Mexican
margin sites: Mazatlan, Santa Monica Basin, and San Blas.

A full, Alfonso Basin-like model treatment of these other data sets is outside the
scope of this study, given that the requisite supporting data are largely unavailable.
However, the uniqueness of the minor sulfur isotope signature identified in Alfonso
Basin sediment pore water can serve as a proxy for whether the Alfonso result is more
broadly applicable. In figure 10, we present data from the other margin basins. What is
immediately clear is that there is a general consistency between the Alfonso Basin
profiles and the other margin sites. That noted, there are also potential differences. It
is first important to note that pore water sulfate measurements from the other basins
cover a wide range of sulfate concentrations, always beginning with bottom waters as
the boundary condition, and carrying seawater sulfate Values Like the Alfonso Basin,
as sulfate is reduced in other basinal sediments, the 8**S¢,,, and A**S,, values
increase. The overwhelnnng trend across all basins is a reasonably defined trajectory in
3%*Sg04 — AP S, values (pos1t1ve slope in quadrant 1). That noted, there is Varlablhty
outside of analytical precision between the localities. The root of this variance is a target
for further research as it could be related to any one of the various parameters that come to
control the early diagenesis of sulfur Fortunately, the general consistency among the
observations leaves the inclusion of **S as a promising direction for further study.

Implications and Extrapolation

There are several environmental and sedimentary implications stemming from
the interpretation of the diagenetic model built to explain the Alfonso Basin sulfate
pore water sulfate isotope profile. The model results for this site define an intrinsic, or
net fractionation for sulfate reduction of *'egz = 70 permil, with an accompanying
#\gg of 0.5130. Until recently, researchers postulated that the natural upper limit of
sulfur isotope fractionation via MSR was * Her ~ 46 permil (Peck, 1959; Peck, 1961;
Kemp and Thode, 1968; Rees, 1973; Habicht and Canfield, 1997; Johnston, 2011). As it
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Fig. 10. Triple isotope plot (A**Sg,,—8%*Sgr4) of pore water sulfate sampled during the CalMex (2001)
cruise, with Alfonso, Mazatlan, Santa Monica, and San Blas Basins. All four basins are anoxic silled basins of
the California-Mexican margin. The pore water sulfate displayed here is largely from the multicores sampled
during that cruise, except for Mazatlan, which also includes gravity core sulfate. Seawater sulfate is included
for reference (8%'Sgp, = 21.15 = 0.15%o0 and A**Sg, = 0.047 = 0.006%o0).

is common for the isotopic offset between pore water sulfate and free sulfide (or
pyrite) to exceed this presumed limit, oxidative sulfur cycling was frequently invoked
to explain environmental measurements exceeding this value (Habicht and Canfield,
1997; Habicht and others, 1998). Not only did this carry consequences for studying S
cycling in modern systems, it also carried implications for interpreting S cycling
through geological proxy records (for example, BaSO,, CaSO,, and sedimentary
pyrite) (Canfield and Teske, 1996; Strauss, 1999; Canfield, 2001; Canfield, 2004;
Canfield and Farquhar, 2009). Despite the lack of laboratory evidence that sulfur
isotope fractionations could exceed ~46 permil, theoretical metabolic models sug-
gested that such was possible (Brunner and Bernasconi, 2005; Johnston and others,
2007; Johnston, 2011). These models used low-temperature thermodynamics as a
guide, where calculations suggest sulfur isotope equilibrium between sulfate and
sulfide approaches 70 to 80 permil at Earth surface temperatures. More recent
experimental work has since demonstrated that microbial fractionations can exceed
the canonical 46 permil value, both in laboratory experiments with single cultures of
sulfate reducers (Sim and others, 2011; Leavitt and others, 2013) and in environmental
systems such as stratified lakes (Canfield and others, 2010; Gomes and Hurtgen, 2013).
First, this clearly changes the once necessary role of oxidative sulfur cycling. Further,
an emerging picture highlights the importance of rates of sulfate reduction as playing
a key role in setting the 348511 (Sim and others, 2011; Leavitt and others, 2013). More



specifically, biomass-normalized rates of sulfate reduction are inversely correlated with
the magnitude of an expressed isotope effect. Low metabolic rates produce fraction-
ations that approach 70 permil, and are a predictable consequence from equilibrium
calculations and theoretical isotope modeling studies (compare Wing and Halevy,
2014). Higher metabolic rates approach a much smaller net fractionation. Thus, most
laboratory studies are now converging on the ideas that metabolic rate is the governing
physiological parameter that controls the magnitude of S 1sotope fractionation in sulfate
reducers, with the added reality that MSR can carry large **¢ effects. If this indeed holds,
then the majority of environmental isotopic compositions can be accommodated by the
isotope effects of sulfate reduction alone. Moreover, if the modeled fractionation factor
demonstrated in this study (=70%o) is shared across environments more broadly, it would
suggest that marine sediments — like those in Alfonso Basin — foster the type of environmen-
tal conditions that keep metabolic rates of in situ sulfate reduction operating near their
lower physiological limit, and far below most laboratory studies.

It is important to revisit that the calculated SRR changes as a function of depth.
Considering only the top 250 cm of the sediment column where sulfate reduction is
actively taking place the maximum bulk sulfate reduction rate is at the core-top, where
SRR, = 1.7 x 10° mol/(L+d). As expected, the minimum SRR is at the base of the
sulfate reduction zone, and equals 0.027 X 10~ ° mol/(L-d). Finally, in the range of
sediment horizons where we have made sulfur isotope measurements (0-50 cm), SRR
changes by a factor of 3. This offers an opportunity to further revisit the environmental
manifestation of the rate — fractionation relationship derived from recent laboratory
studies (Leavitt and others, 2013). Importantlﬁy this is the first critical environmental
test of this hypothesis. Recall that *'egz and *\g are both coupled and correlated,
scaling as a function of metabolic rate (see Leavitt and others, 2013). Recall also that
the natural range of **¢gx spans ~70 permil, whereas the natural mass-dependent
range in ° )\SR is 0.5080 to 0.5150 (Johnston and others, 2008; Leavitt and others,
2013). As Heqy 1ncreases towards the maximum thermodynamically predicted value
(roughly 70%o0), **\g also increases concomitantly, to a value of approximately 0.5150
(the basis for the A*S reference frame: Farquhar and others, 2003) In diagenetlc
model treatment of Alfonso Basin, the two model input parameters — Hegr and Phgg -
are treated as functionally independent with a best fit of **egx = 70 permil and **\gy =
O 5130. Thls set of best fit fractionation factors can then be directly compared to the

Hegr — *Agr pairs from published MSR experiments. Interestingly, this exercise yields
only a loose consistency between our model prediction and pure culture studies.

The expectation from thermodynamic predictions, and as realized in mlcroblal
experiments (Leavitt and others, 2013 Wing and Halevy, 2014), is that when *'eqy
approaches an equilibrium value, the **\gy should follow suit and carry a value Dear
0.5145 to 0.5150. The product 0.5130 from our treatment, with a concomitant **eqy
of ~ 70 permil, is thus unexpected and out of step with pure equilibrium calculations.
This offset may be due to a number of factors. First, it is always possible that there is a
fundamental difference in the behavior of MSR in marine sediments relative to our
common laboratory strains. This could be purely physiological or speak to the behavior
of a mixed community of organisms (in sediments) as opposed to the pure cultures in
the laboratory. It is also possible that the environmental conditions — and thus
physiological state — of the laboratory culture insufficiently mimics that of marine
sediments. Finally, it is possible that the slight mismatch between model fits and
equilibrium predictions could reflect contributions from other metabolic processes
active in marine sediments. This would not augment equilibrium predictions proper,
but would allow for additional (and largely unknown) kinetic effects. In all of these
cases, laboratory cultures are a good firststep toward interpreting sedimentary data,
but necessarily incomplete. Fortunately, these types of features are testable.



It is also important to acknowledge a limitation of the current data set. That is,
given the mass requirements for isotope analyses, only the upper reaches of the core
were accessible for analysis. Having access to pore water sulfate samples from the full
length of the pore water sulfate column would certainly improve our understanding of
the deep-core behavior of MSR. There is also the opportunity to extend this style of analysis
to a more appropriate relation to experimental data, drawing in (for instance) data on
biomass loads and cell counts. Recall that the model generates bulk geochemical rates,
which differ from the normalized rates extracted from experimental microbiology.

Direct cell counts are absent from Alfonso Basin sediments, however estimates
exist for other tyfical margin sediments. From this work, cell numbers range from 10°
to 10'° cells/cm?® for the top 10 cm, decreasing with depth (Parkes and others, 2014).
We can use these general down core observations to provide an order-of-magnitude
estimate of the cell-specific reduction rates in Alfonso Basin sediments. These esti-
mates are based upon on our modeled rate profile, with SRR, = 1.7 x 10
mol/cm®d and SRR ;,, = 2.7 x 10 ~*! mol/cm®d. These are then simply converted to
cell-specific rates, following:

S _ SRRmax 7

CSSRR i = cell# 7)
SRRmin

¢SSRRyin =~ ™ (8)

Over the range sulfate reduction rates measured for Alfonso Basin, we calculate that
csSRR = 1.7x 107" — 1.7x 10~ 'Y mol/cell*d is the upper limit for 10'° cells/cm®, and
2.7 x 107'7 and 2.7 x 102" for 10° cells/cm®. A noteworthy consequence of this
calculation is that, despite the ~100x range in modeled bulk rates for this particular
sediment column, the computed range of cell-specific sulfate reduction rates for
Alfonso Basin sediments are significantly below those generated in the laboratory
calibration of Leavitt and others (2013). Since the lowest rates in Leavitt and others
(~107]2 mol/cell*d) were characterized by sulfur isotope fractionations >50 permil,
it is reasonable to suggest that the natural sulfate reduction rates of microbial
communities in Alfonso Basin are slow enough to explain the large sulfur isotope
fractionation in the modeled profile. In both experiments and the pore water
condition, rates are modulated by the reactivity and/or delivery of organic carbon.
Further, this does not explain the mismatch in *\sr, but does allow for a significant
step toward bridging between experimental and environmental data. It further points
to the common behavior MSR in marine sediments operating at exceedingly low
metabolic rates. If, as proposed, low net metabolic rates suggest a high degree of
dissimilatory pathway reversibility (Wing and Halevy, 2014), then these low rates would
also carry the isotope effect associated with chemical equilibrium.

CONCLUDING REMARKS

Laboratory based studies recently highlighted the dependence of metabolic rate
of sulfate reduction on the magnitude of the product sulfur isotopic effect. It is then
tempting to revisit geological records of sulfur isotope fractionations and interpret
these changes based solely as a function of metabolic rate. In this study, we examine
whether isotope fractionation, as preserved in marine pore water sulfate, carries a
memory effect of changes in microbial metabolic rates. In order to address this
question, we analyzed a geochemically well-characterized core for the triple isotopic
composition of pore water sulfate. We also formulated a reaction-transport diagenetic
model for a sedimentary system in order to quantitatively understand the triple S
isotope characteristics and its relationships to microbial calibrations of sulfur metabolisms.



The model reproduces the profiles of the major pore water species, including [SO,* "],
[CH,], DIC, and Ca%*, and generates realistic sulfate reduction and methane oxida-
tion rate profiles that corroborate previously published data. The sulfate reduction
rate profile is then used, in concert with isotopic fractionation parameters, to evaluate
the intrinsic isotopic characteristics of sedimentary sulfate reduction required to
reproduce the triple isotope behavior of pore water sulfate within Alfonso Basin. From
this we find a best-fit solution is where **eg; and **\gy are invariant with depth/rate
with values of 70 permil and 0.5130, respectively. No change in the intrinsic fraction-
ation is necessary to account for the down core, evolving multiple isotope composition
of sulfate. That noted, this result is constrained by the observational window presented
herein, where we cover ~50 cm of depth, a 3X change in SRR and 20 percent of pore
water sulfate removal. It is possible that in cases where a larger SRR range is sampled,
and/or a larger range in 5%1S, such a relationship remains. The model framework
presented here is directly transferable to such a study.

We demonstrate that pore water isotope signatures are consistent with very low in
situ specific rates of sulfate reduction — despite the fact that Alfonso Basin is an organic
carbon-rich marginal setting. However, the triple isotope signatures (3%1S/A%*S) are
still within the range of the predictions from laboratory calibrations of sulfate reducers,
and no additional need for S cycling (oxidation/disproportionation) is required to
produce the pore water A**Sq,, profile. Despite the challenges in assessing a potential
rate relationship to fractionation, our work further reinforces that physical transport
(advection and diffusion) significantly contributes to observed isotopic behavior of
pore water sulfate. The isotopic composition of pore water sulfate thus records more
than biogeochemical processes and must be interpreted in the light of this finding.
Future studies would benefit from whole core samples and more in-depth consider-
ation of the triple isotope composition of other pore water and solid phase S species.

ACKNOWLEDGMENTS
We thank Erin Beirne for laboratory assistance, Itay Halevy for thoughtful
discussions, and the crew of New-Horizons for assistance with coring and sampling
during the cruise of 2001. A.L.M. is funded through Harvard University Peirce
Fellowship. This work is supported by an NSF instrument grant and NASA Astrobiology
Institute to D.T.J. Financial support for this work was provided to WB via NSF grant
OCE 0727123. The authors would like to acknowledge the coring, pore water extrac-
tion and analytical help of O. Gonzalez-Yajimovich, J]. McManus, M. Prokopenko, L.
Chong and N. Rollins. The authors would like to thank D. Canfield, D. Burdige and T.

Komada for thoughtful comments on the manuscript.

APPENDIX 1
Derivation of the Terms GRR and SRR in the Bulk Geochemical Reaction Transport Model (RTM)

Diagenetic reaction transport models have been extensively applied over the past 50 years (compare
Berner, 1964), and have been the subject of numerous papers. The mathematics behind them have also been
fleshed out in two textbooks that are still the standard references on the subject (Berner, 1980; Boudreau, 1997).
We apply a few of the formulations here to derive the equations used in the bulk geochemical model, and to
demonstrate how rates are calculated from the concentrations of pore water species.

Using a combination of finite difference methods, the steady-state reaction transport equation for a
solute c in a porous medium is defined as (from Berner, 1980):

U op i) 1 + oD R, =0 ALl
de\ PP evem) T e W =0, (A1.1)

where,
eV = @0, (A1.2)

and



(A1.3)

We employ a well-known relationship that defines tortuosity — the mean path of a solute through a porous
medium (Ullman and Aller, 1982) as,

02 =" L. (A1.4)

Above ¢ is the depth-dependent porosity, Dg is the bulk sediment diffusion coefficient, c,, is the
concentration of the species in pore water, ¢.. and w,. are the porosity and sedimentation rate at infinite
depth—the lower depth boundary. The term 2Rpy, is sum of all the reaction terms influencing the pore
water concentration of c.

For solid phase components, the terms are simplified due to a lack of diffusion and bioturbation (where

Pom 1S constant), and the steady state equation becomes:

d
— 1= Qe ] + (1= @) DR, =0 (A1.5)
and

(1-9ow=(1-¢,)0.. (A1.6)

In this case, cg, is the concentration of the species in the dry sediment. To parameterize OC remineraliza-
tion, we employ a ‘3G’ model, consisting of three ‘reactive’ POC fractions that are binned by reactivity, and
carry unique remineralization constants (k;, ko, k3). As model inputs, f; and f, are the fractions of G, and G,
in the total reactive pool G, and thus the concentrations of G, Gy, and Gg are determined as follows:

G=f/"G (Al.7a)
Gy=f* G (A1.7b)
G=(01-fi—f-G (Al.7¢)

The fractions of G, Gy, and Gy are computed in this way, are used to set the upper boundary conditions for the
model. The determination for the organic carbon remineralization rate—termed GRR, with respect to pore
water, is derived from the Runge-Kutta finite difference method for each of the reactive fractions (n = 1, 2, 3):

aG, Gl — o)
i _k"i@x(l ) (A1.8)
Pl — @)
0.0012- ¢

GRR,, = (G, + kG, + kﬂGg)< (A1.9)
The term GRR,,,, has units of pmol/cm?®/d, whereas all of the fractions G are as wt% organic carbon. In the
bulk model, GRR,,, is computed first, and is used to determine the sulfate reduction (SRR) and methane
production (CH,4PR) rates. Implicit in this calculation is that all organic carbon remineralization taking
place at depths where sulfate concentrations exceed a prescribed threshold ([SO,*7] > [SO,*7]*) is via
sulfate reduction (that is, no aerobic remineralization, no ferric iron reduction, et cetera). At any depth where
[SO,2"] < [SO,? *, remineralization takes place via methanogenesis. SRR also takes into account SO,
consumed via methane oxidation (AOM). The calculation of SRR and GRR are demonstrated below:

4— XS
SRR[)'(U = 'Y1|:< ) ) . GRR/m/ + kMO[CH4]:| (A1.10a)

where:

-2 — [ o2 T
Y1 = 0.5[1 + erfc[%]]

Is the function that modulates SRR in the presence of sulfate limitation, to parameterize Monod kinetics.
The term XS is the oxidation state of organic matter (Alperin and others, 1994). The rate of methanogenesis
CH,PR is thus:

(A1.10b)



4— XS\
CH,PR=ry," [( S ) GRR,]} (Al.11a)
where:
[SO37] — [SO3 T*
Ny = 0.5[1 - erfc[#]] (A1.11b)

This function vy, has a similar purpose as v;, but modulates the rates of methanogenesis due to sulfate
inhibition about the prescribed sulfate threshold [SO,*~]*. These two rates (SRR and CH,PR) are employed
in the finite difference diagenetic model that solves for the concentrations of [SOf’] and [CH,] by
adjusting the parameters fi, fo, ky, ko, ks and kyo.

APPENDIX 2
Derivation of Isotope (*S, 7°S, and >*S) Specific Rate Terms *2SRR, SRR, and >*SRR, and Construction of the
Steady-State Diagenetic Equations

The determination of isotope specific rates for the sulfur system has been detailed before for the
two-isotope system (*2S and **S) ( Jorgensen, 1979; Dale and others, 2009), and by similarity, it can be shown
for the three-isotope system (*2S, #*S, and **S). The algebraic solution shares some similarities with those for
the two-isotope system, but naturally depends on two fractionation factors *ag, and **agg, which we have
described in this paper as being mathematically linked via **Agy (eq. A2.12):

_ l"(%‘xm)
SR = n(Pag)

The isotope-specific rates *SRR, **SRR, and **SRR depend on the concentrations of [**S0,*" ], [**SO,*"],
and [**SO,?7], but also on the rate constants **kgp, **kgp, and **kgg:

33

(A2.1)

SRR = "k [#S077] (A2.2a)
BSRR = Pk [PSO77] (A2.2b)
HSRR = kg [*SOT] (A2.2¢)

Intrinsic within the rate constants are the fractionations associated with sulfate reductions, and the
fractionation factors are simply the ratios of those rate constants. This allows for the expression of the
isotope-specific rate constants as functions of each other, linked via the fractionation factors:

S2GRR
(507 ] Mgy 250 ]
33 _ 32 _ 33 : .
QAsp BSRR > SRR SRR [®S0%] (A2.3a)
(507 ]
S2GRR
[%s0i] Hoge [2S077]
34 _Lt o 32 _ _oselL O
Qg SRR > SRR SRR ERo (A2.3b)
(7507 ]

Recalling that the bulk sulfate reduction rate is simply the sum of the isotope-specific rates (A2.4), the
equations for the isotope-specific rates can be solved as functions of the bulk rate, the isotopologue
concentrations, and the fractionation factors (A2.5a-c):

SRR = "SRR + "SRR + *SRR (A2.4)
SRR = SRR: 33f’lSRMOLSR [%QSO;;OL_::Zi %:;g?} + 33OLSR [MS()?]: (A2.52)
TSRl = SRR:%OLSR Hog[PSOT] iﬁ:i:;gi;li,] + Py [348037]: (A2.5b)
= gRRa T [“SO%*Ji (220




It is these rate determinations that appear in the final steady-state diagenetic equations for the isotope
reaction transport model and derived from A2.3-4. By analogy to those described for the bulk geochemical
model, they can be written as in equations A2.6a-c:

) d2 32802— ! ® 0. d 32802—
(P2D8()4% T <3‘PD304% _ %)% _BR2gRR=( (A2.6a)
2 ys0, 41780 ] do  0.9.\d["SO]
QDY g+ | 3ol - — . " USRR=0 (A2.6b)

TS0
e DY 5+

Ao w.¢.\d["'SOY]
dx’

TE TV siopp — G
i . SRR=0 (A2.6¢)

These equations are then solved using the exact same method as for the bulk geochemical model.

Derivation of Upper Boundary Conditions for 2SO, ], [P’SO,], and [7*SO,] from 87*Sse,, and A’Sg,
For the case where [*°SO,*] is excluded from consideration, [SO,?"] is the sum of the constituent
species [%280,27 ], [**SO,% ], and [**SO,? "], as below in eq. (Al.1)

[SOT1=[*S07 1+ [*s0i ]+ [*s0;7] (A2.7)

The terms **F and **F refer to the ratio of the species [**SO,?"] and [**SO,*"] with respect to [**SO,*"],
with #R 4 = 0.00787726, and *'R,y = 0.04416264 referring to the natural abundance ratios for our
standards (Coplen and others, 2002).

o [PSOT] [8%8, N
B~ .3
[250% ] 1000 +1 R (A2.8)
. [345037] 6348&‘04 .
sipot S . 34
[250% ] 1000 +1 R (A2.9)

331,‘ [%4803*]

e S0 ] (A2.10)

Equations A2.8-A2.10, in combination with Al.1 can be used to calculate the abundance/concentration of

each of the species [*?SO,%"], [**SO,%"], and [*'SO,*"], with respect to the bulk SO,?~ concentration at
the upper boundary condition, by algebraic manipulation, for [*SO,*"]:

[SOi]=["S0i ]+ [PSO T°F+ [PSOi TMF=["S0; " J(1 + ¥F+ ¥ (A2.11)

0 - 1
[**s011=[s0} ][m] (A2.12)

And for [**SO,27]:

o [HSOE*] o [%%Soif] %4F ) o 1 34
(SO =y + [0V 1+ ——5— =[SO W s+ 1 + 55, (A2.13)
501 = [0 s 14y | =100 1] (A2.14)
4 4 33F SSF 4 1+ 331,‘+ 34F N
And finally for [%*S0,%71:
348027 33 1 3.‘%F
[sO%] :[ 34; ]+ [“SOE’]W& [*'so;" 1= ["“SO?[][W,Jr spt 1] (A2.15)
. 1 33 -1 34
[%ZSO?f] = [SOfC] [Wzﬂ‘ WT"!‘ 1:| = [5037]|:m:| (A216)

In principle, this method can be used to derive the concentrations of the individual species anywhere within
the domain of the reaction transport model, but only truly serves where the isotope ratios (8**Sgo4, 8**Sgo4



and A*Sg.,) are satisfactorily known. The isotope model computes the concentrations of the species
independently, but they are linked through the reaction terms 32GRR, **SRR, and SRR, which depend
upon the constitutive fractionation factors (*®agg and **agyg, linked by **\gg). The derivation of these

isotope-dependent rate terms is shown in the following section.

Lower Boundary Conditions for 280,71, [PPSO ], and [P*SO ]

In principal, it is possible to prescribe the lower boundary conditions for the species [**SO,>"],
[335042_], and [345042_] using isotope values, and thereby concentrations. However, such an approach is
not possible, because the isotopic composition of sulfate is unknown at depth. In all cases, the model is run
with Neumann boundary conditions, such that the isotopic composition is unchanging at depth, but without
a specified composition:

d[*?s0% ], d[*so3 ], - d[*soi .-
[*5077] Lo [¥S0;7], Lo [*'S0i7] Lo

dx ’ dx ’ dx

(A2.17)

APPENDIX 3
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