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We present pore fluid geochemistry, including major ion and trace metal concentrations and
the isotopic composition of pore fluid calcium and sulfate, from the uppermost meter of
sediments from the Gulf of Agaba (Northeast Red Sea) and the Iberian Margin (North Atlantic
Ocean). In both the locations, we observe strong correlations among calcium, magnesium,
strontium, and sulfate concentrations as well as the sulfur isotopic composition of sulfate and
alkalinity, suggestive of active changes in the redox state and pH that should lead to
carbonate mineral precipitation and dissolution. The calcium isotope composition of pore
fluid calcium (8*“Ca) is, however, relatively invariant in our measured profiles, suggesting that
carbonate mineral precipitation is not occurring within the boundary layer at these sites. We
explore several reasons why the pore fluid §**Ca might not be changing in the studied
profiles, despite changes in other major ions and their isotopic composition, including mixing
between the surface and deep precipitation of carbonate minerals below the boundary layer,
the possibility that active iron and manganese cycling inhibits carbonate mineral
precipitation, and that mineral precipitation may be slow enough to preclude calcium
isotope fractionation during carbonate mineral precipitation. Our results suggest that
active carbonate dissolution and precipitation, particularly in the diffusive boundary layer,
may elicit a more complex response in the pore fluid §**Ca than previously thought.

Keywords: carbonate precipitation, calcium isotopes, early diagenesis, microbial sulfate reduction, microbial iron
reduction, sedimentary boundary layer, carbonate dissolution

INTRODUCTION

In modern marine settings, the layer of the uppermost sediment near the sediment-water interface
marks the physical and geochemical transition between the overlying oxidizing water column and the
reducing conditions of the deeper sediment column; hereafter, we will call this the boundary layer
(Sayles, 1979; Sayles, 1981; Klinkhammer et al., 1982; Rudnicki et al., 2001). This boundary layer is
thought to be the most active part of the sediment in terms of changes in geochemical conditions, and
related mineral dissolution and precipitation (Sayles, 1979; Sayles, 1981).
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One geochemical process that might be particularly important
in the boundary layer is the precipitation and dissolution of
calcium carbonate minerals (CaCQj). Calcium carbonate
minerals are the dominant sink for carbon from the Earth’s
surface environment, playing a major role in the global carbon
cycle (Berner et al., 1983; Milliman, 1993; Berner, 2003; Ridgwell
and Zeebe, 2005). Calcium carbonate mineral dissolution is one
of the primary buffers for mitigating changes in ocean pH during
ocean acidification, therefore understanding what governs its
precipitation and dissolution is a key challenge in the
oceanographic community. Seawater is undersaturated with
respect to calcium carbonate minerals where the
sediment-water interface lies below the lysocline; this is much
of the modern deep ocean floor (Feely et al., 2009; Higgins et al.,
2009; Carter et al., 2014). The saturation state of carbonate
minerals (Q) is given by the following equation:

_ [Ca],, x [CO3],,
- K, ’ (1)

QCC

where [X]sw is the activity of each aqueous species in seawater,
and K*,, is the stoichiometric solubility product at equilibrium,
which is itself a function of temperature, pressure, salinity, and
carbonate allotrope.

Carbonate ions are a part of the total dissolved inorganic
carbon (DIC) pool, along with dissolved CO, and the bicarbonate
ion (HCO;"). The relative proportion of the carbonate ion to the
total DIC is a function of pH, with protonated species (HCO;~
and carbonic acid—H,CO;) dominating below pH ~7.2 (Millero,
1995). Thus, a higher pH or increased total DIC will increase the
concentration of carbonate ions (equivalent to [CO53* |gw in Eq.
1), and thus, by Eq. 1, the saturation state of carbonate minerals
will increase in turn—provided [Ca*]gw and K*sp remain
constant—in theory, promoting mineral precipitation. The pH
of the modern deep ocean is lowered by the aerobic oxidation of
organic carbon in oxygenated bottom waters, resulting in
widespread carbonate undersaturation (Palmer et al., 1998; Yu
et al., 2014), whereas in marginal oceans, the water column is
frequently supersaturated with calcium carbonate minerals from
the surface to the sediment-water interface (Zeebe and Wolf-
Gladrow, 2001).

The aerobic oxidation of organic matter that influences the pH
of the deep ocean persists into the sedimentary boundary layer
and continues to reduce the pH of sedimentary pore fluids (Ben-
Yaakov, 1973; Froelich et al., 1979; Soetaert et al., 2007). Where
this process is active, carbonate mineral dissolution in shallow
sediments is likely as pore fluid [CO5*7], and consequently, Q.
(Eq. 1) decreases (Sayles, 1979; Sayles, 1981). In most sediment
columns, however, there is a maximum depth of penetration for
oxygenated water. This depth of penetration varies extensively,
and oxygen can persist to a significant depth, particularly in parts
of the abyssal plain (D'Hondt et al., 2015). However, below the
depth of oxygen penetration, anaerobic metabolic reactions
occur, oxidizing organic matter using other electron acceptors
(Froelich et al., 1979; Berner, 1980; Kasten et al., 2003). The range
of anaerobic metabolisms influence pH in different ways, either
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consuming or releasing protons, thus causing different responses
in the carbonate mineral saturation state (Soetaert et al., 2007). As
such, we expect a complex profile of calcium carbonate mineral
dissolution, precipitation, or recrystallization with depth in a
sediment column where some or all of these processes operate
sequentially (Kasten et al., 2003; Arndt et al., 2006; Arndt et al,,
2009). The depth at which these various processes occur below
the sediment-water interface is thought to be controlled largely
by the organic carbon flux to the seafloor (Berner, 1980;
Boudreau, 1997). The interplay of these processes will
influence how shallow sediment carbonate dissolution may act
to buffer changes in ocean acidification and thus place important
constraints on our understanding of the response of the ocean
under increased CO, forcing.

Measurements of reactions involving anaerobic metabolisms
and associated changes in the carbonate mineral saturation state
are most frequently taken at large depths below the
sediment-water interface. For example, the Ocean Drilling
Program/Integrated Ocean Drilling Program (ODP/IODP) can
sample sediments up to 2,000 mbsf, but the first sediment and
pore fluid samples are at least 1 m below the sediment-water
interface. At this depth in many marginal (e.g., continental shelf)
or high organic-flux locations, boundary layer redox changes
have already occurred, and there is potential that any changes in
the carbonate saturation state driven by redox geochemistry have
already been missed. There have been several attempts to quantify
changes in the boundary layer carbonate mineral saturation state,
but how these vary geographically, including the changes with the
water depth or distance from shore, is less well understood
(Sayles, 1979; Sayles, 1981; Steiner et al., 2019).

Pore fluid calcium isotope ratios have been shown to be a
useful tracer of carbonate mineral dissolution, precipitation, and
particularly recrystallization in sediment columns at longer depth
scales (e.g., Fantle and DePaolo, 2007; Fantle, 2015; Huber et al.,
2017; Bradbury and Turchyn, 2018), a utility which may be
applicable to boundary layer processes. Calcium has five stable
isotopes: *°Ca (96.94%), **Ca (0.65%), **Ca (0.14%), *‘Ca
(2.09%), and *°Ca (0.01%) and one quasi-stable isotope, that
is, *®Ca (0.19%). The significant mass difference among these
isotopes leads to a measurable amount of calcium isotope
fractionation in many common biological and chemical
processes (Fantle and Tipper, 2014; Gussone et al., 2016). The
isotope composition is here expressed in terms of the ratio
between **Ca and **Ca, the two most abundant isotopes, in
delta notation (Eq. 2), with units of parts-per-thousand, or
permil (%o), which is as follows:

“Calx
C sample
8Ca = (M - 1> %1000, ©)

using the bulk silicate Earth (BSE) reference, with a standard
seawater value of 0.92%o (Skulan et al., 1997).

During the precipitation of carbonate minerals, the *°Ca
isotope is preferentially incorporated into the solid phase via a
rate-dependent kinetic isotope effect, leading to an enrichment in
*4Ca in the remaining fluid (Gussone et al., 2003; Gussone et al.,
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FIGURE 1 | Map of southern Europe, North Africa, and the Mediterranean. The Iberian Margin (Top) and Gulf of Agaba (Bottom) are displayed in zoomed

2005; DePaolo, 2011; Nielsen et al., 2012). Conversely, it is taken
that there is no calcium isotope fractionation during carbonate
mineral dissolution, which hence releases **Ca-depleted calcium
from the carbonate mineral to the aqueous phase and decreases
fluid 6**Ca (Fantle and DePaolo, 2007; Jacobson and Holmden,
2008). During carbonate mineral recrystallization, the calcium
isotopic compositions of both phases approach isotopic
equilibrium with one another, and mineral and fluid calcium
converge to a given equilibrium isotopic difference, or offset, the
value of which is widely thought to be 0; that is, the ***°Ca ratio in
the solid phase over that of the pore fluid is 1 (Fantle and
DePaolo, 2007; Jacobson and Holmden, 2008). The majority of
calcium in the sediment is hosted in solid phases, so this
weighted-average isotopic convergence during isotopic

equilibration manifests as a significant decrease in the fluid
8**Ca toward the lower 8**Ca of the sediment minerals during
sediment-buffered early diagenesis (Fantle and DePaolo, 2007;
Fantle, 2015; Huber et al,, 2017; Ahm et al., 2018; Higgins et al,,
2018).

Here, we present centimeter-scale 8**Ca measurements from
the pore fluids and solid phase of the upper boundary layer of
sediment in the two locations, the Gulf of Aqaba and the Iberian
Margin (Figure 1), along with pore fluid major ion and trace
metal concentrations, to elucidate how complex and varied redox
conditions affect carbonate mineral precipitation and dissolution
in the shallowest boundary layer of the sediment. The objective is
to extend the observations that have been made in deeper
sediments using changes in §**Ca to resolve rates of mineral
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precipitation and dissolution into the shallowest sediments. In
doing so, we hope to test whether §**Ca in the boundary layer
pore fluids in conjunction with other geochemical analyses can
help resolve the depth distribution of carbonate mineral
dissolution, and thus how the buffering capacity for ocean
acidification extends from the ocean water column into the
uppermost sediments.

MATERIALS AND METHODS
Studied Sites

The Gulf of Aqaba is an isolated northeast extension of the Red
Sea, connected only by the 13-km-wide Strait of Tiran (Figure 1).
The Gulf of Aqaba reaches 1830 m depth and is never more than
25km wide (Ben-Avraham et al, 1979). There is no major
riverine input into the Gulf of Aqaba; instead, seawater is
sourced across the Strait, retaining a stratified water column
excepting annual mixing events in late winter (Biton and Gildor,
2011). Mixed layer depths regularly extend below 700 m, the
maximum sampling depth for this study (Wurgaft et al., 2016),
and as such, the water column is considered well mixed with
respect to the atmosphere (Krumgalz et al., 1990), maintaining a
constant oxygen saturation at the sediment-water interface
(Lazar et al., 2008). Sediment in the Gulf of Aqaba is supplied
mainly from episodic fluvial input events (Katz et al, 2015;
Torfstein et al, 2020), with additional contribution from
biogenic precipitation in the photic zone (Steiner et al., 2014),
and dust deposition (Chen et al.,, 2008; Blonder et al., 2017),
resulting in surface sediment that is roughly 35% carbonate
minerals by weight (Steiner et al., 2019). Steiner et al. (2016)
and Steiner et al. (2019) have undertaken an extensive analysis of
the solid phase sediment composition and bottom water
chemistry in the Gulf of Aqaba, including the quantification of
the extent of bioturbation, carbonate mineral saturation state, and
pore fluid pH. The Gulf of Aqaba’s average salinity is 40.7 g/L,
and bottom water temperatures average 21°C (Biton and Gildor,
2011).

The Iberian Margin, the continental shelf and descending
slope west of the Atlantic coast of Portugal (Figure 1), is an
open marine location overlain by the North Atlantic Deep Water
and Mediterranean Outflow Water in varying proportions.
Specifically, cores used here were taken from the “Shackleton
Sites” (Hodell et al., 2013a), which has previously been the focus
of many paleoclimatic studies, including the seminal work of
Nick Shackleton identifying the phase relationships in oxygen
isotopes between the planktonic Foraminifera and the Greenland
ice cores (Shackleton et al., 2000; Shackleton et al., 2004). Later,
studies into the sediment at these sites have focused on
developing further high-resolution paleoclimatic records
(Hodell et al., 2013b; Hodell et al., 2015; Rodriguez-Tovar and
Dorador, 2014; Rodriguez-Tovar et al., 2015).

Sample Collection

Short cores in the Red Sea were sampled from the “Sam Rothberg
RV,” a 16 m research vessel owned and operated by the Inter-
University Institute for Marine Sciences in Eilat (IUI) at two sites
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in the Gulf of Aqaba in September 2018. Gravity cores (GC1 and
GC2) and piston cores (MC1 and MC3) were taken at “Station A”
(water depth 696 m, 29°28'03"N, 34°55'64"E), which is regularly
sampled and hereafter referred to as AQ700, and piston cores
(MC7 and MC8) were taken from a shallower, less frequently
sampled site (water depth 518 m, 29°29'50"N, 34°56'24"E),
hereafter AQ500. Pore fluids were extracted within 24h of
collection, either by centrifuge or Rhizon (Rhizosphere
Research Products—Seeberg-Elverfeldt et al., 2005). Cores
processed by centrifuge were sampled at 10 cm (gravity core)
or 1cm (piston core) intervals; all data are reported at the
midpoint depth within these intervals. All pore fluid samples
(Rhizon and Centrifuge) were passed through a Millipore
0.22 um syringe filter, acidified with nitric acid to 40 mM
(except 5ml reserved for the measurement of pore fluid
alkalinity), and stored under refrigeration prior to the analysis.
The carbonate fraction of the solid sediment samples was
dissolved in ultrapure 10% acetic acid for 1 h and converted to
a nitrate form.

A second set of cores was taken from the southwest Iberian
Margin as a part of the JC089 IODP site survey of the Shackleton
site, in July and August 2013, as detailed in the cruise report
(Hodell et al., 2014). Here we report analyses from three cores
from two of the sampled locations: The piston core JC089 SHAK-
05-3P and the Megacore JC089 SHAK-05-4M-B from the site
“JC089-05 SHAKO05” (water depths 4,670 and 4672 m,
37°36'16"N, 10°41'30"W), hereafter IM4650, and the
Megacore JC089 SHAK-11-10M-D from the site “JC089-11
SHAK11” (water depth 628m, 37°51'31”"N, 9°20'10"W),
hereafter IM600. Both cores had their pore fluids sampled
using Rhizons.

Analytical Methods

The calcium isotope analysis was conducted using a Triton Plus
MC-thermal ionization mass spectrometer (TIMS) as per the
method reported in the study by Bradbury and Turchyn (2018). A
1:1 **Ca-**Ca double-spike was added to a pore fluid sample
containing 6 pg of calcium such that the sample-to-spike ratio
was 10:1. These were dried down and then redissolved in 0.5%
HNO;", before calcium was separated from other cations on a
Dionex ICS-5000" HPIC system fitted with a high-capacity
carboxylate-functionalized Dionex CS-16 column using a
methyl sulfonic acid eluent. Calcium was isolated using a
fraction collector by eluent concentration within a
predetermined peak-detection window. The procedural blank
when collecting 4.4 ug of calcium in 7ml of solution was
96 ng (2%—determined for this machine by Bradbury and
Turchyn, 2018).

Calcium (4 pg) was precipitated as calcium nitrate and then
redissolved in 1uL of 2M HNO;™ for loading onto 0.7 mm
outgassed zone-refined rhenium filaments, with 0.5 pL of 10%
H;PO,. These were analyzed using a double filament method on
the TIMS. Ionization filaments were heated to 1400°C, and
evaporation filaments were heated manually until the *°Ca
beam stabilized at 5-10V (on a 10" Q resistor).
Measurements were taken with an integration time of 8.389s,
consisting of 200 cycles of data per run in blocks of 20. Errors are
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quoted as the external precision, 20, of results where duplicates
were measured. Standards measured over the course of the study
are as follows: NIST915B mean = -0.281, 20 = 0.085, and n = 20,
and TAPSO seawater mean = 0.929, 20 = 0.12, and n = 15.

Major element concentrations of the pore fluids were
measured using an Agilent Technologies 5,100 inductively
coupled plasma-optical emission spectrometer. Samples were
diluted at 1:100 with 0.1 M HNO;, and the Iberian Margin
samples were then analyzed in duplicate with regularly spaced
standards. The Gulf of Aqaba samples were analyzed in duplicate
with sample-standard bracketing following the methods of
Steiner et al. (2018). Initial calibrations were obtained by
running different concentrations of the IAPSO seawater batch
P157. The same IAPSO standard, diluted to the same salinity as
the samples, was used as the bracketing standard. Results are
presented as ratios relative to sodium (Na), which we assume is
conservative. Errors are quoted as 20 from the duplicates run.

Pore fluid §**Sgp4 was analyzed for select cores. Pore fluid
sulfate was precipitated as barium sulfate (barite) using a
saturated barium chloride solution, acidified with HCI, then
sequentially rinsed thrice with deionized water, and dried in
an oven. Barite was combusted at 1030°C in a flash element
analyzer, and the resulting SO, was measured for isotopic
composition on a GS-IRMS (Thermo Finnigan Delta V+). All
results were corrected against NBS 127 (standard value 21.1%o),
from which errors were generated (20 = 0.260%o, n = 16).

Alkalinity was measured at the IUI in Eilat, Israel, using 1.5 ml
of sample per titr@ation and in triplicate using a SI Analytics
Titrator TitroLine 7,000 and shipboard on the JC089 cruise.
Alkalinity was calculated by the Gran plot. The average precision
is below 5 uM for the triplicate samples.

RESULTS

Pore Fluid Geochemistry

Pore fluid major element concentrations, 8*Ca, 8°*Sgo,, and
alkalinity from the Iberian Margin (Figure 2) and the Gulf of
Aqaba (Figure 3) vary over the sampled depth range. Pore fluid
major ion concentrations decrease quasi-linearly with depth in
both sites, including that of sulfate (commonly consumed
through microbial sulfate reduction), calcium (commonly
consumed through subsurface carbonate precipitation),
strontium, and magnesium (see Supplementary Figures S1,
S2). We also note a linear or near-linear increase in
sedimentary pore fluid alkalinity. We observe no minimum
inflection points in any of the above species’ profiles; if these
pore fluid data decrease due to some consumption reaction in the
sediment, then the lowest concentrations likely lie outside the
sampled depth range in every analyzed core.

The rate of decrease, with depth, of pore fluid calcium and
sulfate, and increase in alkalinity and 8**Sgou, is larger in all cases
in the Gulf of Aqaba than that at the Iberian Margin. We note that
at IM600 (where sampling only extends to 25 cmbsf), there is no
observed change in the geochemical data outside of error, while at
IM4650, significant changes only begin to occur deeper in the
core (up to 700 cmbsf).

Assessing Boundary Layer Carbonate Precipitation

In the Gulf of Agaba cores, local maxima are observed in pore
fluid concentrations of iron ([Fe*']) and manganese (IMn**]).
Dissolved [Fe**] reaches its maximum 26 cmbsf in AQ700, and
9 cmbsf in AQ500, before decreasing. Dissolved [Mn?"] reaches a
maximum at 12 cmbsf at AQ700 and at 9 cmbsf at AQ500. No
[Fe**] maxima are observed in either core from the Iberian
Margin; indeed, [Fe*] only begins increasing at 75 cmbsf in
the piston core at IM4650, reaching its recorded maximum near
the base of the core (686 cmbsf). At IM4650, there is an apparent
[Mn**] maximum in the region between the base of the Megacore
at 37 cmbsf and the next shallowest sample in the piston core at
55 cmbsf. The sulfur isotope composition of pore fluid sulfate
(8%*Sg0,) increases with depth in every core, to measured maxima
of 24.9%o in AQ700 and 29.0%o in IM4650.

Pore fluid §**Ca does not vary significantly outside of error over
the meter-depth scale within the upper sediment in any of the four
coring locations. Sedimentary §**Ca is also invariant (where tested
at AQ700) over this interval—retaining a stable offset of ~1.1%o
from pore fluid §**Ca (Figure 3, top left). Some smaller scale
variations in the pore fluid §*Ca are recorded in both cores at
shallower water depth, AQ500 and IM600; §**Ca decreases by
~0.3%o (to 0.25%o) in the upper 10 cmbsf before increasing again;
8*Ca remains stably at seawater values to 14 cmbsf in IM4650; and
8*Ca has a local maximum (0.95%o) at 45 cmbsf in AQ700.

Comparison of Pore Fluid Profiles
To better visualize the relevant changes in various concentrations in
the measured pore fluids, we plot the data using a cross-correlation
matrix, which is here normalized to pore-fluid sodium to account for
differences between the two studied sites (Figure 4). Across cores
from both the Gulf of Aqaba and the Iberian Margin, we observe
strong correlations between certain species, with least-square-
regression coefficients of over 0.9 (Figure 4); these correlations
imply causal or cogenetic relationships between these species and
can be used to geochemically characterize the early diagenetic system
in the boundary layer at these sites. First, we can test the extent to
which certain species decrease linearly with depth—Ca**/Na®,
SO4*"/Na*, and Sr**/Na" all strictly display this behavior, with R
values of 0.62, 0.85, and 0.67 vs. depth, respectively (Figure 4), with a
larger decrease in the Gulf of Aqaba than in the Iberian Margin in all
cases. Pore fluid Mg behaves this way in the Gulf of Agaba (R = 0.58
vs. depth), but no decrease in the Iberian Margin is apparent.

There is a strong negative correlation between sulfate
concentration and alkalinity (R = -0.97), hinting that in our
sites, microbial sulfate reduction coupled to either the anaerobic
oxidation of methane or organic matter oxidation generates the
majority of alkalinity. This is confirmed by the fact that the increase
in 8**Sgo, is anticorrelated with the pore fluid sulfate concentration
(R =-0.97); the observed decrease in sulfate concentration is due to
microbial sulfate reduction, preferentially converting the light **S
isotope to sulfide and leaving the **S isotope in the remaining
sulfate. Alkalinity and calcium concentrations display a strong
anticorrelation (R = -0.85), suggesting a link between the
alkalinity generated through microbial sulfate reduction and
sedimentary carbonate precipitation (Zhang, 2020).

Our data suggest that this carbonate mineral precipitate is
associated with the uptake of both Mg and Sr, as there is a strong
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correlation between pore fluid Mg and Ca (R = 0.64) and Sr and
Ca (R = 0.83). The correlation matrix (Figure 4) suggests that
magnesium incorporation varies with location, with a higher Mg
incorporation in the Gulf of Aqaba sites, which may be due to
higher bottom water temperatures; temperature is known to
strongly influence the partition coefficient of Mg into the
carbonate lattice (Elderfield and Ganssen, 2000).

Microbial sulfate reduction, coupled with either oxidation of
organic matter or methane, is not the only anaerobic metabolism
generating alkalinity at these sites. The Gulf of Aqaba has
previously been shown to have active iron and manganese
cycles (Blonder et al, 2017), with the zones of iron and
manganese reduction being visible in the dissolved metal pore

fluid profile (Figure 5); our data support these previous results.
The similar concentrations of dissolved iron and manganese in
the Iberian Margin pore fluid suggest iron and manganese cycling
is also occurring at this location. We do not, however, observe
distinct horizons of increased alkalinity coincident with the zones
of iron and manganese reduction at any site.

DISCUSSION
Boundary Layer Pore Fluid Chemistry

Sedimentary carbonate mineral precipitation or dissolution is
driven by chemical reactions that consume and produce protons
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and thus alter pore fluid pH; these chemical reactions can be
driven by both aerobic and anaerobic microbial metabolisms.
The anaerobic metabolic pathways that raise the pore fluid
pH may counteract the pH decrease caused by calcium
carbonate precipitation itself and allow precipitation to
continue. These anaerobic pathways include manganese
reduction, iron reduction, and the anaerobic oxidation of
methane through sulfate reduction, all of which raise pH
above the observed “calcification-threshold” of 7.2-7.4
(Soetaert et al, 2007). Conversely, aerobic respiration,
organoclastic sulfate reduction, and fermentation via
methanogenesis have all been suggested to lower pH below
this threshold. The aerobic-anaerobic boundary is often
considered a point where conditions switch from
carbonate mineral dissolution to carbonate mineral
precipitation (Arndt et al., 2013).

In the Gulf of Aqaba and on the Iberian Margin, there is an
aerobic-anaerobic transition within the boundary layer, given the
changes in the iron and manganese pore fluid concentrations and
other indications of anaerobic metabolism such as a decrease in
the pore fluid sulfate concentration and increase in §**Sgo,. All
our sites are overlain by seawater that is saturated or
supersaturated with respect to calcium carbonate (Eq. 1). The
Gulf of Aqaba sites are considered to share the same overlying
water conditions, with Qcqjcite = 4.4 and Qqragonite = 2-8. At IM600,
Qcatcite = 3.0 and Qqragonite = 1.9, and at IM4650—the only site
near the saturation horizon—Qcicite = 1.3 and Quragonite = 0.9.

Assessing Boundary Layer Carbonate Precipitation

The primary control on the anaerobic-aerobic transition is the
depth of sedimentary oxygen penetration. In turn, one of the
primary controls on the oxygen penetration depth is primary
productivity, and organic matter production and delivery to the
sediments. Sites closer to the shore would experience higher overall
levels of primary productivity in the overlying water due to higher
nutrient levels supplied from terrestrial environments. Therefore,
more organic carbon is delivered to sediments, and there will be a
shallower oxygen penetration depth into the sediment, with all
other factors being equal. Another major influence on primary
productivity in the upper water column is proximity to a zone of
upwelling from the deep ocean. The Iberian Margin is impacted by
both of these effects, being proximal to shore and in an Eastern
boundary upwelling zone, supporting high levels of primary
productivity in the surface waters. High organic-matter delivery
and a shallow aerobic-anaerobic transition should lead to a
shoaling of those anaerobic processes outlined above, which
raise pore fluid pH and encourage sedimentary carbonate
mineral precipitation, which would lead to a decrease in pore
fluid calcium concentrations.

The delivery of carbon decreases further away from the shore
as most of the organic carbon is oxidized in the (larger) water
column before it reaches the sediment. This lower delivery of
organic carbon increases the depths of sedimentary oxygen
penetration and the associated underlying aerobic-anaerobic
transition (D’Hondt et al., 2015). Aerobic respiration lowers
pore fluid pH sufficiently to drive surface sedimentary
carbonate mineral dissolution and supply aqueous calcium to
the pore fluid, which should manifest as an increase in either pore
fluid calcium concentration or diffusive calcium flux to the
overlying bottom waters.

The most comprehensive survey of boundary layer calcium
concentrations was conducted on a series of cores from the West
Atlantic Ocean by Sayles (1979), Sayles (1981). Data from this
study demonstrated the concept of this proposed onshore-to-
offshore switch from upper sedimentary carbonate mineral
precipitation to upper sedimentary carbonate mineral
dissolution (Supplementary Figure S3). Closer to the shore in
shallower water, pore fluid calcium concentrations decreased
with depth below the sediment-water interface, but further
from the shore in deeper water, pore fluid calcium
concentrations increased. Our chosen sites sampled in this
study are close to the shore in shallow water, and we measure
a decrease in pore fluid calcium concentrations with depth below
the sediment-water interface, similar to the near-shore part of the
transect studied by Sayles (1979), Sayles (1981), Supplementary
Figure S3.

All of our sampling locations underlie waters at saturation or
oversaturated with respect to calcium carbonate; pore fluid
calcium concentrations decrease with depth at all sites (albeit
at a greater rate in the Gulf of Agaba), and we know that the
isotopic composition of calcium is a sensitive tracer of carbonate
mineral precipitation. However, we do not observe the expected
changes in pore fluid §**Ca. This poses the following question:
What features of the boundary layer preclude these observations
in these locations? Here we are going to explore three
nonexclusive possibilities. First, we will explore the idea that
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calcium carbonate precipitation is occurring deeper in the
sediment column and our results capture the uppermost phase
where, due to mixing driven by diffusion between the (deeper)
precipitation horizon and the overlying water column, there is no
change in the pore fluid §**Ca. Second, we will explore whether
an active iron and manganese cycle could be precluding
carbonate mineral precipitation. Finally, we will explore
whether rates of carbonate mineral precipitation are too slow
for the fractionation of calcium isotopes. We hope that these
results will help future studies interpret geochemical data
acquired from the sedimentary boundary layer.

The fact that we see gradients in the pore fluid concentrations
of many species through the boundary layer (but not 8*Ca)
suggests that while there is some open system mixing with the
overlying water column, advection and rapid diffusive exchange
alone cannot explain the broad invariance in §**Ca. We believe
that the upper 12 cmbsf of the pore fluid at IM4650 is in advective
exchange with the water column, and here all measured
geochemistry is constant at seawater values, which is in clear
contrast with the rest of the measured sites.

Possible Explanations for Broad §**Ca

Invariance

Carbonate Mineral Precipitation Below the Boundary
Layer

First, we will explore the idea that most of the carbonate mineral
precipitation is happening meters below the depth of our
sampling within the uppermost boundary layer, resulting in
limited change in boundary layer pore fluid §**Ca. It has been
suggested that microbial sulfate reduction alone can drive
supersaturation of carbonate minerals, and hence carbonate
mineral precipitation, but only when the majority
(approximately half) of the sulfate has been consumed
(Meister, 2013). Given that only ~10% of total pore fluid
sulfate is consumed over the sampled range in the Gulf of
Aqaba, this saturation threshold is likely not reached in the
upper meter of the sediment, and we expect carbonate mineral
precipitation would be occurring deeper in the sediment. It is
worth noting that the degree of supersaturation induced by
sulfate reduction is heavily dependent on pH, which is in turn
influenced by the electron donor utilized in the metabolic process
(Gallagher et al., 2012; Gallagher et al,, 2014; Meister, 2013;
Meister, 2014; Fantle and Ridgwell, 2020).

In all of the measured pore fluid profiles, the rate of change of
the calcium concentration with depth is similar, hinting that
calcium concentrations in the boundary layer are controlled by
the balance between carbonate mineral precipitation and the
diffusion of calcium from the overlying seawater. Whether
carbonate mineral precipitation is controlled by sulfate
reduction alone or another process such as the anaerobic
oxidation of methane, which has been demonstrated to lead to
carbonate precipitation in marine sediments, is not
distinguishable from the pore fluid evidence presented here.
However, methane is found deeper in the sediment of the
Iberian Margin (Turchyn et al., 2016) and would be migrating
vertically within the sediment. As there is no evidence of methane

Assessing Boundary Layer Carbonate Precipitation

at the surface, any methane produced in any of these locations
must be consumed through anaerobic metabolism at depth.

It has been shown that in marine sediments with a high
organic carbon content, or the presence of methane, the
precipitation of carbonate minerals leads to an observable
increase in the 8*'Ca values measured in the pore fluid
(Teichert et al, 2005; Teichert et al, 2009; Bradbury and
Turchyn, 2018; Bléttler et al., 2021). As discussed above, the
recrystallization of carbonate minerals leads to a decrease in the
8**Ca values of the pore fluid toward those in equilibrium with
carbonate minerals (Fantle and DePaolo, 2007; Fantle, 2015;
Huber et al., 2017; Fantle and Ridgwell, 2020).

To explore how the balance of carbonate mineral precipitation
and recrystallization influences changes in calcium
concentrations and pore fluid 8**Ca, we use the reactive
transport modeling (RTM) software, CrunchTope for AQ700
(Druhan et al., 2013; Druhan et al., 2014; Steefel et al., 2015; Fantle
and Ridgwell, 2020). The RTM is set up similar to previous
models of sulfate reduction, carbonate mineral recrystallization,
and precipitation in marine sediments (Steefel et al., 2014; Huber
et al,, 2017; Fantle and Ridgwell, 2020; Bradbury et al., 2021). The
complete modeling methods for the RTM, including the
governing equations, are derived from the work of Bradbury
et al. (2021). We use CrunchTope to simulate advection,
diffusion, and reaction over a 10 m pore fluid column with a
coexisting solid phase, a seawater Dirichlet upper boundary
condition, and a Neumann or dC/dx = 0 lower boundary
condition. The porosity is fixed at 0.7, with a constant
sediment burial modeled using equal burial and fluid flow rate
terms of 0.037 cm/year, which is approximately equal to the
previously reported sedimentation rate at 700 mbsl in the Gulf
of Agaba (Steiner et al., 2016). The diffusivity was calculated from
a molecular diffusion coefficient of 9.19 x 107° cm?/s and the
porosity of the sediment column (Huber et al., 2017) and was the
same for all species. The full list of initial conditions is detailed in
Supplementary Table S1. The solid phase has two major
constituents: quartz (66%) and primary calcite (33%). The
percentage of carbonate minerals is similar to the average of
the previously reported carbonate content in the Gulf of Aqaba
sediments (Steiner et al., 2019). Primary calcite has a 8*Ca of
~0.35%o, similar to the average §**Ca of the measured sediment,
with a recrystallization rate constant of 107'%° mol m™?s™", which
is comparable to previously published calcite recrystallization
constants in CrunchTope (107'%%; Huber et al., 2017).

The sediment also contains trace amounts of secondary calcite
written explicitly as two calcite minerals containing either “°Ca or
#*4Ca, which both follow TST rate laws with the same rate constant
as the primary calcite. Primary and secondary calcite are
separated to allow the primary calcite to recrystallize with an
equilibrium fractionation factor of 1.0, and secondary calcite to
precipitate with a variable kinetic fractionation factor ranging
from a = 0.9992 to 1, similar to previously reported calcium
carbonate fractionation factors in deep marine sediment systems
(Bradbury and Turchyn, 2018; Bléttler et al., 2021). The system
starts from the initial conditions listed in Supplementary Table
S1 and is allowed to run until the fluid concentrations and
isotopic composition are no longer changing with time, which
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is assumed to be the steady state. Microbial sulfate reduction is
modeled with formaldehyde (CH,O) representing the bulk
composition of organic matter (Meister, 2013; Meister, 2014;
Meister et al., 2019) using a dual Monod rate law as detailed in
Bradbury et al. (2021). The sulfate 8**S profile is fit with a sulfur
isotope fractionation factor of a = 0.9955, which is common in
deep sea sediments.

The aim of the model is to test whether there would be an
observable change in §**Ca values in the pore fluid of the upper
boundary layer if there was carbonate mineral precipitation with
a non-zero calcium isotope fractionation factor at some depth
below the measured section. In the RTM, precipitation is
governed by the saturation state of calcite, which in itself is
controlled by microbial sulfate reduction, with supersaturation
occurring when 50% of sulfate has been consumed, which for
these sites is below the sampled depth interval (Meister, 2013).
The model was run with a varying seawater calcium isotope
composition (8*Cagw = 0.7-0.9%0) and a constant calcium
isotope fractionation factor of a = 0.9992 (upper row), and
with a constant &"Cagy and a varying calcium
isotope fractionation factor in the lower row (a = 0.9992 to 1,
A**Cay ¢ = —0.8 to 0%o). Our results match the measured pore
fluid concentration profiles well and reproduce the measured
8*Ca to within analytical error (Figure 6).

Our results demonstrate that the balance between diffusion of
calcium from overlying seawater and the precipitation of
carbonate minerals (with a calcium isotope
fractionation factor) at a deeper horizon would produce pore
fluids where there are changes in the calcium and sulfate
concentrations, and the sulfur isotopic composition of sulfate,
but it would produce no change in pore fluid §**Ca. Specifically,
the model shows that the reciprocal nature of the diffusive profile
of §**Ca leads to large isotopic changes close to the horizon of
mineral precipitation at depth but less changes near the surface of
the sediment. This modeled variation is so small within the upper
meter of the sediment that the results are indistinguishable from a
straight line within error of §**Ca.

non-zero

Iron and Manganese Cycling Precludes Carbonate
Mineral Precipitation

Previous studies have shown that mixing seawater from the Gulf
of Aqaba with the dried local sediment does induce inorganic
carbonate mineral precipitation (Wurgaft et al., 2016) and that
pore fluids in the Gulf of Aqaba remain stably supersaturated
with respect to calcium carbonate in the boundary layer (Steiner
et al,, 2019). It is possible, therefore, that if no carbonate mineral
precipitation occurs in the boundary layer, some process is
actively suppressing it.

We now explore whether active iron and manganese cycles, in
both localities, could suppress carbonate mineral precipitation.
This is initially counterintuitive; it is largely held that iron and
manganese reduction, when linked to the oxidation of organic
carbon, leads to an increase in pH, which drives precipitation of
carbonate minerals (Soetaert et al., 2007; Arndt et al., 2013). The
change in pH is, however, dependent on the overall reaction
stoichiometry, and the fate of the reduced iron and manganese. If
reduced iron and manganese later react with fluid mobile
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oxidants, they will reoxidize. This is the reverse of the
metabolic reduction reaction and produces protons, lowering
pH. This is most likely to occur when up-diffusing reduced iron
and manganese move into the proximity of dissolved oxygen at
the oxic-anoxic transition horizon, with the resulting oxide
minerals forming nodular precipitates (Froelich et al, 1979;
Kasten et al, 2003). The pH decrease associated with this
process creates conditions unfavorable for carbonate mineral
precipitation and can counteract the pH increase caused by
metabolic iron and manganese reduction if the oxidation and
reduction horizons are in close enough proximity.

The Gulf of Agaba sediment contains relatively high
concentrations of manganese and iron minerals due to the
flux of aeolian dust from the surrounding deserts; indeed, a
previous work has suggested that iron and manganese drive a
cryptic sulfur cycle in these sediments (Blonder et al., 2017). The
Iberian Margin sediments, given their proximity to terrestrial
environments and the presence of iron-manganese nodules and
mineralized burrows, are also likely to have increased delivery of
terrestrial metals (J. Einsle pers. comm.). At both the Gulf of
Aqaba and the Iberian Margin, there is a pore fluid increase in
reduced manganese and iron, suggesting that both are being
reduced in the sediment (Figures 2, 3, 5).

Although iron and manganese reduction is widely suspected to
induce sedimentary carbonate mineral precipitation, we suggest
that this does not happen at either studied site because oxidants at
the vertically adjacent proximal oxic-anoxic transition reoxidize
the up-diffusing reduced iron and manganese, which lowers local
pH sufficiently to preclude precipitation throughout (Soetaert
et al,, 2007).

Furthermore, Steiner al. (2019) suggest that the
incorporation of Mn”*' into the calcium carbonate minerals
that do precipitate in the Gulf of Aqaba leads to their
subsequent preferential dissolution, as pore fluid [Mn>']
decreases with depth, effectively precluding net carbonate
mineral precipitation in the boundary layer. Imaging with
SEM of coccolith dissolution in the upper 30cm of the
sediment from the same study indicates that either of the
above processes may be sufficient to dissolve biogenic calcium
carbonate.

We note that some variation in the pore fluid §**Ca profile is
observed at IM600, which, we propose, may be related to this
process. That the decrease in pore fluid §**Ca over the upper
15 cmbsf is not coupled to a decrease in calcium concentrations
seems to suggest recrystallization of carbonate minerals, similar
to what is seen in other deep marine locations (Fantle and
DePaolo, 2007). At this site, 15 cmbsf is the depth of
maximum oxygen penetration and the onset of metabolic iron
reduction (as indicated by a non-zero pore fluid ferrous iron
content from 10 cmbsf: Figure 2, upper row), and where the pore
fluid §**Ca stops decreasing. The correspondence in these depths
implies that upwardly diffusing reduced iron is being oxidized
and precipitating out of the pore fluid at this depth, likely in
contact with downwardly diffusing dissolved oxygen. The pH
decrease associated with the oxidation of ferrous iron would
promote back reaction, being the release of low-8**Ca carbonate
into the pore fluid, establishing a recrystallizing system, and
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results of runs with varying seawater calcium isotope composition (8*“Cagy = 0.7-0.9%.) and a constant calcium isotope fractionation factor of a = 0.9992. The bottom
row (E-H) includes the results of runs with a constant §**Cagy and a varying calcium isotope fractionation factor (a = 0.9992-1, A**Cag.; = —0.8-0%o).

creating the observed minimum. Below this depth, both §**Ca
and pore fluid [Fe**] increase, active iron reduction should

clear. Below the measured maxima in pore fluid iron and
increase pH above the calcification threshold,

and
precipitation driven by the associated release of DIC is
therefore no longer inhibited to the same degree. A §**Ca
minimum also immediately overlies an [Fe**] maximum in
AQ500 (5 and 7 cmbsf, respectively)—it may be that the same
process is active here. However, in the absence of a more detailed

solid sediment analysis, these conclusions cannot be reliably
verified.

There are several lines of evidence suggesting both an active
iron and manganese cycle at our studied sites as well as
suppression of carbonate mineral precipitation in the upper
boundary layer; whether these two are linked directly is less
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manganese (>50 cmbsf in AQ500, AQ700, and IM600), pore
fluid concentrations and oxidant supply are low enough that the
oxidative inhibition of carbonate precipitation is not likely a
significant control on §**Ca. This suppression therefore requires
that carbonate mineral precipitation beneath the zones of iron
and manganese reduction does occur to explain the quasi-linear
diffusive decrease in calcium concentrations with depth.

Low Magnitude Calcium Isotope Fractionation at Low
Calcite Precipitation Rates

One final possibility is that there is carbonate mineral
precipitation in the boundary layer but that the rate is slow
enough that there is little, or no, calcium isotope fractionation

August 2021 | Volume 9 | Article 601194


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

James et al.

during this precipitation (Fantle and DePaolo, 2007; Jacobson
and Holmden, 2008). Above, we have described a confluence of
factors that we suspect may interfere with and inhibit
carbonate mineral precipitation in the boundary layer, in
particular the existence of iron and manganese redox
cycling that precludes a monotonic increase in pH. It is
possible that boundary layer carbonate mineral precipitation
is slowed down by the existence of these various processes such
that the rate of mineral formation leads to no calcium isotope
fractionation during precipitation. This would result in little
change in the §**Ca of pore fluids in affected regions of the
boundary layer.

Multiple studies have linked calcium isotope fractionation
during carbonate mineral precipitation to the rate of
precipitation, both through experimental studies (e.g., Gussone
et al., 2003; Gussone et al., 2005; Tang et al., 2008, 2012; AlKhatib
and Eisenhauer, 2017), studies in the natural environment (Fantle
and DePaolo, 2007; Fantle, 2015; Huber et al., 2017), and
modeling (DePaolo, 2011; Nielsen et al., 2012; Lammers et al.,
2020). With the exception of one of the earliest studies in this field
(Lemarchand et al., 2004), all of these studies have found that at
high rates of carbonate mineral precipitation, the calcium isotope
fractionation is highest, at what has been termed the “kinetic
limit.” This kinetic limit for calcite mineral precipitation is
around A*Cay¢ = -1.4%o (a = 0.9986) (the mineral is 1.4%o
lower than the fluid from which it precipitates) and for aragonite
mineral precipitation is ~ -1.9%o (a = 0.9981) (Gussone et al,,
2005; DePaolo, 2011).

Conversely, as the rate of carbonate mineral formation
slows down, carbonate minerals can, in theory, grow nearly
in (calcium) isotopic equilibrium with the fluid (Fantle and
DePaolo, 2007; Jacobson and Holmden, 2008; DePaolo, 2011).
This slow growth rate is difficult to be achieved in the
laboratory; therefore, the isotope equilibrium
fractionation factor has been determined largely through
modeling studies of deep sea pore fluids (which have some
of the slowest rates of mineral growth and recrystallization on
the planet). Through these studies, it is understood that the
equilibrium calcium isotope fractionation factor is 0%o (a = 1;
Fantle and DePaolo, 2007). This value means that at isotope
equilibrium, the fluid and solid tend toward the same §**Ca,
and there is effectively no calcium isotope partitioning
between them. Given that in the boundary layer in the Gulf
of Aqaba the solid phase and pore fluid §**Ca do not begin to
converge over the sampled depth range, we believe we are not
observing strict isotopic equilibrium behavior between pore
fluid and solid. This is reasonable to assume particularly in the
Gulf of Aqaba, where high bottom water temperatures should
strongly enhance reaction rates relative to deep ocean sites.
Yet, we would expect to observe an increase in pore fluid §**Ca
with depth if mineral precipitation rates were sufficiently high
that kinetic isotope fractionation was occurring, establishing a
“kinetic limit” offset.

The reactive transport model discussed above requires a
maximum calcite precipitation rate of 0.65 umol m™> h™" (1.8
x 107" mol m™ s7') in the lower part of the sulfate reduction
zone at AQ700 to match the observed calcium concentration

calcium
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decrease. This rate lies within error of those modeled by Blittler
etal. (2021), 1.4 and 3.5 pmol m2h™ (both 10 pmol m2h™),
for two sediment cores shown to be actively precipitating
calcium carbonate. The observed calcite fractionation factors
from Blittler et al. (2021) of A**Cagr = -0.15%0 (o = 0.99985)
and A**Cag s = -0.4%o0 (a = 0.9996) lie intermediately between
the endmember calcium isotope fractionation factors of
equilibrium isotope fractionation close to A**Cay_¢ = 0%o, and
the kinetic limit for calcite at A**Ca,; = -1.4%o. Given the
similar rates, we could anticipate similar calcium isotope
fractionation factors at AQ700.

This  intermediate  rate  of  carbonate  mineral
precipitation—slowed by the inhibiting factors discussed in the
previous sections—could explain the observed invariance in pore
fluid 8**Ca. A precipitation rate close to, but not at, the
equilibrium endmember fractionation factor could produce a
cumulative pore fluid isotopic effect that is not sufficiently
developed over the sampled depth range to be
indistinguishable from a straight line within error of §*'Ca.

Synthesis

Pore fluid §**Ca does not change outside of analytical error
over the 1 m depth scale of the boundary layer in the sediments
studied from neither the Iberian Margin nor the Gulf of Aqaba.
This is despite evidence for changes in redox conditions within
the boundary layer that should lead to carbonate mineral
precipitation in the sediment. If calcium carbonate mineral
precipitation occurs, it is either happening at a depth below the
sampled range, with the resultant increased §**Ca not visible
due to offset by back-reaction and/or the reciprocal nature of
the upper part of the mixing trend (Figure 6), or precipitation
is so slow that a rate-dependent calcium isotopic response is
precluded. This confluence of processes lessens the magnitude
of the resultant signal such that it is masked by the analytical
measurement error of §**Ca. Any given pore fluid horizon may
have its §**Ca impacted by bioirrigative supply of oxygenated
water (as discussed above) or by any other localized
geochemical  microenvironment, introducing further
analytical noise.

Over submeter length scales, however, pore fluid §**Ca may
reflect the complex relationship between redox cycling of iron
and manganese and the suitability of resultant fluids for
precipitation of carbonate minerals. In near-shore sites where
terrigenous iron and manganese concentrations are high, such as
those studied here, the §**Ca appears to change to reflect horizons
where iron and manganese are reduced (raising pH, favoring
precipitation) or subsequently oxidized (lowering pH, favoring
dissolution).

Any future work on boundary layer pore fluid §**Ca used to
assess carbonate mineral dissolution and precipitation should
take precautions to help increase the utility of the
measurement beyond this study. Sampling that merges both
high-resolution boundary layer processes with sediments
down to 10-15m would mean that the continuum of
processes can be better resolved; with the sampling
limitations of this study, we are unable to conclude what is
happening meters below the boundary layer.
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CONCLUSION

The pore fluid major ion concentrations and sulfur isotopic
composition data from the boundary layer in both the Gulf of
Agqaba and the Iberian Margin show strong correlations between
decreasing calcium and sulfate concentrations, increasing
alkalinity and changes in the sulfur isotopic composition of
sulfate, and  decreasing magnesium and  strontium
concentrations. These indicate that anaerobic metabolisms,
especially microbial sulfate reduction, are altering the redox
state of the pore fluid and inducing calcium carbonate mineral
precipitation. Despite this, we do not observe the expected meter-
scale change in pore fluid calcium isotope composition, which
remains within error of seawater values throughout the
sampled range.

The lack of meter-scale change in §**Ca is a consequence of
interaction between much shorter-depth-scale processes near the
oxic-anoxic boundary, and much longer-depth-scale processes
below the sampled horizons where sulfate is consumed.

In the uppermost boundary layer, immediately below the
maximum depth of oxygen penetration, iron and manganese
reduction are expected to induce carbonate precipitation.
However, the reoxidation of reduced iron and manganese in
contact with dissolved oxygen lowers pH sufficiently to
preclude further carbonate mineral precipitation and even
promote dissolution, leading to the §**Ca minimum at the
oxic—anoxic boundary and subsequent maximum at the
horizon of peak iron reduction observed in two of our
sampled sites.

Our results hint that carbonate mineral precipitation occurs
deeper in the sediment than we sampled; we use a reactive
transport model to show that this deeper precipitation would
not necessarily cause a change in boundary layer pore fluid
8*!Ca, although changes could still be observed in other pore
fluid properties, such as calcium and sulfate concentrations, and
8**Ss04. We suggest that when modeling or measuring
geochemistry in the sedimentary boundary layer, one should
consider processes that occur at greater depth and that diffusion
through the boundary can dominate the geochemistry of boundary
layer pore fluids, as has been previously concluded.
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