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The isotopic composition of barium (§'*®Ba) has emerged as a powerful tracer
of deep-ocean circulation, water mass provenance, and the oceanic Ba cycle.
Althoughthe §*®Ba of water massesis primarily controlled by the balance between
pelagic barite precipitation and Ba resupply from ocean circulation, questions
remain regarding the isotopic offset associated with pelagic barite formation and
how the resultant Ba isotope compositions are transmitted through the water
column to marine sediments. To address these questions, we conducted a time
series study of dissolved, particulate, and sedimentary Ba chemistry in the Gulf of
Agaba (GOA), in the northern Red Sea, from January 2015 to April 2016. These
data span significant seasonal changes in hydrography, primary productivity,
and aerosol deposition, revealing three principal findings. First, the dissolved Ba
chemistry of the GOA is vertically uniform across the time series, largely reflecting
water massadvection fromthe Red Sea, with mean dissolved Ba concentrations of
479+ 4.7 nmol kgt and mean §'*®Ba = +0.55%o + 0.07%. (+2 SD, n = 18). Second,
despite significant variations in particulate matter composition and flux, the §'*®Ba
of sinking particulate Ba maintained a consistent isotope composition across
different depths and over time at +0.09%. + 0.06%. (n = 26). Consequently, these
data imply a consistent Ba isotope offset of —0.46%. + 0.10%. (+2 SD) between
sinking particulates and seawater. This offset is similar to those determined in
previous studies and indicates that it applies to particulates formed across diverse
environmental conditions. Third, barite-containing sediment samples deposited
in the GOA exhibit §*Ba = +0.34%. + 0.03%., which is offset by approximately
+0.2%. relative to sinking particles. While the specific mechanism driving this
offset remains unresolved, our results highlight the importance of performing
site-specific proxy validations and exercising careful site selection when applying
novel paleoceanographic proxies.

KEYWORDS

barium isotopes, marine sediments, pelagic barite, seawater chemistry, trace metal
analysis

1 Introduction
Barium (Ba) stable isotopes (8"%Ba [%o] = 138Ba/134Baspl_/138Ba/134Bastd. - 1)

are an emerging oceanographic proxy for tracing Ba utilization and deep-ocean circulation
(Hsieh and Henderson, 2017; Horner and Crockford, 2021). These applications are
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based on the observed distribution of 6'*®Ba in seawater, which
is sensitive to the cycling—precipitation and dissolution—of barite
(BaSO,) and large-scale ocean circulation (e.g., Horner et al., 2015;
Bates et al.,, 2017). The general assumption is that the Ba isotope
composition of pelagic barite (BaSO,) is controlled primarily by
the 8'3%Ba of the fluid source (seawater), with a near-constant
Ba isotope offset. Thus, measurement of §'**Ba in barite deposits
can be used to reconstruct the Ba isotope composition of ancient
seawater, which is related to past Ba cycling and ocean circulation
(e.g., Bridgestock etal., 2018; Crockford etal., 2019). For these
applications to be robust, it is important to understand the controls
on the §'®Ba of BaSO, from source to sink—from pelagic barite
formation in the water column to burial in marine sediments.
However, few constraints on these processes exist in modern marine
environments, highlighting the need for additional data from diverse
environments.

Dissolved Ba in seawater exhibits a nutrient-like depth profile,
most similar to silica or alkalinity (Chanetal, 1976; Chung,
1980; Lea and Boyle, 1989). This distribution arises because
dissolved Ba is generally removed from seawater at shallower
depths than where it is regenerated. Unlike silica, whose upper
water column profile is dictated by biological uptake in the photic
zone, the nutrient-like profile of Ba is primarily controlled by the
precipitation of BaSO, (e.g., Dehairs et al., 1980; Bishop, 1988).
This observation is noteworthy because the ocean above 1,000 m
is predominantly undersaturated with respect to BaSO, (e.g.,
Monnin et al., 1999; Mete et al., 2023).

The prevailing hypothesis explaining BaSO, formation is that
Ba accumulates in pelagic microenvironments associated with
sinking particles (e.g., Chow and Goldberg, 1960; Bishop, 1988).
Barium formation in these microenvironments is likely facilitated
by microbial processes, specifically through the production of
extracellular polymeric substances, which can accumulate Ba and
drive BaSO, nucleation (e.g., Deng et al., 2019; Martinez-Ruiz et al.,
2020; Light et al., 2023). Although the isotope effects associated with
each step of this process remain to be resolved, BaSO, formation is
known to produce a significant negative fractionation of Ba isotopes
of = —0.3%0 (Von Allmen et al., 2010; Middleton et al., 2023a). The
net effect of this process is that light Ba isotopes are preferentially
incorporated into BaSO,, leaving the residual seawater enriched
in isotopically heavy Ba by a corresponding amount (Horner et al.,
2015; Horner et al,, 2017; Cao et al., 2020a). This scenario aligns
with numerous global observations documenting lower [Ba] and
heavier §'*Ba in water masses that have undergone extensive
BaSO, precipitation (Bates et al., 2017; Hsieh and Henderson, 2017;
Bridgestock et al., 2018; Geyman etal., 2019; Cao etal., 2020a).
This scenario is also consistent with §'**Ba in sediments, which
are generally isotopically lighter than the 8'*®Ba of seawater
from which they formed by = -0.5%o, a pattern observed in
the South Atlantic (Bridgestock et al., 2018) and the Equatorial
Pacific (Crockford et al., 2019; Middleton et al., 2023b). Likewise,
co-located particles and seawater exhibit similar Ba isotope offsets
on the order of —0.4 to —0.5%o, in both freshwater (Horner et al.,
2017) and seawater (Horner et al., 2017; Cao et al., 2020b). Despite
some progress, there remains a scarcity of measurements of
8'%Ba in sinking particles and co-located seawater. Additional
measurements could provide needed validation of key assumptions
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noted above by illuminating the sensitivity of the Ba isotope
fractionation factor for pelagic BaSO, precipitation to changes in
environmental conditions or demonstrate that it is constant across
space and time.

In addition to the uncertainties in isotopic fractionation of Ba
during BaSO, formation, numerous unanswered questions persist
regarding the influence of deposition and burial on the §'**Ba of
sedimentary BaSO,. Barite burial rates have been found to correlate
with export productivity in some pelagic environments (e.g.,
Eagle et al., 2003; Paytan and Griffith, 2007; Griffith and Paytan,
2012), which has underpinned the use of BaSO, accumulation as a
proxy for export productivity changes over geologic timescales (e.g.,
Paytan et al., 1996; Ma et al., 2014; Ma et al., 2015). However, the
extent to which changes in export productivity impact the §'**Ba
of pelagic BaSO, (and BaSO, extracted from marine sediments)
remains unclear.

Despite recent progress in understanding the isotopic behavior
of Ba in the marine realm, several issues remain unresolved. First,
few studies have directly quantified the isotopic offset between
sinking particulate Ba and dissolved Ba in seawater, nor the myriad
variables that may affect this offset, such as temperature, salinity,
and particulate fluxes. Second, it remains unclear if changes in
environmental conditions, such as variations in productivity or
dust fluxes, impact the fractionation factor for pelagic BaSO,
formation. Third, these processes have not been tracked on a
source-to-sink basis, where the 8'®Ba of Ba is monitored in
seawater, in particles through the water column, and buried into
sediments.

To address these issues, we performed a time-series study
of Ba chemistry in a well-studied location with continuous site
characterization, the Gulf of Aqaba (GOA), in the northern Red
Sea. Our study, conducted on samples collected between January
2015 and April 2016, is ideal as it extends the range of environments
in which Ba cycling has been studied to a hotter, saltier basin
than previous studies, while providing a wealth of ancillary data
for context. Additionally, the GOA possesses essentially a single,
well-mixed Ba source—northern Red Sea seawater—and is relatively
shallow (800 m), simplifying the source-to-sink characterization.
Specifically, we examined the Ba chemistry of GOA seawater and
sinking particles, along with aerosol, groundwater, and sediment
samples. Focusing on a single site throughout a time series,
rather than surveying different environments, provides a unique
opportunity to investigate the Ba chemistry of a single locale
across large variations in lithogenic inputs, productivity, and water
column conditions. This approach allows for a detailed analysis
of how various factors influence Ba isotope compositions from
the water column to the sediments, which is a critical step in
the continued development of barium-based proxies within the
marine realm.

2 Study site
2.1 Geographic and geologic setting

The Gulf of Aqaba is surrounded by arid deserts and lacks
riverine inputs (Figure 1); hence, in addition to seawater exchange
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AMooring
Station A
FIGURE 1
Map of the study area in the Gulf of Agaba (GOA), showing key locations including the Interuniversity Institute (IU), the sediment trap mooring site, and
Station A, where dissolved samples were collected. The inset map highlights the GOA's position at the northern end of the Red Sea.

with the Red Sea across the Straits of Tiran, external dissolved
sources of Ba are confined to limited groundwater discharge
(Shellenbarger et al., 2006) and periodic flash flood events (<5
per year), which do not noticeably impact the water column
chemistry (Katzetal,, 2015). Terrigenous sources of particulate
matter include atmospheric dust deposition and flash flood-
transported sediments (Katz et al., 2015; Torfstein et al., 2017). The
provenance of dust inputs to the GOA varies seasonally but is
generally derived from desert regions surrounding the gulf, such
as the Sahara, Negev, and Arabian deserts (Chen etal., 2007;
2008; Torfstein et al., 2017). Relative to annually averaged dust
fluxes (~28 gm_2 yr’l; Chen et al., 2008), which are some of the
highest in the world, flash flood events transport an order of
magnitude more solid mass to the GOA (~830 gm™yr™!), but
the material arrives in discrete events and is quickly deposited,
not lingering in the water column (Katz et al., 2015; Torfstein et al.,
2020). In this study, we assume that mineral dust and flash flood-
transported sediments have a common chemical composition, since
the flash floods essentially transport surficial sediments of aeolian
origin from the surrounding region to the GOA (Katz et al., 2015;
Torfstein et al., 2020). Likewise, despite increases in nutrient inputs
to the GOA over recent decades (Lazar et al., 2008), we assume
that these changes have not perturbed regional Ba chemistry
(e.g., Steiner et al., 2017).

2.2 Oceanographic setting

The GOA is the northernmost extension of the Red Sea
(Figure 1) and is strongly undersaturated with respect to BaSO,
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(<£25% saturation; e.g., Monninetal,, 1999; Meteetal.,, 2023).
This undersaturation is driven by warm sea surface temperatures
(20°C-28°C), high salinity, and low dissolved Ba concentrations
([Ba]; see Results Section). The only marine source of dissolved Ba to
the GOA is the narrow Straits of Tiran, through which surface water
with low Ba content from the Red Sea enters the GOA and deeper
waters leave the basin. The GOA is =180 km long and on average
~800 m deep, with an average water residence time of around
7 years (Silverman and Gildor, 2008). The GOA exhibits two distinct
seasons: highly stratified, summer months (May-October) and well-
mixed, winter months (November-April; Figure 2; Silverman and
Gildor, 2008). During the summer, high sea surface temperatures
lead to intense stratification, which minimizes mixing and causes
photic zone waters to become oligotrophic (NO;~ < 200 nM and
PO, <60 nM), resulting in low chlorophyll-a concentrations (Chl-
a ~0.1 pug/L; Lindell and Post 1995; Labiosa et al., 2003; Figure 2).
As temperatures cool, however, deep mixing (to around 300-400 m)
is facilitated, bringing nutrients to the surface and surface Chl-
a increases by approximately an order of magnitude (Chl-a >
1 pg/L; Lindell and Post 1995; Labiosa et al., 2003; Figure 2). During
the time series relevant to this study (January 2015-April 2016),
particulate organic carbon (POC) percentages of total particulate
matter falling from the surface waters ranged from 7% to 32%
(Torfstein et al., 2020; Figure 3).

The previous work in this study area, along with the significant
differences from other regions of the marine environment that have
been investigated for Ba cycling, makes the GOA an ideal location
to extend the understanding of Ba cycling in the water column,
particles, and sediments.
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FIGURE 2
Hovmoller diagram displaying temperature (A), salinity (B), and chlorophyll a (C) in the Gulf of Agaba from 2015 to 2016. Discrete hydrographic samples
are marked with grey dots. Closed squares represent the times and depths where dissolved samples were collected for analysis of barium chemistry,
while open circles denote the times and depths of sediment trap sample collection. The colors of the symbols correspond to the month of sampling
and are consistent across subsequent figures.

3 Materials and methods
3.1 Sampling

This study builds upon the Red Sea Dust, Marine Particulates
and Seawater Time Series (REDMAST) sampling campaign
(Torfstein et al., 2020), which involves simultaneous sampling of
aerosols at the Interuniversity Institute (IUI) for Marine Sciences in
Eilat, seawater profiles at “Station A” (29° 28.95' N, 34° 56.22" E),
and sinking particulates from a nearby sediment trap mooring
(Figure 1). Further data was provided by the Israel National
Monitoring Program (NMP) for the Gulf of Eilat (Shaked and Genin,
2018). Sampling is conducted on an approximately weekly (dust) and
monthly (sediment traps and seawater profiles) basis, providing an
exceptionally well-characterized marine setting. Seawater profiles
for dissolved constituents are sampled according to GEOTRACES
cruise protocols (Cutter et al., 2014). Briefly, seawater samples were
collected using acid-cleaned, Teflon-coated GO-Flo bottles (General
Oceanics) and transported to the IUI clean lab within 1-2 h. At the
lab, samples were filtered through an acid cleaned Acropak 500
0.8/0.2 um polyethersulfone sterile cartridge, acidified using trace
metal clean 6 M HCI to a pH of <2, and stored refrigerated in
acid-cleaned polypropylene vials.

Sediment trap samples were collected using the collection
and processing methods detailed in Torfstein etal. (2020) and
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Chernihovsky et al. (2018). In brief, the sediment trap mooring
has been deployed continuously since January 2014, proximal
to Station A (Figure 1). The traps (KC Denmark A/S) were
deployed at five depths: 120, 220, 340, 450, and 570 m. To
minimize sample degradation during deployment, the traps were
filled with a saturated brine poisoned with HgCl,. Post-retrieval
sinking particles were settled and the effluent was partially
decanted before sieving through a 1 mm sieve to remove large
organisms. The residue (<1 mm) was rinsed three times with
ultrapure water (Milli-Q) to remove salts, freeze-dried, and weighed.
A split of the sample was wet sieved through a series of
stainless-steel sieves (500, 125, and 63 um mesh) and freeze-dried
again. The size fraction utilized in this study was the <63 pm
since BaSO,, the primary phase of particulate Ba in the water
column, is generally <3 um in size (Griffith and Paytan, 2012;
Light and Norris, 2021).

Subsampling for this study was designed to include samples
that span the largest range of primary production at our site, based
on NMP records of chlorophyll concentrations. This subsampling
strategy was predicted to maximize the range of biologically driven
seasonality in Ba cycling. In addition to seawater and particualte
samples, two aerosol samples and one coastal groundwater sample
were collected as a means of characterizing the Ba isotope
composition of non-marine Ba inputs to the system. The aerosol
samples were from August of 2015 and January of 2016, collected
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FIGURE 3

Depth profiles of particle flux (A), particulate organic carbon (B), and particulate carbon isotope compositions (5'°C, relative to Vienna Peedee
Belemnite standard), (C) from the study site (Figure 1) in the GOA between 2015 and 2016. Color scheme follows that in Figure 2. Analytical uncertainty
is within the size of the data points plotted, except for some particle flux measurements where uncertainties are shown as horizontal bars along with

the individual data.

as a part of studies conducted by Hartman etal. (2020) and
Chien etal. (2019), respectively. The 2015 aerosol sample was
collected using a total suspended particulate sampler attached to
a 5-meter-long pole on the roof of the IUIL The 2016 aerosol
sample was collected during a dust storm from an air filter at
the TUIL The groundwater sample was collected in August of 2017
from a coastal well on the IUI campus, approximately 3 m from
the high tide line and approximately 1.5 m deep, as part of this
study. The salinity of the groundwater sample, however, was almost
indistinguishable from local seawater and its Ba chemistry was first
reported in Mayfield et al. (2021).

Finally, a sediment core was retrieved at Station A (Figure 1)
using a MC-400 four-barrel multi-corer (Ocean Instruments,
San Diego, CA) from a depth of ~720 m. Two intervals from
the core were analyzed, from depths of 2-5cm and 31 cm. A
well-dated sediment core from the same location (Steiner et al.,
2017) constrains the deposition age of these samples to be
~1,970-2,000 and mid-18th century, respectively; thus, these
modern and pre-industrial sedimentary

samples represent

endmembers.

3.2 Chemical preparation

Initial sample preparation was conducted at the IUI clean lab
(1,000 class with 100 class workstations) using double-distilled acids.
The particulate and aerosol samples were prepared identically to one
another, where ~5 mg of bulk material was dissolved in 1 mL of
aqua regia at 120°C overnight, dried down, then further dissolved
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in mixture of 2 mL of HF-HNO; at 120°C overnight, and dried
again. Dried samples were transported, alongside the groundwater
and seawater samples, to Woods Hole Oceanographic Institution
(WHOI), where they were reconstituted with 1 mL of 1 M HNO; for
multi-element (Al, P, Ba) analysis and for further preparation before
Ba isotope analysis.

Sediment core samples were processed using a sequential
leaching procedure designed to quantitatively separate BaSO,, along
with other refractory insoluble minerals, from the sediment, as
described by Gonneea and Paytan (2006). This procedure was
performed on =15g of sediment for each sample and included
reactions with acetic acid, sodium hypochlorite, hydroxylamine, and
an HF-HNO; mixture. Each of these leaching steps was intended to
dissolve specific sedimentary fractions: carbonate, organic matter,
Fe-Mn oxyhydroxide, and silicate fractions, respectively. The final
residue was expected to be comprised of BaSO, and other refractory
minerals. However, due to large inputs of insoluble terrigenous
material into the GOA, such from aeolian dust and flood deposits)
relative to authigenic minerals forming in the water column, the
non-BaSO, component constituted a significant fraction of the
samples. Scanning electron microscopy (SEM) conducted with a
ThermoFisher Scientific Phenom Pro G6 Desktop SEM (Figure 4)
revealed that the sediment samples contained an abundance of
undigested minerals. To remove at least some of this material,
the post-leaching sediment fraction was wet sieved to collect
the <20 pm size fraction. This fraction was assumed to contain
all the pelagic BaSO,, whose crystals are generally <3 um. It is
important to note, however, that this <20 um “BaSO,-containing
fraction,” which was utilized for Ba isotope analysis, is primarily
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FIGURE 4

Scanning electron microscope images of the barite-containing fraction of GOA sediment. (A) Overview of the remaining sample at a 500 ym scale. (B)
A portion of the remaining sample at a 20 pm scale. (C) A highly refractory mineral, possibly barite, at a 5 um scale.

composed of refractory terrigenous minerals in addition to
pelagic BaSO,.

3.3 Multi-element and barium-isotopic
analyses

Reagents used in the chemical and analytical procedures were
distilled to Optima-grade standards. All particulate samples were
analyzed for Ba, Al, and P concentrations on a Thermo Scientific
iCAP Q quadrupole inductively coupled plasma mass spectrometer
(ICP-MS) at WHOI, using an external calibration to standards of
known concentration. Samples were then prepared for Ba isotope
analysis using the method described by Batesetal. (2017). In
brief, an aliquot containing =50 ng of Ba was taken from each
sample and spiked with a known quantity of **Ba-!**Ba double
spike solution to achieve a spike-to-sample ratio of between one
and two. Samples were then equilibrated with the spike for at
least 18 h. Aqueous samples were co-precipitated with Ba-free 1 M
Na,COj; solution, and the precipitate was then dissolved in 2 M
HCIL. Solid samples were also dried and reconstituted in 2 M HCI,
at which point Ba was separated from sample matrices using
a two-stage gravimetric column chemistry (Horner etal., 2015).
Purified samples were analyzed in low resolution mode in the
WHOI Plasma Facility using a Thermo Finnigan Neptune multiple-
collector ICP-MS. A spiked standard—NIST SRM 3104a—was
measured every fifth analysis and sample isotopic data are reported
relative to the nearest four analyses of NIST SRM 3104a using
8'%Ba notation.

Precision, accuracy, and blanks were monitored throughout
the study. Analytical precision is reported as the larger of either
the long-term 2 SD reproducibility (£0.03%o; Horner et al., 2015)
or the measured 2 SE uncertainty obtained from sample replicate
analyses (where n was between 2 and 8). Accuracy was monitored
by processing reference materials through our processing pipeline
alongside samples of unknown composition. In this study, we
processed aliquots of G-2 (granite; United States Geological Survey),
NASS-6 (seawater; National Research Council Canada), and two
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aliquots of SAFe D1 (#591 and #596, seawater; GEOTRACES), for
which we obtained 6'**Ba = +0.03 + 0.03, +0.46 + 0.03 +0.33 +
0.03, and +0.33%o + 0.03%o, respectively (Tables 1, 2). Dissolved
[Ba] for the seawater standards was determined using isotope
dilution as 50.3 + 2.5, 99.0 + 3.0, and 99.4 + 3.0 nmol kg_l. These
values agree with published results for G-2 (+0.03%0 + 0.03%o;
Van Zuilen et al., 2016), NASS-6 (+0.51%o * 0.03%o, 49.2 nmol kgfl,
assuming a density of 1.025 kg L™!; Tieman et al., 2020), and SAFe
D1 (+0.29%o £ 0.02%o0, 99.3 nmol kgfl, Cao et al,, 2020a; +0.27%o
+ 0.02%o0, 99.6 nmol kg_l; Hsieh and Henderson, 2017). Procedural
blanks were monitored by processing small (<5ng) aliquots of
double spike through the entire protocol, and the quantity of
processing-derived Ba was calculated using isotope dilution. These
blanks are generally negligible for solid samples (<50 pg; i.e., <0.1%
of Ba present in a sample) but are generally higher for dissolved
samples (=0.3-1.0 ng) due to residual Ba in the Na,CO; reagent.
However, reagent blanks were considerably higher during one
batch of seawater sample processing, which we discuss further
in Section 4.1.

4 Results
4.1 Dissolved barium chemistry in the GOA

Blank-corrected [Ba] and 8'*®Ba data are reported in Table 2. A
typical blank correction for dissolved [Ba] processed through two-
stage ion exchange chromatography is around 0.3-1.0 ng, equivalent
to =1% of the Ba in a sample. However, during one batch of sample
processing in this study, we observed that the Ba blank for seawater
samples was considerably higher than usual, around 6 ng per sample,
equivalent to 15% of the total Ba present in the seawater samples.
This necessitated a larger-than-usual blank correction. To validate
this correction, seawater samples from 26 October 2015, were re-
analyzed once the blanks were more consistent with our long-term
levels (0.3 ng, or 0.8% of total Ba). Results from this reprocessing
yielded a mean [Ba] of 47.5 £ 5.3 nmol kg’1 (2 SD, n =9), which is
identical, within uncertainty, to the blank-corrected values from the
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TABLE 1 Particulate sample data. From left-to-right, this table shows: sample collection details, particulate organic carbon contents, depth at which the
sample was collected, carbon isotope compositions, bulk particle fluxes (g d! m2) and their associated 1¢ uncertainty, as well as barium isotope values
and their associated 2 SD uncertainty. Data for other solid-phase samples are shown at the bottom of the table. Note that POC, §'3C, and particle flux
data are from Torfstein et al. (2020); all other data are this study.

Parameter Mooring Collection| Depth | POC | &C\pps  Particle Particle flux 8%Ba | +2

Date Date (m) (VA] (%) Flux uncertainty (%0) SD
DD/MM/ DD/MM/ (gd?* (gd'm? (%o)
YYYY YYYY m2)
03/12/2014 | 06/01/2015 123 16.7 -17.0 0.15 0.03 1 4
03/12/2014 | 06/01/2015 345 2.90 -9.12 Not determined 0.04 0.03 1 4
03/12/2014 | 06/01/2015 458 419 ~10.4 0.06 0.03 1 4
11/08/2015 | 07/09/2015 127 15.5 -19.2 0.98 0.06 0.11 0.03 1 4
11/08/2015 | 07/09/2015 229 595 -8.16 0.66 0.09 0.07 0.03 1 5
11/08/2015 | 07/09/2015 352 538 -113 0.72 0.04 0.11 0.03 1 4
11/08/2015 | 07/09/2015 468 4.69 ~114 0.90 0.06 0.06 0.03 1 5
07/10/2015 | 02/11/2015 121 31.9 -20.7 1.67 0.06 0.14 0.03 2 1
07/10/2015 | 02/11/2015 227 630 ~14.2 1.22 0.13 0.10 0.03 1 5
07/10/2015 | 02/11/2015 348 578 -125 1.04 0.02 0.11 0.03 2 7
07/10/2015 | 02/11/2015 468 338 -9.46 1.25 0.11 0.10 0.03 1 5
30/12/2015  01/02/2016 132 7.16 -126 1.98 023 0.10 0.03 1 5
30/12/2015  01/02/2016 242 461 -8.05 245 0.05 0.06 0.03 1 5
Particulate

30/12/2015  01/02/2016 362 2.84 ~7.50 3.69 0.14 0.06 0.03 1 6
30/12/2015  01/02/2016 468 1.69 -7.63 479 0.64 0.09 0.03 1 5
30/12/2015  01/02/2016 590 1.62 ~6.46 556 023 0.07 0.03 1 5
01/02/2016 | 29/02/2016 120 6.83 ~10.4 1.70 0.14 0.09 0.03 1 6
01/02/2016 | 29/02/2016 222 492 -9.39 1.30 0.09 0.10 0.03 2 7
01/02/2016 | 29/02/2016 341 4.39 -8.37 1.57 0.07 0.01 0.04 1 4
01/02/2016 | 29/02/2016 456 2.86 -7.11 276 0.18 0.10 0.03 1 5
01/02/2016 = 29/02/2016 576 2.05 -5.06 5.80 036 0.07 0.03 1 5
29/02/2016 | 05/04/2016 120 9.61 -116 1.04 0.09 0.16 0.03 1 5
29/02/2016 | 05/04/2016 226 7.58 -113 0.89 0.02 0.08 0.03 1 5
29/02/2016 | 05/04/2016 346 7.11 -10.5 0.94 0.00 0.09 0.03 1 5
29/02/2016 | 05/04/2016 460 6.26 -12.1 0.90 0.03 0.08 0.03 1 5
29/02/2016 | 05/04/2016 582 5.10 -9.81 1.24 0.08 0.12 0.03 1 4

15/01/2015 0.02 0.03 1 4

Aerosol N/A
06/08/2016 0.00 0.03 1 4
06/01/2013 coretop 0.32 0.03 1 4
Sediment N/A
06/01/2013 03 035 0.03 1 4

(Continued on the following page)
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TABLE 1 (Continued) Particulate sample data. From left-to-right, this table shows: sample collection details, particulate organic carbon contents, depth
at which the sample was collected, carbon isotope compositions, bulk particle fluxes (g d* m~2) and their associated 1o uncertainty, as well as barium
isotope values and their associated 2 SD uncertainty. Data for other solid-phase samples are shown at the bottom of the table. Note that POC, §'3C, and
particle flux data are from Torfstein et al. (2020); all other data are this study.

Parameter Mooring Collection| Depth | POC | 6C\pps  Particle Particle flux 8'*®Ba

DD/MM/ DD/MM/ (m) (%) (799 Flux uncertainty (%)
YYYY YYYY (gd? (gd'm?
m2)
Rock G-2 (USGS) 0.03 0.03 15
standard

“number of independent replicates processed through ion chromatography.
number of measurements from which Ba isotope data were calculated.

batch with the larger blank correction (50.6 + 5.3 nmol kg '; 2 SD,  lower [Al] in samples collected during February and April
n=9). compared to those from September and November. Particulate
Typically, we do not apply a blank correction to §'**Ba data. P concentrations are highest at the surface, up to 6.6mgg™',
However, due to the significant magnitude of the blank correction  decrease sharply, and then remain constant between 2 and 3 mg g™
for some seawater samples, we opted to include this correction,  below 300 m. In terms of a seasonal pattern, we observed
assuming a blank composition of 0%o (Horner etal, 2015). As  elevated p[P] during September and November at the shallowest
with the [Ba] data, we were able to compare the blank-corrected  sediment trap. Particulate Ba concentrations (p[Ba]) are most
Ba isotope data for 26 October 2015 (mean *+ 2 SD 8138Ba = similar to those of p[P], with minimal seasonal variation. Excluding
+0.53%0 + 0.06%0; n = 9), against the re-analysis with lower  the 121 m sample from 02/11/2015, the range of p[Ba] spans
blanks (+0.55%o + 0.09%o, 1 = 9), again finding that the two sets  156-386 pug g '. Concentrations are generally flat across all seasons,
of samples exhibited identical Ba isotope chemistry. In Table 2,  except the single sample from 02/11/2015, which shows much
we averaged results for 26 October 2015, from the two sets of  higher p[Ba] of 881 ugg™".
analyses and considered their Ba chemistry as if they resulted Particulate Ba data are often reported as Bayg (=p[Ba] -
from a single batch of processing. We likewise assume that the Ba  p[Al] x Ba:Alycc; e.g., Jacquet etal, 2005). This term refers to
data from 30 March 2016, which were processed only once (with ~ particulate Ba that is ‘in excess, of the average upper continental
the higher Ba blanks), are robust. Indeed, these samples exhibit  crust (UCC) ratio of Ba:Al, aiming to remove the contribution
essentially identical mean [Ba] and §'**Ba (46.8 + 2.8 nmolkg™  of aeolian particles to total particulate Ba and report only the Ba
and +0.57%o * 0.06%0; +2 SD, n = 9) to the samples from 26  carried by bioauthigenic phases, such as organic matter and BaSO,.
October 2015, further suggesting that the blank correction was A commonly used UCC Ba:Al ratio is 1.28 mmol:mol (Jacquet
appropriate. etal.,, 2005). However, applying this ratio to our GOA particulate
Blank-corrected dissolved [Ba] spans a narrow range between  samples results in negative particulate Bayg values. Therefore, we
44.4 and 56.4 nmol kg™', with a mean from the two profiles of  calculate pBayg using a Ba:Al ratio of 0.72 mmol:mol, noting that
479 + 4.7 (2 SD, n = 18). Assuming that GOA samples fall  the regional Ba:Al crustal ratio must be equal to or lower than
on the global array of 8'*Ba versus 1/[Ba] (e.g., Horner and  the lowest observed particulate Ba:Al of 0.72 mmol:mol (Table 3).
Crockford, 2021), we would expect seawater from this region to  This adjustment ensures that the lowest pBayg in our GOA profiles
exhibit §'**Ba between +0.45 and +0.60%o. The range of §'**Ba  is 0 mol. However, to avoid using an ad hoc Ba:Al ratio, we
is from +0.47 to +0.62%o, with a mean of +0.55%o + 0.07%0 (£2  chose to report our data as total particulate Ba. Nevertheless, the
SD, n = 18; Figure 5). The similarity of dissolved 8'**Ba in the  correlation between total pBa and pBayg yields an R* = 0.96,
GOA to the expected values serves as an additional check on the  indicating that the trends between these two properties are nearly
oceanographic consistency of our data, despite the larger-than-usual ~ identical.
blank correction. The mass flux of Al, P, and Ba (Figure 7) is strongly influenced
by the total particle flux (Figure 3). In general, the total particle
flux increases with depth, with the highest fluxes observed in
4.2 Elemental and barium-isotopic February 2016. Consequently, the fluxes of particulate Al, P,
patterns in sinking particulate matter and Ba also increase with depth and show the same seasonal
pattern as the total mass flux. An exception is the surface
We report particle data for both element concentration (quantity ~ sample from November 2015, which exhibits very high particulate
per gram of sediment recovered from the traps) and particulate P and Ba fluxes, that are coincident with high POC content
profiles in terms of mass flux (i.e., quantity per area per time). In  and low 8C, indicating that this material is most likely of a
the concentration profiles (Figure 6), we observe distinct patterns  biological origin.
for particulate Al, P, and Ba. Particulate Al concentrations vary Despite significant changes in the concentration and flux
from 16 to 49 mgg !, showing a roughly monotonic increase  of Al, P, and Ba, we observe no discernible trends in the
with depth down to 600 m. There is seasonal variation, with  distribution of particulate §'**Ba across the time series (Figure 5).
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TABLE 2 Dissolved sample data. From left—to-right, this table shows: the sample substrate, date of collection, depth at which the sample was collected,
barium isotope compositions and their associated 2 SD uncertainty, as well as barium concentration measurements and their associated 2
SD uncertainty.

Parameter Collection Depth (m)  638Ba (%.) | + 2 SD (%) [Ba] (nmol +2 SD (nmol
Date kg™) kg™)
DD/MM/YYYY

30/03/2016 35 0.57 0.03 463 23 1 3
30/03/2016 120 0.62 0.04 465 23 1 3
30/03/2016 200 0.58 0.03 463 23 1 3
30/03/2016 250 0.53 0.04 444 22 1 3
Seawater 30/03/2016 300 0.55 0.03 468 23 1 3
30/03/2016 400 0.60 0.03 47.9 24 1 3
30/03/2016 500 0.55 0.03 489 24 1 3
30/03/2016 550 0.54 0.03 49.0 24 2 6
30/03/2016 600 0.62 0.03 456 23 1 3
26/10/2015 0 0.54 0.03 46.9 23 2 6
26/10/2015 20 0.56 0.03 456 23 2 6
26/10/2015 40 0.56 0.03 463 23 2 6
26/10/2015 120 0.51 0.03 53.7 27 2 6
Seawater 26/10/2015 250 0.54 0.03 197 25 2 6
26/10/2015 350 0.59 0.03 50.0 2.5 2 6
26/10/2015 500 0.53 0.03 1492 25 2 6
26/10/2015 600 0.47 0.03 47.9 24 2 6
26/10/2015 700 0.51 0.03 52.0 2.6 2 6
Groundwater 24/08/2017 2 0.49 0.03 1132 5.7 1 4
NASS-6 surface 0.46 0.03 50.3 25 4 11
Sst;‘:i':;rs SAFe D1 (#591) 1000 033 0.03 99.0 5.0 2 12
SAFe DI (#596) 1000 0.33 0.03 99.4 5.0 2 12

“number of independent replicates processed through ion chromatography.
number of measurements from which Ba isotope data were calculated.

Regardless of the time of year, productivity, or overall mass
flux, the isotope composition of particulate Ba remains essentially
constant at +0.09%0 * 0.06%0 (+2 SD, n = 26). Given the
invariant dissolved §'**Ba of +0.55%0 + 0.07%o, we calculate the
average particulate-dissolved offset for Ba isotopes, A'**Ba
(= 8"Bay,
(Figure 5).
We further investigated potential trends between the flux of
different phases using property—property plots (Figure 8). There is
no obvious correlation between the concentration of particulate Ba

part—diss

-8'%Bay,,), in the GOA to be —0.46%o0 + 0.10%o

Frontiers in Earth Science

and Al (R* = 0.04). Similarly, there is no discernible correlation
between particulate §'*Ba and the particulate Al:Ba ratio (R?
= 0.03). Although there is a strong correlation between p[Ba]
and p[P] (R* = 0.73), no relationship is observed between
particulate 8'**Ba and the particulate P:Ba ratio (R? = 0.01). This
latter observation suggests that while the presence of biogenic
particles can influence the flux of particulate Ba, it does not
affect its Ba isotope composition. Our analysis indicates that the
isotopic composition of Ba in the particles is not influenced
by any of the variables studied.
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TABLE 3 (Continued) Particulate multi-element data. This table shows: date of sample collection, depth at which the sample was collected, as well as the concentration and flux (and associated 2 SD uncertainty)
Collection

for Ba, Al, and P. The final two columns show ratios of particulate Al:Ba and P:Ba.
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4.3 Characterization of non-marine barium
sources

We characterized non-marine Ba inputs by analyzing
a local groundwater sample and two aerosol samples.
The local groundwater sample, collected approximately
3m from the shoreline, had a salinity of 39, which is
similar to, though slightly lower than, the typical 40.5-40.8
observed in the GOA during our study (Figure2). The Ba
isotope composition of this sample was +0.49%o0 + 0.04%o,
similar to the 8%Ba of GOA seawater (+0.55 + 0.07%o),
but the Ba content was significantly higher at 1132 =+
5.7 nmol kg™ (Figure 5). Assuming salinity is conservative,
this groundwater sample is likely comprised of 96% seawater
and 4% meteoric freshwater. Given these mixing proportions
and our analytical uncertainty, it is not possible to calculate
a true meteoric endmember composition for this region,
beyond noting that it likely possesses higher [Ba] than
GOA seawater.

The two dust samples analyzed in this study exhibited
statistically identical 8'**Ba values of +0.02%o + 0.03%o and
0.00%0 + 0.03%o, with a weighted mean of +0.01%o0 + 0.03%o
(Figure 5; Table 1). This isotopic composition is consistent with the
mean §'*Ba for the upper continental crust of 0.00%o + 0.05%o
(Charbonnier et al., 2018; Nan et al., 2018). The August 2015 aerosol
sample had been previously characterized by Chien et al. (2019),
who reported that total Ba concentrations in the aerosols were
approximately 140 ug g™', of which 16%-26% was soluble. This is
within the range of 0-2,240 ug Ba g™! for dust samples collected over
a previous 4-year time series (Torfstein et al., 2017).

4.4 Barium isotope composition of GOA
sediments

The §'**Ba of two sedimentary samples, specifically the <20 um
“BaSO,-containing fraction” (see Section 3.2), deposited at Station
A during the late 20th and mid-18th centuries, were +0.32%o +
0.03%o and +0.35%o + 0.03%o, respectively (Table 1; Figure 5). Their
weighted 8'**Ba is +0.34%o + 0.03%o, which is offset by —0.22%o
+ 0.08%o with respect to dissolved Ba in the GOA and +0.25%o +
0.07%o relative to sinking particulate matter.

5 Discussion

5.1 Uniformity of barium chemistry in the
Gulf of Agaba

The Gulf of Aqaba is characterized by a single inflow source,
deep seasonal mixing (Silverman and Gildor, 2008; Biton and Gildor,
2011), and relatively low productivity, with conditions generally
considered oligotrophic (Chernihovsky et al., 2018; Foster et al., 2009;
Labiosa et al., 2003; Figures 2, 3). As a result, values of dissolved
[Ba] and 6"*Ba in the GOA are vertically uniform, at 47.9 +
4.7 nmol kg ™! and +0.55%o0 + 0.07%o, respectively (Figure 5). Given
the short residence time of water in the GOA of 7 years, we speculate
that the seawater in the GOA resembles the Ba chemistry of inflowing
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Depth profiles of particulate Al (A), P (B), and Ba (C) fluxes at the study site (Figure 1). Refer to Figure 2 caption for color scheme. Analytical uncertainty
is within the size of the data points plotted, except for some measurements where uncertainties are shown as horizontal bars along with the individual

data points.

Red Sea seawater at the Straits of Tiran. For comparison, profiles of
dissolved [Ba] and 8'**Ba vary significantly more in the open ocean,
typically between 30 and 150 nmol kg™! (Mete et al., 2023) and +0.25
t0+0.65%o (Horner and Crockford, 2021; Yu et al., 2022). Despite large
changes in dust fluxes and productivity, profiles of particulate §'**Ba
are uniform in the GOA at +0.09%o + 0.06%o (+2 SD, n = 26). While
less is known about the range of Ba isotope compositions in marine
particles, particulate [Ba] is known to vary from 0 to >1 nmol kg’
in seawater (Rahman et al., 2022).

The homogeneity of Ba chemistry in the GOA simplifies the
selection of representative values of §'** Ba for particulate and dissolved

phases in the calculation of A**Ba Some previous studies

part-diss*

have faced challenges in estimating A'**Ba due to vertical

part-diss
variation in dissolved 8'**Ba and uncertainties regarding the depth
ranges over which particles formed (Horner et al., 2017; Cao et al.,
2020b), rendering the resultant value of A138Bapart—diss
The homogeneous nature of the water column in the GOA, largely due

to it reflecting advection from the northern Red Sea, obviates the need

less certain.

for such choices, eliminating this source of ambiguity.

To calculate the isotopic offset of the particulate load from
dissolved seawater in the GOA, the average seawater 5'38Ba value
(+0.55%0 + 0.07%o) was subtracted from the average particulate
8"38Ba value (+0.09%o + 0.06%o; 2 SD, n = 26), which yielded a
A38Ba 0of —0.46%o + 0.10%o (2 SD). This value is comparable
to previously reported offsets in field settings, including the South
Atlantic (—0.53%0 + 0.04%o0; Horner etal., 2017), Lake Superior
(=0.41%o0 + 0.09%0; Horner et al., 2017), and the South China Sea
(=0.5%0 + 0.1%o0; Cao et al., 2020a). An offset of —0.5%o is also similar
to that between BaSO, in sedimentary core tops and overlying

part—diss

Frontiers in Earth Science

13

surface seawater (Bridgestock etal.,, 2018; Crockford etal., 2019;
Middleton et al., 2023b).

5.2 Invariance of the dissolved—particulate
barium isotope offset across diverse
oceanic conditions

The similar A138Bapart_diSS values observed in the GOA
compared to previous studies suggest that particle formation,
most likely in the form of pelagic BaSO,, results in a similar
Ba isotope fractionation across diverse environments. This
similarity implies that A138Bapa,t7diSs
several environmental parameters, such as temperature, salinity,

is relatively insensitive to

particle flux, and particle composition. For example, the GOA
exhibits higher surface temperatures (=27°C) compared to other
studied environments, such as the South China Sea (=23°C;
Cao etal., 2020a) or Lake Superior (=10°C; Horner et al., 2017),
yet A138Bapart7diSS is identical, within uncertainty, at =~0.5%0 *
0.1%o. Similarly, the higher salinity of the GOA (=40; Figure 1)
compared to normal marine environments (=35) or freshwater
(=0) also does not appear to significantly affect ABSBaPm_diss
(Horner etal., 2017; Cao etal,, 2020a). We also note that large
changes in the flux (Figures3, 7) and composition (Figures 3,
6) of particles through the GOA do not affect dissolved
or particulate §'**Ba. Altogether, these results suggest that
Al38]?)a'part—diss

temperatures, salinities, and particle fluxes at approximately —0.5%o

can be considered constant across a broad range of

(Figure 5).
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The relatively narrow range in dissolved-particulate offsets
observed in the GOA makes it challenging to identify other
factors that may control A138Bapart7diss.
of A138Bapan7diss, despite large temporal changes in other
chemical properties that we monitored, allows us to exclude

However, the stability

these properties as significant influences on ABSBapan_diss.
For example, we do not observe any correlation between
particulate §'*®Ba and particulate Al:Ba or P:Ba (Figure 8).
This observation indicates that the Ba isotope composition
of particulates does not respond to aeolian inputs, which
exhibit §'*Ba =0.0%o, nor fluctuations in productivity. Notably,
however, the quantity of particulate Ba is correlated with that
of P, supporting the link between Ba and export productivity
in the GOA.

Altogether, these results are consistent with the notion that
the primary control on the Ba isotope composition of particles
depends primarily on the §'*Ba of the fluid source (seawater)
rather than any of the studied environmental variables. This is
a potentially valuable finding from a proxy perspective since it
validates one of the key assumptions needed to apply §'**Ba in
BaSO, as a paleoceanographic proxy: that particulate §'**Ba reflects
seawater 8'*®Ba with an offset of 0.5%o, regardless of ambient T or
S, which may not be known in ancient settings. The next steps in the
validation chain concern whether processes occurring at the seafloor
and within the sediment pile affect particulate §'**Ba, which we
explore next.
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5.3 Potential explanations for the barium
isotope offset between particles and
sediments in the GOA

We examined the BaSO,-containing fraction from two marine
sediment cores collected at Station A and found that they exhibited
a mean 8% Ba of +0.34%o + 0.03%o (Figure 5; Table 1). This value
is intermediate between the Ba isotope composition of sinking
particulate fluxes (+0.09%o + 0.06%o) and dissolved Ba in the GOA
(+0.55%0 + 0.07%o). Below, we consider three possible explanations
for this offset.

The first explanation is that the BaSO,-containing fraction
does not represent the same pelagic BaSO, that sank through the
water column in the GOA. This could be due to environmental or
processing reasons. For example, it is possible that most pelagic
BaSO, in the GOA dissolves at the seafloor due to low ambient
barite saturation (e.g., Meteetal, 2023), and the sedimentary
minerals analyzed here represent other minerals, which could be
exogenous BaSO, washed in during storm events or non-BaSO,
phases. Alternatively, our processing may not recover the majority
of the BaSO, fraction in GOA sediments. This is possible since
the non-BaSO, component in the sediment constituted a large
fraction of the total sample, which contained many non-BaSO,
minerals that were not digested (Figure 4). While we attempted to
concentrate the proportion of BaSO, in these samples by sieving out
particles >20 um, it is challenging to quantify the exact proportion
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of sedimentary Ba present in BaSO, without additional tests that are
beyond the scope of this study.

A second possibility is that the §'**Ba of the BaSO,-containing
fraction reflects the water composition at the time these samples
formed, albeit with an offset of —0.5%o. This would imply that
these sedimentary BaSO, were derived from waters possessing
8'%Ba =+0.8%o, sank to the seafloor, and were buried in the
sediments without further modification. This explanation implies
that §'**Ba of seawater in the Gulf of Aqaba was ~+0.3%o heavier
than present values within the last 50 years. While possible, we
deem this possibility implausible as seawater §'**Ba exceeding
+0.75%o has yet to be observed in the modern ocean (Horner and
Crockford, 2021; Yu et al., 2022).

A final possibility is that the Ba isotope compositions of the
BaSO,-containing fraction was initially similar to that of sinking
pelagic BaSO, (i.e., =+0.1%o), but has since been modified by early
diagenetic reactions, reaching their present composition of +0.34%o.
We identify two potential mechanisms that could explain this
modification. The first, suggested by Scholz et al. (2023), proposes
that authigenic BaSO, precipitation in subsurface sediments leads
to a preferential incorporation of heavy barium isotopes. As a
result, solid-phase 8'*®*Ba is shifted toward heavier compositions and
pore water §'**Ba to lighter values. A second mechanism, posited
by Middleton et al. (2023a; b), suggests that the BaSO, in some
sediments achieves Ba isotope equilibrium with the surrounding
pore fluid through ion exchange, driving offsets between the solid
and fluid of up to 0.2%o. In this explanation, porewaters should
be offset to heavier values than the solid phase and would be
predicted to exhibit §'*®Ba ~+0.5%o, similar to the §'**Ba of seawater
in the GOA.

Unfortunately, we cannot definitively rule out any of these three
scenarios as 8'**Ba data for porewaters from this site are not available;
such measurements would likely prove decisive in determining which
of these explanations is most likely. Regardless, this result emphasizes
the significance of conducting site-specific proxy validations and
exercising careful site selection before applying novel paleo proxies.

6 Conclusion

We report results from a time series study of dissolved and
particulate Ba chemistry in the Gulf of Aqaba, Red Sea, spanning
January 2015 to April 2016. Our study provides valuable insights
into the behavior and cycling of Ba in a well-characterized marine
environment. Despite differences in hydrography, productivity,
and dust fluxes across the time series—ranging from summer
stratification and low productivity to deep winter mixing and
high productivity—dissolved [Ba] and 8'*®Ba values remained
invariant and vertically uniform at 47.9 + 4.7 nmol kg™ and +0.55%o
+ 0.07%o, respectively (+2 SD, n = 18). This uniformity likely
reflects the Ba chemistry of the inflowing Red Sea seawater at
the Straits of Tiran. Similarly, despite large changes in the flux
and chemical composition of particulate matter, the Ba isotope
composition of sinking particles was temporally and vertically
uniform at +0.09%o + 0.06%o (£2 SD, n = 26). The homogeneity of
Ba chemistry in the GOA simplifies the calculation of isotopic offsets
between dissolved and particulate phases. The observed offset,
A138Bapart7diss, assumed to reflect Ba isotope fractionation during
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BaSO, formation, was found to be invariant at —0.46%o + 0.10%o (+2
SD), comparable to other marine settings. This consistency suggests
that Ba isotope fractionation during particle formation is relatively
insensitive to environmental variables such as temperature, salinity,
or productivity. Instead, the primary control on the Ba isotope
composition of particles is the §'**Ba of the fluid source—seawater.
This uniformity across varying conditions suggests that ancient
seawater 8'*Ba can be reconstructed from particulate BaSO,
without the need for corrections based on environmental conditions,
thus simplifying the use of Ba isotopes as a paleoproxy. However,
additional characterization of the Ba chemistry of particles—both
sinking and suspended—across variations in species assemblage
and in deeper water columns is required to fully validate this
finding. Additionally, our analysis of Ba isotopes in sediments
underlying the GOA revealed a significant Ba isotope offset between
the BaSO,-containing fraction and sinking particulates. We posit
that this offset is derived from other, non-BaSO, phases in GOA
sediments, historical variations in the Ba isotope composition of
Red Sea seawater, or early diagenetic processes, though we cannot
currently distinguish between these possibilities without additional
Ba isotope data from GOA sediment porewaters. This unexplained
Ba isotope offset underscores the importance of conducting site-
specific proxy validations and exercising careful site selection before
the application of novel paleoproxies, such as §'**Ba in BaSO,.
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