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Abstract Radium-226(**°Ra) and barium (Ba) exhibit similar chemical behaviors and distributions in the
marine environment, serving as valuable tracers of water masses, ocean mixing, and productivity. Despite their
similar distributions, these elements originate from distinct sources and undergo disparate biogeochemical
cycles, which might complicate the use of these tracers. In this study, we investigate these processes by
analyzing a full-depth ocean section of >*°Ra activities (T ,» = 1,600 years) and barium concentrations obtained
from samples collected along the US GEOTRACES GP15 Pacific Meridional Transect during September—
November 2018, spanning from Alaska to Tahiti. We find that surface waters possess low levels of **°Ra and Ba
due to export of sinking particulates, surpassing inputs from the continental margins. In contrast, deep waters
have higher *°Ra activities and Ba concentrations due to inputs from particle regeneration and sedimentary
sources, with 2°Ra inputs primarily resulting from the decay of >*°Th in sediments. Further, dissolved >*°Ra and
Ba exhibit a strong correlation along the GP15 section. To elucidate the drivers of the correlation, we used a
water mass analysis, enabling us to quantify the influence of water mass mixing relative to non-conservative
processes. While a significant fraction of each element's distribution can be explained by conservative mixing, a
considerable fraction cannot. The balance is driven using non-conservative processes, such as sedimentary,
rivers, or hydrothermal inputs, uptake and export by particles, and particle remineralization. Our study
demonstrates the utility of >>°Ra and Ba as valuable biogeochemical tracers for understanding ocean processes,
while shedding light on conservative and myriad non-conservative processes that shape their respective
distributions.

1. Introduction

Barium (Ba) and radium (Ra) are alkaline earth elements with similar geochemical behaviors and distributions in
the ocean (Chan et al., 1976; Fanning et al., 1988; Mathieu & Wolgemuth, 1973). These similarities led to Ba
being proposed as a stable analog of radium-226 (**°Ra, t1/2 = 1,600 years; e.g., Broecker et al., 1967). Similar to
the '*C/"*C ratio, the **° Ra/Ba ratio was aimed at being used as a chronometer of the global thermohaline
circulation but better tailored to the timescales of ocean circulation. As a result, a unique >*°Ra and Ba database
was generated during the Geochemical Ocean Sections Study (GEOSECS) program throughout the major ocean
basins (Broecker et al., 1970; W. S. Broecker et al., 1967; Chan et al., 1976; Chung & Craig, 1980; Chung
et al., 1974; Ku & Lin, 1976; Ku et al., 1970, 1980). However, it was realized that 226Ra and Ba are active
participants in upper ocean biogeochemical cycles, which complicated the use of the *Ra/Ba ratio as a time
tracer for deep-water ventilation.

Despite sharing a similar marine distribution, the major sources of radium-226 and barium in seawater are
different: **°Ra is sourced mostly by diffusion from deep-sea sediments following the decay of its parent isotope,
ZOTh (Koczy, 1958; Kréll, 1953), whereas Ba is sourced largely from rivers and groundwater (Martin &
Meybeck, 1979; Moore, 1997; Shaw et al., 1998; Wolgemuth & Broecker, 1970). Both **°Ra and Ba have a
nutrient-like distribution in the ocean, whereby their concentrations tend to increase with depth, reflecting their
removal into particulate phases in shallow waters, and subsequent release at depth, either in the water column or
sediments (Broecker et al., 1970; Cochran & Krishnaswami, 1980; Kemnitz et al., 2023; Ku et al., 1980; Ku &
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Luo, 1994; McManus et al., 1999). The principal particulate carrier of *>°Ra and Ba is thought to be barite (BaSO,
or barium sulfate; Chow & Goldberg, 1960; Dehairs et al., 1980; Bishop, 1988), though contributions from other
biominerals are postulated (e.g., celestite; Bernstein & Byrne, 2004). Regardless of the carrier phase, *°Ra and
Ba distributions appear to be affected by similar processes in the water column, with both elements displaying a
linear correlation throughout the global ocean, except for the deep North Pacific (Chan et al., 1976; Foster
et al., 2004; Ku et al., 1980; Le Roy et al., 2018; Li et al., 1973; Ostlund et al., 1987).

While the global GEOSECS program provided valuable information on the similarity of the geochemical dis-
tributions of *Ra and Ba in the ocean, several unknowns remain such as the influence of hydrothermal vents
(Hsieh et al., 2021; Kipp, Charette, et al., 2018; Neuholz et al., 2020), particle cycling and associated carrier
phases (Dehairs et al., 1980; van Beek et al., 2007), and the significance of submarine groundwater discharge
(Charette et al., 2001; Kwon et al., 2014; Le Gland et al., 2017; Rahman et al., 2022; Shaw et al., 1998). In this
study, we take advantage of the worldwide program GEOTRACES to provide new insights on the factors that
control the distribution of **Ra and Ba in the ocean. Here, we focus on the GEOTRACES GP15 transect in the
Pacific Ocean along the 152°W meridian from 56°N to 20°S. This transect allowed us to study a range of pro-
cesses that influence **°Ra and Ba distributions, including margin fluxes, low productivity surface waters, as well
as hydrothermal plumes of the East Pacific Rise. The North Pacific is recognized as harboring the most ancient
deep water found in the world's oceans, as defined by 4et2e (Matsumoto, 2007). Moreover, it is thought that
upwelled Pacific waters act as the primary source of upper ocean winter waters departing the Southern Ocean in
the form of Subantarctic Mode Water, supplying nutrients to the ocean's upper thermocline, which are crucial to
the biological productivity (e.g., Sarmiento et al., 2004; Talley, 2013). Consequently, the factors controlling 225Ra
and Ba in the Pacific Ocean will have an outsized impact on the distribution of these tracers throughout the global
thermohaline circulation, making the GP15 section an ideal transect for studying these processes.

2. Materials and Methods

The US GEOTRACES GP15 Pacific Meridional Transect was conducted in the Pacific Ocean primarily along
152°W from 56°N to 20°S (Figure 1). The R/V Roger Revelle departed Seattle (Washington) in September 2018,
sailed northwest to the Alaskan Shelf, and then turned eastward across the shelf before heading southward. After a
stop in Hilo (Hawaii, US), it reached Papeete (Tahiti, French Polynesia) on 24 November 2018. Along the
transect, 39 stations were sampled, with full-water column 226Ra and Ba sampling taking place at alternating
stations. Radium-228 data from GP15 have been published separately (Moore et al., 2024).

2.1. Hydrographic Context
2.1.1. Surface and Subsurface Water Masses

On the surface of the North Pacific around 50° N, the Subarctic Current flows eastward as the Pacific Subarctic
Water (PSUW), which is characterized by relatively high oxygen and low temperature and salinity (Sverdrup
et al., 1942; Talley et al., 2011b). Then, Pacific Subarctic Water splits into two branches. One branch flows
northward as the Alaskan current, while another branch flows southward as the Californian current and mixes
with Central Waters (Bograd et al., 2019). Further south and to the east, Eastern North Pacific Central Water
(ENPCW) is found between 40°N and the North Equatorial Countercurrent. The Eastern North Pacific Central
Water comes from the subduction of a salinity maximum just south of 30°N, including some mixing with Pacific
Subarctic Water (Tomczak & Liefrink, 2005). Similarly, the South Pacific Central Water (SPCW) extends from
the subantarctic front at 55° S to 10° S. SPCW is saltier than Eastern North Pacific Central Water since the South
Pacific is saltier overall. Equatorial Subsurface Water (ESSW) is formed near the equator, as a mixture of several
water masses, and is characterized by its relatively high salinity (Silva et al., 2009). Equatorial Subsurface Water
is transported eastward to the South American coast along the equator within the Equatorial Undercurrent and
Southern Subsurface counter currents (Montes et al., 2014; Stramma et al., 2010), and then southward along the
South American coast within the Peru-Chile countercurrent (Strub et al., 1998).

2.1.2. Intermediate Water Masses

The intermediate layer of the Pacific Ocean is occupied by Antarctic Intermediate Water (AAIW) and North
Pacific Intermediate Water (NPIW). Both Antarctic Intermediate Water and North Pacific Intermediate Water are
fresh and cool surface waters that subduct at subpolar latitudes. Antarctic Intermediate Water is formed by
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subduction of surface waters beneath the Subantarctic Front near the west
coast of Chile, flowing north and then west within the gyre circulation
(Tomczak & Liefrink, 2005). Antarctic Intermediate Water is characterized
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by a subsurface salinity minimum, high O,, and low nutrients (Hartin
I et al., 2011; Iudicone et al., 2007; Talley et al., 2011a). North Pacific Inter-
mediate Water is formed from ventilated water in the Sea of Okhotsk and the
adjacent polar gyre, and is also characterized by a salinity minimum
(Talley, 1997). It is confined to the North Pacific.

N

0.25
2.1.3. Deep and Bottom Water Masses

Pacific Deep Water (PDW) has no surface source and as a result is consider
one of the oldest water masses in the global ocean (Talley et al., 2011a).
Pacific Deep Water is formed in the deep waters of the equatorial Pacific

o 0.15
through upwelling and diapycnal diffusion of northward-flowing bottom

Annual Chl a concentration (mg m3)

waters. Pacific Deep Water has relatively low O,, and high nutrients, and is
often characterized by a broad Si(OH), maximum (Faure & Speer, 2012;
Hautala, 2018; Hautala & Hammond, 2020; Johnson & Toole, 1993; Mantyla
& Reid, 1983; Tsuchiya & Talley, 1998; Wijffels et al., 2001). Lower
= Circumpolar Deep Water (LCDW) and Upper Circumpolar Deep Water

(UCDW) lie below Pacific Deep Water and originate in the Southern Ocean.

40 T%0° 162°W 144°W

Figure 1. Map of time-averaged chlorophyll a concentration (mg m™) for
2018 (yearly 4 km MODIS Aqua model). Station locations of the GP15

126°W

Circumpolar Deep Waters are a mixture of Pacific, Atlantic, and Indian
Ocean waters modified by the incorporation of dense water produced around
the Antarctica continent. Lower Circumpolar Deep Water properties change

108°W

while flowing northward as the layer erodes and upwells across isopycnals.

section between Alaska and Tahiti in the Pacific (black dots). The known

hydrothermal vents located in the Pacific are indicated (red triangles;

Beaulieu & Szafranski, 2020).

Indeed, LCDW salinity decreases northward and is the lowest near the Hawaii
ridge. Upper Circumpolar Deep Water is identified with an O, minimum
(Orsi et al., 1999; Talley et al., 2011a; Tomczak & Liefrink, 2005), as it is
formed from modified Pacific Deep Water and is influenced by Indian Deep Water and the upwelling of relatively
lower-nutrient Lower Circumpolar Deep Water and North Atlantic Deep Water from below (Talley et al., 2011a).
Upper Circumpolar Deep Water flows into the Pacific Basin at a similar isopycnal range as Pacific Deep Water.
Antarctic Bottom Water (AABW) is formed through brine rejection along the shelves of the Antarctic continent,
where these newly formed highly saline shelf waters sink to abyssal depths. Antarctic Bottom Water is char-
acterized by a potential temperature minimum and occupies the deepest waters in the low-latitude Pacific.

2.2. Sample Collection

Dissolved **°Ra samples were collected in 30 L Niskin bottles. For deep casts (>1,000 m), these bottles were
mounted directly above the large-volume in situ WTS-LV pumps (McLane Labs), whereas for casts <1,000 m
bottles were mounted on a CTD rosette. Between 10 and 25 L from each bottle was gravity filtered at
~0.5 L min™" through 15 g of manganese oxide-impregnated acrylic fiber (Mn Fiber), which quantitatively
adsorbs radium isotopes (assumed to scavenge 100% of Ra; van Beek et al., 2010; Moore, 1976). The filtrate was
collected inside a graduated rigid-sided container and the volume was recorded. Mass was also obtained by
weighing with a hanging digital balance.

Samples for dissolved Ba were collected using a GEOTRACES CTD referred to as GT-C/12 L GoFlo. Water
samples were filtered through pre-cleaned, 0.2 pm Pall Acropak Supor filter capsules (GEOTRACES Standards
and Intercalibration Committee, 2017; Hatta et al., 2014). Filtered water was collected in 125 mL HDPE bottles
(Nalgene) that had been pre-cleaned by soaking in 1.2 M HCl (reagent grade) for at least 8 hr, with a subsequent
thorough rinsing using ultrapure distilled deionized water (Barnstead E-pure).

2.3. Sample Analysis

2.3.1. Analysis of Dissolved **°Ra Concentrations

Radium-226 activities were measured using the radon emanation method, which enables the measurement of
226Ra via its daughter, radon-222 (***Rn; half-life of 3.8 days). Mn Fiber samples were flushed with helium for
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5 min at 250 mL min~" into PVC cartridges (Peterson et al., 2009). The cartridges were sealed and held for a
minimum of 5 days and up to 2 weeks. Before analyses, the radon emanation line was purged with helium for
10 min. The helium flow was then diverted through the cartridge containing the sample for 15 min to flush the
ingrown “*?Rn into a liquid nitrogen trap. Then, the cartridge was again bypassed and the liquid nitrogen trap was
heated so that 2?’Rn was transferred to an evacuated “Lucas cell” via a stream of helium (Key et al., 1979;
Lucas, 1957; Peterson et al., 2009). The cells were held for 3 hr to reach the secular equilibrium among the 222Rn
decay chain daughters and then placed on a radon counting system (model AC/DC-DRC-MK 10-2) for 1-20 hr to
reach counting uncertainties (1 SD) of 2%—5%.

The method was standardized using National Institute of Standards and Technology *°Ra (~20 dpm) sorbed onto
Mn fiber and analyzed in the same manner as the samples (Charette et al., 2015; Henderson et al., 2013).
Backgrounds of the radon scintillation cells were counted for 10 min before each sample analysis and can
represent up to 7% of the total measured activity. The final sample measurement error was based on the counting
uncertainty, the standard deviation of the Lucas cell background, and the standard deviation of the detector ef-
ficiency. The errors ranged mostly between 2% and 6%. While replicates were not collected for **Ra due to
sample volume limitations, for some stations, overlapping depths between CTD casts were occasionally sampled
with generally good agreement. Any small discrepancies between the two casts may be due to the drift of the boat
between casts or slight changes in sampling depth. As another check on data quality, station 35 from GP15 was a
reoccupation of station 36 from GP16 (2013) with the *°Ra profile between cruises showing relatively good
agreement. Since *?°Ra is known to have a linear relationship with barium and silicate for shallow and inter-
mediate depths, any samples exhibiting values beyond two standard deviations of the expected values were
remeasured. If the reanalysis confirmed the original value, then the samples were flagged (27 samples out of 415)
as suspect and excluded from figures or analyses.

2.3.2. Analysis of Dissolved Ba Concentrations

Dissolved Ba concentrations were determined using isotope dilution, measured on a ThermoFisher Element XR
Inductively Coupled Plasma Mass Spectrometer (ICPMS; e.g., Jacquet et al., 2005). A 50 pL aliquot of each
sample was spiked with 25 pL of a 93% '*° Ba-enriched solution (Oak Ridge National Laboratories; ~170 nM)
and then diluted 30-fold with 0.2 pm ultrapure filtered water. For quality control purposes, the spike calibration
was checked twice during each analytical run using reverse isotope dilution. The ICP-MS was operated in low
resolution and both '**Ba and '*®Ba were determined. The samples were bracketed every 10 samples with a blank
and the '**Ba-spike solution. The volumes of the spikes, samples, and dilution water were accurately assessed by
calibrating each pipette by weight. The reproducibility error of this method was estimated by comparing samples
collected at the same depths on different casts at the same station. For 12 pairs of these replicate samples, the
average absolute deviation was 0.7 nmol kg~' or ~1.5%. Repeated runs of US GEOTRACES intercalibration
samples and in-house reference solutions suggest a similar precision (Shiller, 2021a, 2021b, 2021c). The limit of
detection for barium was 0.7 nmol L™". Our precision is similar to that reported by other labs for Ba (e.g., Jacquet
et al., 2005). As for 2*Ra, station 35 from GP15 was a reoccupation of station 36 from GP16 (2013) with the Ba
profile between cruises showing good agreement (Rahman et al., 2022).

2.3.3. Water Mass Decomposition

Water mass fractions are useful in understanding trace element and isotope distributions along a transect. A
modified version of an Optimum Multiparameter Analysis (Shrikumar et al., 2022) was employed to determine
water mass fractions in GP15 samples (Lawrence et al., 2022). Then, based on historical data reported from the
Pacific (Chan et al., 1976, 1977; Ku et al., 1980), we defined 226Ra and Ba end member concentrations associated
with each water mass (Figure 2). The characteristics of each water mass (potential temperature, salinity, and
geographical location) were used to determine the end members of >*Ra and Ba. The end members are all in the
range of the GP15 data (Figure 2). These **°Ra and Ba end members were then used to calculate the **°Ra and Ba
concentrations that strictly result from the mixing of the different water masses. In this way, we estimated the
conservative component of >?°Ra and Ba, which can in turn be compared to the in situ concentrations to generate
the non-conservative components of **°Ra and Ba (hereafter referred to as anomalies) along the GP15 section.

To incorporate uncertainties associated with the end-member compositions into the water mass analysis, we
employed a Monte Carlo approach, generating 10,000 random perturbations of each water mass end-member.
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Figure 2. Relationships between 226Ra and Ba, **°Ra and Si, and Ba and Si along the GP15 section. The color scale represents the depth of each sample. The best linear
fits for ?°Ra and Ba (R* = 0.89, P < 0.0001), *°Ra and Si (R*> = 0.81, P < 0.0001), and Ba and Si (R* = 0.94, P < 0.0001) are also reported (dashed black lines). The
slopes of the 2° Ra-Ba, **°Ra-Si, and Ba-Si linear regressions are 2.36 + 0.04 dpm pmol ™", 52.42 + 1.26 dpm mmol ™" and 1,428.1 + 12.2, respectively. Water mass end
members are also reported for **°Ra-Ba (red diamonds).

Ra anomalies (dpm 100L'1)

This analysis resulted in estimated conservative component uncertainties of +0.9 dpm 100 L™" for **°Ra and
+4.0 nmol L™" for Ba. Subsequently, when the measured **°Ra or Ba values differed from the conservative
component values, and these differences exceeded their respective analytical uncertainties, the 22°Ra or Ba
anomalies were deemed non-conservative. Non-conservative values could manifest as either positive (indicative
of a net addition of *Ra or Ba) or negative (reflective of a net removal of 225Ra or Ba).

We compared the water mass analysis-derived Ra and Ba anomalies to Ra* and Ba* to validate the use of water
mass deconvolution (Figure 3). First defined by Horner et al. (2015) for the global Ocean, Ba* is the difference
between measured and predicted [Ba] based on the Ba-Si linear regression (Figure 2). Similarly, Ra* is the
difference between measured and predicted >*°Ra based on the >*Ra—Si linear regression (Figure 2).

Ba* = Bain situ 0.66 x Siin situ

—-29.6 )

Ra* = Rain situ T 0.15x Siin situ T 6.1 (2)
The distribution of Ra* and Ba* can be interpreted as vertical or spatial differences in Ba and Si sources or sinks,
with the net effects defining the direction and magnitude of the deviation (Mete et al., 2023). BaSO, precipitation
and SiO, dissolution produce more negative Ba* and with BaSO, dissolution and SiO, precipitation produce
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Figure 3. Relationships between Ba* and Ba anomalies along the GP15 section. The color scale represents the depth of each sample. Ba* is calculated from a regression
versus Si. The best linear fit (R* = 0.65, P < 0.0001) is also reported (dashed black line). The slope of the Ba* and Ba anomaly relationship is 1.08 = 0.03.
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more positive Ba* relative to mean-ocean behavior (Mete et al., 2023). A comparison of Ra* and Ba* and Ra and
Ba anomalies derived using the OMP yields a linear slope of 0.89 + 0.04 (R? = 0.52, p < 0.0001) and 1.04 + 0.05
(R? = 0.36, p < 0.0001), respectively (Figure 3). The scatter likely reflects the fact that different water masses
possess distinct preformed Ra* and Ba* and that the magnitudes of BaSO, precipitation/dissolution and SiO,
precipitation/dissolution may differ regionally.

3. Results
3.1. Distribution of ?°Ra and Ba Along the GP15 Section

The 2*Ra, Ba, and **’Ra/Ba ratio distributions for the GP15 section are presented in Figure 4. Most of the **°Ra
activities range from 4 to 40 dpm 100 L™" in the water column, with an increase toward the bottom. Higher
activities are observed between the equator and 45°N below 2,000 m. Barium concentrations increase with depth
from 30 to 160 nmol L™". Below 1,500 m, Ba concentrations increase from south to north from 120 nmol L' at
20°S to 150 nmol L ™" at 50°N. These data are in agreement with data from Pacific GEOSECS and GEOTRACES
GP16 crossover stations, which range from 5 to 45 dpm 100 L™ (Sanial et al., 2017) and from 20 to 156 nmol L™
for Ba (Rahman et al., 2022).

3.2. 2°Ra Versus Ba Relationship

The **°Ra/Ba ratio varies from 1.5 to 4.8 along the GP15 section (Figure 4c). The average ratio of 2.2 dpm pmol ™"
is also consistent with the historical data (Broecker et al., 1970; Chan et al., 1976; Chung & Craig, 1980; Ku
etal., 1980; Le Roy etal., 2018). Higher-than-average **’Ra/Ba ratios are observed between the equator and 40°N
below 3,000 m, and to a lesser extent between 15°S and 15°N at 500 m to and 2,500 m. Low ratios (<2.2 dpm
nmol™") are generally confined to the upper 200 m, though some low *°Ra/Ba ratios are observed north of 30° N
at 1,500 m and 4,000 m.

A linear correlation between *°Ra and Ba is observed for the data collected along the GP15 section (Figure 2).
The slope of the “**Ra-Ba linear regression is 2.36 + 0.04 dpm pmol™' (R? = 0.89, P < 0.0001; Figure 2). As
previously observed, the relationship breaks down for 226Ra values > 30 dpm 100 L™" (Chan et al., 1976; Chung
& Craig, 1980). The GP15 linear regression intercept for Ba is +6.7 nmol L™". Positive intercepts have been
previously observed in the Atlantic and have been attributed to larger terrestrial Ba inputs relative to >*Ra (Ku &
Luo, 1994; Le Roy et al., 2018). Alternatively, this intercept may signify less efficient removal of Ba relative to
22°Ra by the biological pump (see Section 4.2.1).

3.3. Distribution of ?°Ra, Ba, and 2*’Ra/Ba Anomalies

Our analysis reveals that half of the *°Ra data are considered non-conservative along the section (Figure 5a).
Most of the positive anomalies are observed below 3,000 m, with the highest anomalies located between the
equator and 40°N. The negative anomalies occur mostly in the upper 2,000 m. From 20°N to the Alaskan margin,
in the first 1,500 m, the average anomaly is —2.8 dpm 100 L

Negative **Ra anomalies are mostly observed between 200 and 1,000 m, while positive Ba anomalies are mostly
observed below 2,000 m (Figure 5b). The most geographically extensive negative anomalies are observed from
the surface to 1,500 m, north of 20°N, with an average negative anomaly of —8.9 nmol L.

For 35% of the samples, the **’Ra/Ba anomaly ratio does not show significant variations (Figure 5c¢). Positive
226Ra/Ba anomalies are mostly displayed below 3,000 m. Other positive anomalies are observed around 2,500 m,
from 20°S to 5°N, with an average of +0.13 dpm pmol~'. Some positive anomalies are observed between 5°S and
5°N in the first 2,000 m. Negative ***Ra/Ba anomalies, found in 36% of the samples, are found in multiple lo-
cations along the section: between 500 and 1,500 m in the southernmost part of the section, in the first 500 m from
5°S to 15°N, and from 1,000 m at 15°N and deeper moving north toward the Alaskan margin.

4. Discussion

Here, we examine the non-conservative component of the distribution of **Ra and Ba along GP15 and
outline the processes that sustain it. We then discuss the sinks and sources of the two elements, and construct
budgets of **°Ra and Ba for the Pacific Ocean. To simplify this latter calculation, we considered the Pacific

LE ROY ET AL.

6 of 22

3SUS01T SUOWILIOYD) BAIRR.ID 3|eal|dde ay) Ag pausenob afe sajoie YO ‘@SN JO S3|nJ 104 AriqiTaUIUQ AB]IAA UO (SUOIPUOD-pUR-SWIBYWOD" A3 | IM A ReIq 1 [BUUO//:SANY) SUO I} IPUOD pue SWd | 8y} 89S *[7202/90/G2] U0 ARiqiauluQ 8|1 ‘9oueld aueiyood A S0080099€202/620T OT/I0p/wod A 1m AReiq puljuosgndnfe//sdny wolj pspeoumod ‘9 ‘Y202 ‘v226vi6T



I Vedl
M\ Global Biogeochemical Cycles 10.1029/2023GB008005
AND SPACE SCIENCES

0 A 19 18818 17 16 1 45
————————————————————— -
1000 S T e e S PR
Ch 35 _
2000 30 g
T =
£ 3000 % 3
53 20 T
© 4000 § g
15 ¢
5000 10
5
6000 0
20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55
Latitude
0 160
1000 f98 H o 8 E 5ol w40
= — i O ) (e
G s 120
2000 ° .
£ o 100 7
< 3000 8 g0 g
% o £
9 4000 e 60 &
i 40
5000
20
6000 0
315 17 16 15 14 1 & 12 10 9 8 5
8 NBW 2 x5
S o, ui? ot-s 0wt M.
e r p= 1 [o] 2 &o 3
4 ) / s = O( - -p:%\n e 'T:
—_ o /d o —22-0 3 =
é 7 oo g
= Q.. o o e} o 2~ d s
B o \\ 5]
[0) - (o] o PDW238 o} 2 %
o ~ o S o O o
5o o o ~ N 2 Q $
— e ) \ 4 o T'ste «
b ,\ 7 /) B ’s ’ . 1
| o 4 S :
0
20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55
Latitude
Figure 4. (a) Distribution of dissolved 22°Ra activities (dpm 100 LY, (b) dissolved Ba concentrations (nmol L"), and
(c) dissolved **°Ra/Ba ratios along the GP15 section. Station numbers are found on the top of the panel. The sampling depths
are shown for each vertical profile (dots). The different water masses are also reported: ESSW: Equatorial Subsurface Water,
NPIW: North Pacific Deep Water, PDW: Pacific Deep Water, PSUW: Pacific Subarctic Water, LCDW: Lower Circumpolar
Deep Water, UCDW: Circumpolar upper Deep Water, AABW: Antarctic Bottom Water.
Ocean in terms of two boxes—a surface box that extends to 1,000 m, and a deep box from 1,000 m to the
seafloor. The 1,000 m boundary was justified by two factors. First, surface and intermediate water masses are
predominantly found above 1,000 m, whereas deep water masses are typically found below this depth.
Second, this designation ensures that the mesopelagic zone, defined as between 200 and 1,000 m, is
encompassed entirely by the upper box. We used an average depth of 4,280 m and an area of 1.62 X 10" m?
for the Pacific (Costello et al., 2015) This division helps simplify the calculation of **Ra and Ba sinks and
sources, which sometimes operate in only a single box.
LE ROY ET AL. 7 of 22

85US01 SUOWILIOD SA 181D 8|qedl|dde au Aq peusenob ae seo e YO ‘@SN JO S9N 1oy Akeiq i 8UIUO AB[IM UO (SUONIPUOD-pUR-SWLBILOD™AB | 1M ARe.q 1 BUTIUO//SANL) SUOTHPUOD PUe SWLB | 8U} 89S *[7202/90/52] U0 ARiqiaulju A8]iMm ‘souei aueiyd0D Aq S0080099E202/620T OT/I0p/L0d A8 AReiqpujuo'sandnBey/sdiy woiy pspeojumod ‘9 ‘vZ0e ‘vzz6vieT



I Vedl
M\ Global Biogeochemical Cycles 10.1029/2023GB008005
AND SPACE SCIENCES

0
20
1000 15
15 [~
10 2
2000 £
E 5 3
f} 3000 0 é
© 4000 s 5
[~
0 8
5000 a5 &
6000 -20
20 -5 10 -5 0 5 10 15 20 25 30 35 40 45 50 55
Latitude
0 39 38 37 36 3! 34 33 31 29 27 25 2 §,21 2 19 ‘ Zg13 17 16 15 14 13 12 11 10 9 8 7 6 5
L e [e}
— T = o
1000 £2 . 8.8- 8- s %—SO g © ~
~ ST et d ! ST ; g
e e e A 9 _G_'_"_',.o_.sO\"@-—n._——a_—; 20 S
£ et sl ¢
£ 3000 L8 & R el | o 2
2 L ~e 8
O 4000 e = o £
05— o -20 2
a 'w «©
5000 ©
P [a1]
" -40
6000
20 -5 10 -5 0 5 10 15 20 25 30 35 40 45 50 55
Latitude
15
: i
e} o
E
% 05 3
o 2
o 0 E
2 2
=0 05 @
e - %
4 &
4 1R
: 15
20 -15 10 -5 0 5 10 15 20 25 30 35 40 45 50 55
Latitude
Figure 5. Distribution of (a) dissolved 22°Ra activity anomalies (dpm 100 LY and (b) dissolved Ba concentration anomalies
(nmol L") with the barite saturation index (red contour lines), and (c) dissolved *°Ra/Ba anomalies along the GP15 section.
Station numbers are found on top of each panel.
4.1. The Behavior of **°Ra and Ba Along GP15
4.1.1. Role of Physical Circulation
In the deep Pacific, the activities of ***Ra and concentrations of Ba ([Ba]) are among the highest observed in the
global ocean. These elevated values, reaching 45 dpm 100 L™" and 160 nM, reflect a combination of both in situ
processes and physical circulation. In considering the magnitude of these anomalies, it is helpful to first consider
the starting point for Pacific Deep Water. While Antartic Bottom Water flows down the shelf of Antarctica to
abyssal depths in the Pacific, it becomes enriched in **Ra and Ba as it contacts the sediments, resulting in end-
member Antartic Bottom Water **°Ra activities and [Ba] of ~20 dpm 100 L™" and ~100 nM, respectively (e.g.,
Chung, 1980; Hoppema et al., 2010). Then, Lower Circumpolar Deep Water and Upper Circumpolar Deep Water
carry that initial enrichment along their flow path northward. Pacific Deep Water is formed in the deep waters in
the equatorial Pacific through upwelling and diapycnal diffusion of Lower Circumpolar Deep Water and Upper
Circumpolar Deep Water. Thus, Pacific Deep Water starts with high initial >?°Ra activities and Ba concentrations
though this only explains some of the observations.
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The significant benthic anomalies of **Ra and Ba between the Equator and 40°N are likely the result of a
recirculating water parcel originating around ~40°N and ~170°W. These waters spiral cyclonically at the bottom
for an estimated 685 years while moving slowly upward by ~1,000 m and advecting eastward, intersecting the
GP15 section (152°W) around 40°N (Hautala, 2018). Upward diapycnal velocities reach maximum values be-
tween 20°N and 40°N in the North Pacific (Arzel & Verdiere, 2016). This recirculation allows deep waters to
accumulate **°Ra and Ba from the seafloor. This accumulation is consistent with the higher copper and neo-
dymium concentrations (Bian et al., 2022a, 2022b; Shiller, 2021b, 2021c) and the high benthic Ba and ***Ra
fluxes reported in this region (Moore et al., 2024; Steiner et al., 2023).

4.1.2. Non-Conservative Anomalies

Our water mass analysis indicates that a portion of the ***Ra and Ba can be explained by conservative mixing of
different water masses. The remainder must reflect other processes, the nature of which can be inferred from the
location, extent, and intensity of the non-conservative anomalies. For example, one of the most striking features of
the dissolved **°Ra and Ba distributions along GP15 are the large negative anomalies close to the Alaskan
Margin, particularly large for Ba (Stations 1-8; Figures 5a and 5b). These anomalies are greatest near the surface
but extend to around 1,000 m for Ba and as deep as 3,000 m for 226Ra. The origin of these anomalies is related to
the transfer of dissolved *?°Ra and Ba from the dissolved phase to particles, with a stronger removal of Ba relative
to 2?°Ra. The mechanism of removal likely relates to pelagic BaSO, precipitation, which is thought to occur in the
upper mesopelagic realm (e.g., Light & Norris, 2021; Stroobants et al., 1991). The negative anomalies in 226Ra
and Ba extend into the bathypelagic region implies that considerable BaSO, formation occurred in these waters
between their surface source region and the GP15 section, substantial deep BaSO, precipitation in the North
Pacific (e.g., van Beek et al., 2007; van Beek et al., 2022), or a combination of both processes.

In contrast to the upper 1,000 m, almost the entire deep GP15 section is characterized by positive °Ra and Ba
anomalies. These anomalies exhibit distinct vertical and spatial patterns along the section. Broadly, these
anomalies are thought to represent four distinct processes discussed in detail in Section 4.3: remineralization of
surface-derived particles containing **Ra and Ba (Section 4.3.1); intermediate-depth anomalies for >*Ra but not
Ba south of the equator, possibly originating from hydrothermal sources (Section 4.3.3); significant excesses in
225Ra and Ba within the bottom 2,000 m, particularly between the equator and 40°N (Section 4.3.4); and, a **°Ra/
Ba deficit in the far North Pacific below 3,000 m, which may be explained by the radioactive decay of **°Ra
(Section 4.2.3).

4.2. Sinks of **°Ra and Ba
4.2.1. Barite Precipitation

The principal dissolved—particulate transformation affecting dissolved Ba in seawater is the formation of
microcrystalline BaSO,, which is also the principal host phase of particulate Ba in suspended particulate matter
(e.g., Bishop, 1988; Dehairs et al., 1980; Dickens et al., 2003; Griffith & Paytan, 2012; Horner & Crock-
ford, 2021, 2021; Jacquet et al., 2007; Paytan & Kastner, 1996). However, in undersaturated waters, barite
precipitation is not thermodynamically favored, and therefore, barite formation is likely mediated via biological
processes (Bertram & Cowen, 1997; Dymond et al., 1992; Martinez-Ruiz et al., 2019). Indeed, bacteria, diatoms,
and acantharians (protozoan zooplankton) have all been proposed as mediators of pelagic barite formation
(Bishop, 1988; Gonzélez-Muiioz et al., 2003; Gonzalez-Muiioz et al., 2012). While the exact mechanism of barite
formation is still debated, several studies now support the idea that decaying organic matter provides a source of
barium and sulfate ions to transient microenvironments that become conducive to barite precipitation before
disaggregating (Bishop, 1988; Chow & Goldberg, 1960; Dehairs et al., 1980; Ganeshram & Francois, 2003;
Stroobants et al., 1991). This microenvironment model is appealing because it can explain widespread pelagic
barite precipitation regardless of the type of organisms present (e.g., Ganeshram et al., 2003). Moreover, the
microenvironment model is consistent with the close association between biological productivity and pelagic
barite abundance (e.g., Dehairs et al., 1992; Horner et al., 2017; Martinez-Ruiz et al., 2019). Regardless of the
formation mechanism, barite crystals are generally viewed as the most important Ba and Ra carriers in the water
column (Dehairs et al., 1980, 1990; Legeleux & Reyss, 1996; Moore & Dymond, 1991; Stroobants et al., 1991;
van Beek et al., 2007, 2022).
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Figure 6. A simplified diagram of the **°Ra and (b) Ba cycles in the Pacific. The flux directions are shown with arrows, with the value of the flux in parentheses (in dpm
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While the Ba content of organic matter is generally too low to account for widespread surface surface-water Ba
depletion, the cycling of organic matter can nonetheless influence the distributions of Ba and ***Ra through the
formation of barite (e.g., Horner et al., 2017; Sternberg et al., 2005). Specifically, the northeastern North Pacific is
a highly productive area, as evidenced by elevated chlorophyll a (chl a) concentrations from satellite imagery
(Figure 1). Near the Alaskan margin (stations 1-8), chl concentrations above 0.4 mg m~> are observed with a
sharp decrease southward. BaSO, formation is generally correlated with organic matter decomposition in the
upper mesopelagic zone. Consequently, high productivity in the North Pacific could explain the negative sub-
surface Ba and 2*Ra anomalies near the Alaskan margin. Moreover, high apparent oxygen utilization (AOU)
values (>300 pmol kg™') are observed at the same location as the Ba negative anomalies. This is consistent with
the previously observed correlation between mesopelagic particulate barium concentrations and O, consumption
rate (Dehairs et al., 1997; Jacquet et al., 2005, 2021), and that AOU generally increases with advancing growth
season (Dehairs, 1997; Jochem et al., 1995; Rommets et al., 1997).

It is also possible that the uptake of Ba and *?°Ra in the upper water column can be enhanced by substitution of
these elements for calcium in calcareous skeletons (Lea & Boyle, 1989, 1990), substitution for Sr in celestite
skeletons produced by acantharians (Bernstein et al., 1987, 1992; Jacquet et al., 2007), and potentially by
adsorption to diatom frustules (Bishop, 1988; Ganeshram & Francois, 2003; Sternberg et al., 2005; Xu
et al., 2022). Indeed, **°Ra has been identified in both zooplankton and phytoplankton (Cherry, 1964; Ku &
Lin, 1976; Shannon & Cherry, 1971; Szabo, 1967), with diatoms showing the highest radium content among these
organisms.

4.2.2. Particle Burial

A fraction of the ?*°Ra and Ba removed into particulate BaSO,, is ultimately buried on the seafloor, while the
remainder is returned to seawater (discussed in Section 4.3.1.). Since there are currently no satisfactory estimates
of particulate **°Ra burial in the Pacific, we estimate this term from Ba. Barium burial is estimated to be
—78 + 82 pmol m~? y~! (Hayes et al., 2021). The average **°Ra/Ba ratios in particles close to the bottom are 1.46
dpm pmol ™" (van Beek et al., 2007, 2022). Moore and Dymond (1991) reported a range of 0.8—1.6 dpm pmol ™"
for 2*Ra/Ba in sediment traps deployed near the seabed. These **’Ra/Ba ratios in particles are about half that in
the dissolved phase, explained by a discrimination against Ra during crystallization or a preferred dissolution or
desorption of Ra over Ba as particles age (van Beek et al., 2007). Applying these >*°Ra/Ba ratios to the Ba burial
flux allows us to estimate a >°Ra burial flux by barite of —94 + 44 dpm m~> y~' (Figure 6).

4.2.3. Radioactive Decay

Given that the half-life of ?*°Ra is similar to the ocean mixing time (both ~1,000 years), some >*°Ra is lost via
radioactive decay. Barium is not subject to this loss term. We estimate decay losses of >*°Ra for both the surface
and deep boxes, which can be calculated using:
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Ftiecay =X [Ra] Xh (3)

where / is 1,000 m for the surface box (0-1,000 m) and 3,280 m for the deep box (1,000 to 4,280 m). On average
in the Pacific, ??°Ra in the first 1,000 m is 10.3 and 30 dpm 100 L™ in the deep Pacific. The decay represents a
sink of 45 dpm m™2 y™" in surface waters and 425 dpm m™2 y~! for the deep Pacific (Table 1; Figure 6).

4.3. Sources of >*Ra and Ba
4.3.1. Particle Regeneration

Upper ocean-derived barite has been shown to dissolve at depth in the water column in different ocean basins
(Dehairs et al., 1980). The top 1,000 m of the ocean is largely undersaturated with respect to BaSO,, which is
where most pelagic BaSO, is thought to form (Mete et al., 2023; Monnin et al., 1999; Rushdi et al., 2000).
However, in the intermediate and deep Pacific, particularly in the north of the basin, there is a slight oversaturation
with respect to barite. It is worth noting that the BaSO, solubility data were derived from experiments using lab-
made, coarse-grained BaSO,, which may not accurately represent the microcrystalline BaSO, precipitates found
in seawater (Mete et al., 2023). Assuming that BaSO, dissolution is related to the degree of undersaturation,
dissolution should be greatest near the seafloor and should increase from north to south. Given the nature of this
226Ra and Ba source, and the type of analysis used here, it is difficult to distinguish in situ dissolution from benthic
sources, such as diffusion from pore water.

4.3.2. Terrestrial

The variability of >*’Ra and Ba concentrations in surface ocean water is small except in coastal regions, where
values may increase significantly due to inputs from various sources. These inputs include desorption of **°Ra
and Ba from sediment delivered by rivers (Li & Chan, 1979) and submarine groundwater discharge (SGD;
Moore, 1996; Shaw et al., 1998). Bullock et al. (2022) estimated (dissolved plus desorbed) 226Rariverine inputs to
the Pacific of (+17.5 + 11.6) 10" dpm y™'. Scaling this to the surface area of the Pacific yields 10 # 7 dpm
m™ y~"'. Bullock et al. (2022) also estimated total SGD inputs to the Global Ocean of 37-57 x 10'> dpm y™'. If
we assume the SGD inputs are distributed evenly, we can use the fraction of the Global Ocean covered by the
Pacific (46%) and the surface area of the Pacific to estimate SGD to the Pacific of +130 + 46 dpm m™2 y™'
(Figure 6). Thus, SGD inputs of *°Ra are much more important than riverine inputs to the Pacific, which is
consistent with the Pacific **Ra terrestrial sources (Kwon et al., 2014).

Rivers are often considered to be the dominant source of dissolved Ba in the ocean (Edmond et al., 1978;
Wolgemuth & Broecker, 1970). Estimated Ba fluxes from rivers, including desorption from suspended particulate
matter, range from 10 to 20 Gmol y ™~ for the global ocean (Bridgestock et al., 2021; Mayfield et al., 2021; Paytan
& Kastner, 1996; Rahaman & Singh, 2023; Rahman et al., 2022). About 20% of the global river discharges enter
the Pacific (Meybeck & Ragu, 1997). Scaling that fraction leads to a riverine Ba flux of 2-4 Gmol y™'. Scaling to
the area of the Pacific yields a flux estimate of 418 + 9 pmol m~2y ™. The global flux of Ba from freshwater SGD
is estimated between 0.4 Gmol y~' and 3.6 Gmol y~' (Mayfield et al., 2021). Scaling this using the same pro-
cedure as the SGD *?°Ra source translates to 2.5-22.3 pmol m 2y~ for the Pacific. These estimations do not take
into account the circulation of seawater through coastal sediments, which represents an even more important
component of SGD and has been shown to provide Ba inputs that exceed riverine Ba inputs in certain regions
(Moore, 1997; Moore & Shaw, 2008; Shaw et al., 1998). Rahman et al. (2022) estimated the total SGD (fresh-
water and saltwater) inputs for Ba to be 17 Gmol y™', which translates to 47 pumol m~> y~' for the Pacific. The
average estimated flux for SGD (fresh and saltwater) is 415 # 22 pmol m™2 y™".

4.3.3. Hydrothermal

From 5°N to 20°S (stations 27 to 39), higher 226Ra anomalies (2-16 dpm 100 LY are observed at ~2,500 m.
Kipp, Sanial, et al. (2018) also observed ***Ra anomalies between 2 and 3 dpm 100 L™" above the TAG hy-
drothermal vent in the Atlantic Ocean (St. 16 of GA03) and above the East Pacific Rise (St. 18 of GP16). The
presence of *°Ra anomalies in our data may be explained by the hydrothermal vent plumes from the East Pacific
Rise. Hydrothermal circulating fluids are enriched in radionuclides, such as radium, during the circulation of
seawater through the crust via water-rock reactions (Cochran, 1982; Kadko & Moore, 1988). The hydrothermal
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activity also introduces significant quantities of *He-rich into the deep ocean basins, which can be used to trace the
hydrothermal buoyant plumes (Jenkins et al., 2018; Lupton, 1998).

Hydrothermal activity in the Pacific generates intense helium plumes distributed by regional circulation between
2,000 m and 3,000 m, extending westward from the East Pacific Rise into the Pacific Basin (Jenkins et al., 2018;
Lupton, 1998). Along the GP15 transect, from 20°N to 20°S, excess helium-3 (*He, ) concentrations increase
(>0.8 fM) between 2,000 m and 3,000 m. High *He,_ confirm the presence of neutrally buoyant hydrothermal
plumes from the East Pacific Rise (Jenkins & German, 2021a, 2021b). The global water flux of hydrothermal
vents is estimated to range between 0.17 and 4.4 10'° m® y~' (Elderfield & Schultz, 1996; Nielsen et al., 2006).
Assuming 46% of these water fluxes enter the Pacific, with *2°Ra activities ranging from 220 to 7,300 dpm m >
(Kipp, Sanial, et al., 2018), and dividing by the area of the Pacific yields hydrothermal plume inputs of less than

0.2 dpm m~2 y~', although these inputs may cause local anomalies.

In contrast, Ba seems to be less influenced by hydrothermal inputs, as no higher Ba anomalies are observed at
these locations or anywhere along GP15. Furthermore, the 2?Ra/Ba ratios at these locations are higher (up to 3.51
dpm pmmol ™) than the average ratio of 2.3 dpm pmmol™". While hydrothermal fluids carry significant quantities
of Ba (von Damn et al., 1985), much of this is thought to precipitate as BaSO, upon mixing with sulfate-rich
seawater, as in cold seeps (Dickens, 2001; Torres et al., 1996). Minerals with elevated Ba concentrations are
also likely to sequester some Ra, with potential candidates including barite, calcite, celestite, and brucite (Moore
etal., 2021). Recent studies indicate that hydrothermal Ba release contributes, at most, 10% of the total Ba input to
the Atlantic (Hsieh et al., 2021), although the impact may be far less (e.g., Bridgestock et al., 2021). Notably, a
detailed analysis of Ba budgets by Rahman et al. (2022) revealed no significant influence from hydrothermalism
along either GEOTRACES GAO03 or GP16. Hence, we believe it is reasonable to assume that the hydrothermal
flux of dissolved Ba to the Pacific is negligible.

4.3.4. Sedimentary

Anomalies in 2*°Ra and Ba concentrations within 2,000 m of the seafloor are likely associated with the dissolution
of particles—either occurring in the water column, at the sediment—water interface, or deeper in the sediment pile,
with the latter two scenarios manifesting as benthic inputs. A net flux from sediments to the overlaying waters is
due to the higher concentrations in pore waters relative to bottom water, leading to a diffusive flux of **°Ra
(Cochran, 1980) and Ba (Paytan & Kastner, 1996). 225Ra has an additional source compared to Ba through the
decay of sediment-bound **Th. Once formed, it is released into the overlying waters through diffusion, bio-
turbation, and sediment resuspension (Cochran & Krishnaswami, 1980; Kemnitz et al., 2023).

Bioturbation of the upper few centimeters of deep-sea sediments produces a mixed zone, with sediment ages
estimated to be at least 3,000 years based on '*C dating (DeMaster et al., 1994). Particles within this zone are
expected to have a lower 22°Ra/Ba ratio compared to settling particles due to almost two half-lives of >*°Ra decay.
There may also be preferential desorption of Ra compared to Ba (van Beek et al., 2007). Paytan et al. (1996)
separated barite from equatorial Pacific sediment cores and measured average **°Ra/Ba ratios of 0.25 + 0.04 and
0.26 + 0.04 dpm pmol™" in 4 samples from the upper 3 cm in each core. These ratios are considerably lower than
in particles collected in deep sediment traps near the same location of 1.1 to 1.3 dpm pmol™' (Moore &
Dymond, 1991), emphasizing the importance of the benthic mixed zone in regulating the **°Ra/Ba ratio released
from dissolving barite.

The diffusion of *?°Ra from sediment varies depending on sediment composition (Cochran, 1980; Kemnitz
etal., 2023). The GP15 section crosses different types of sediments, including red clays as well as radiolarian and
calcareous oozes with some siliceous mud (Dutkiewicz et al., 2015). The longer a water mass is in contact with the
sediments, the more **°Ra and Ba may accumulate in that water mass. Indeed, the preservation of Ba in the
sediment ranges from 30% to 40% of the overlying water column production, so 60% to 70% of the previously
calculated rain of water column Ba may redissolve (Paytan & Kastner, 1996; Rahman et al., 2022).

Kemnitz et al. (2023) estimated benthic >*°Ra fluxes in the North Pacific along the C-Disk-IV transect of between
720 and 1,690 dpm m~2 y~'. The fluxes were calculated by fitting a reaction-transport model for ***Ra based on
230Th concentrations and **°Ra profiles in the upper sediment column. Cochran (1980) estimated a similar **°Ra
sediment flux ranging between 22 and 2100 dpm m ™y~ for the North Equatorial Pacific. At most sites, this flux
is far larger than expected from the dissolution of barite and must be dominated by **°Ra produced by **°Th
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Figure 7. **°Ra bottom fluxes in relationship with the bottom water >*Ra We employed data from this study and previous process studies to construct a
activities determined in different oceanic basins from Cochran (1980) and comprehensive 226p a4 and Ba budget for the Pacific Ocean. Our aim was to

Kemnitz et al. (2023) data.

assess the relative significance of various sources and sinks in shaping the

oceanic distributions of **Ra and Ba. The budget accounts for terrestrial
sources such as rivers and submarine groundwater discharge, inputs from hydrothermal vents and sediment
fluxes, vertical mixing, losses from radioactive decay, and removal through the particulate flux, including
redissolution in deep water (Figure 7). To simplify the budget calculation, we considered the Pacific Ocean in
terms of two boxes—a surface box extending from the surface to 1,000 m, and a deep box from 1,000 m to the
seafloor. We used an average depth of 4,280 m and an area of 1.62 X 10" m? for the Pacific (Costello et al., 2015).
This division helps simplify the calculation of >*Ra and Ba sinks and sources, which sometimes operate in only a
single box.

4.4.1. Intra-Pacific Fluxes

In constructing our mass balance, we must also account for fluxes of **Ra and Ba between the shallow and deep
boxes. For example, particulate formation plays a crucial role in maintaining low **°Ra activities and Ba con-
centrations near the surface, which moves these two elements into the deep box. However, particle removal is
counteracted by upward mixing, though in the Pacific this term is minor. The average export flux of >*Ra and Ba
estimated by Moore and Dymond (1991) from sediment traps (between 500 and 1,500 m deep) in the equatorial
Pacific ranged from 216 to 668 dpm m™ y~' and from 146.0 to 418.0 pmol m™2 y ™' respectively (Figure 7).

A weak overturning cell is found in the North Pacific, forming a small amount (1.5 Sv (10° m> s t0 3.9 Sv) of
the NPIW (Talley, 2013). This cell provides the surface with relatively rich **°Ra and Ba water and deep waters
with low >*°Ra and Ba waters. Along the GP15 transect, the average deep 22°Ra activities and Ba concentrations
are 30.3 + 6.8 and 124.9 + 18.9 nmol L™, respectively. Along GP15, the average surface “*°Ra activities and Ba
concentrations are 10.3 + 5.0 and 50.4 + 17.9 nmol L™, respectively. An area of 1.62 x 10"* m? was used to
estimate the transport from the deep compartment to the surface. Thus, the upward flux in the NPIW cell system
ranges from 68 to 280 dpm m~2 y~! for ?*Ra and from 31 to 81 pmol m™2 y~' for Ba. The downward flux
downward in the system ranges from 16 to 116 dpm m™ y™" for *°Ra and from 10 to 25 pmol m~> y~' for Ba.

4.4.2. Net Benthic Fluxes

Assuming that the accumulation of >**Ra and Ba in deep-water masses is entirely due to bottom sources such as
sediment diffusion or dissolution of particles, the excess 226Ra and Ba anomalies can be converted into bottom
fluxes (Fyoom) Using Equation 4 for Ba and Equation 5 for **Ra.

XiXh
t

“4)

F Ba—bottom =

FRa—bonom = +4AX [Ra] X h (5)

where X; is the average anomaly of *°Ra or Ba (in dpm m™ or nmol m™>) in the lower 2,000 m of the water
column along GP15, & is the water column thickness (2,000 m), t. the water residence time in the deep North
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Pacific (596 years from Matsumoto, 2007), and 4 is the decay constant for ***Ra. *°Ra bottom fluxes required to
explain the ?°Ra anomalies observed along the GP15 is +799 + 351 dpm m~2 y~' (Figure 7). These fluxes are
within the range of fluxes reported in the literature (Figure 7a). Sedimentary fluxes in the range of 15 dpm m ™2 to
2160 dpm m—2 y_1 (Figure 7; Cochran, 1980; Kemnitz et al., 2023; Le Roy et al., 2018; Li et al., 1973; Rutgers
van der Loeff et al., 2018). Li et al. (1973) estimated 2*°Ra fluxes diffusing out of the sediment in the Southern
Ocean and on the Antarctic shelf of +6.2 and +16 dpm m™2 y™, respectively.

Bottom fluxes for Ba of 495 + 61 pmol m™>y~!

GP15 (Figure 7). These fluxes are on the high end of Ba sedimentary fluxes reported in different ocean basins,
which range from 0.21 to 400 pmol m~2 y_1 (Chan et al., 1976, 1977, Falkner et al., 1993; McManus et al., 1999;
Paytan & Kastner, 1996; Steiner et al., 2023). While our estimated benthic fluxes are toward the higher end of
published values, it is important to keep in mind that our flux calculation considers water column and sedimentary
BaSO, dissolution as a single benthic flux. In contrast, previous studies considered these terms separately,
resulting in generally lower benthic fluxes. Given the results of Steiner et al. (2023), who observed benthic Ba

fluxes of up to 95 pmol m~2 y™" in the North Pacific, our data indicate that between 25% and 100% of the observed

would be required to explain the Ba anomalies observed along

Ba flux originates from sediments with the balance from the water column dissolution. Variations in >*’Ra and Ba
fluxes released from the bottom may be due to differences in sedimentary **°Th activity, bioturbation rates,
sediment type and composition, and may also vary as a function of surface productivity, particle export and burial.

Cochran (1980) showed an inverse relation between flux and sedimentation rate, with rapidly accumulating
sediments having the lowest *?°Ra fluxes. The main explanation is that particles arriving at the seafloor in high-
productivity areas have accumulated lower concentrations of excess >>°Th while sinking through the water
column and therefore have lower production rates of >*°Ra near the sediment-water interface. In the Pacific, the
sedimentation rates are higher near the margin (up to ~8 g cm™>ky™"; Costa et al., 2020), which corresponds with
the lowest bottom fluxes observed near the Alaskan margin for **°Ra.

Benthic Ba fluxes also exhibit systematic spatial variations. For example, benthic Ba fluxes are typically high
along the continental margin, where Ba is rapidly remobilized during suboxic sedimentary diagenesis (e.g.,
McManus et al. (1999)). Barium remobilization also occurs in the deep ocean albeit at slower rates. Despite the
slower rates, there are still clear meridional trends in Ba benthic fluxes. Paytan and Kastner (1996) observed the
highest fluxes centered on the Equator, where it is thought that the higher productivity in the divergence zone
leads to a larger flux of particulate Ba toward the sediment, leading to higher Ba accumulation. Sediments beneath
regions of high primary productivity often exhibit enrichment in Ba-bearing solid phases (e.g., Brumsack, 1989;
Goldberg & Arrhenius, 1958; Niirnberg et al., 1997; Paytan & Kastner, 1996), though few flux measurements
exist.

Similar to **°Ra diffusion from sediments, Ba regeneration appears sensitive to sediment accumulation rate: rapid
burial will shorten the period during which the Ba-rich sediment is exposed to bottom waters, thereby increasing
the preservation of barite (Dymond et al., 1992). However, the anomalies in our dataset, with negative in the top
2,000 m and positive below, indicate significant Ba inputs from BaSO, dissolution in the deep Pacific Basin. This
is somewhat surprising given that the majority of the Pacific Ocean below 1,000 m is at—or even exceeds—
saturation equilibrium with respect to BaSO, (Figure 5; Mete et al., 2023). We propose three possible expla-
nations for this behavior. First, BaSO, solubility increases with increasing pressure (Monnin et al., 1999). Thus, a
significant fraction of the Pacific seafloor is undersaturated with respect to BaSO, and dissolution is thermo-
dynamically favored. Second, it is possible that pelagic BaSO, dissolution does occur in the water column despite
ambient supersaturation. One putative mechanism could be the development of BaSO -undersaturated micro-
environments within the BaSO,-supersaturated water column. Such microenvironments would be analogous to
those hypothesized to contribute to BaSO, precipitation in the BaSO,-understated shallow ocean, and an
equivalent mechanism was recently proposed by Subhas et al. (2023) to explain shallow CaCO; dissolution in the
Pacific Ocean. Third, it is possible that pelagic BaSO, solubility differs from thermodynamic predictions based on
experiments with well-crystalized barite. Possible reasons for such differences could include BaSO, morphology
(Light, Martinez-Ruiz et al., 2023), the presence of organic matter (Light, Garcia, et al., 2023), or uncertainties in
the underlying thermodynamic model (see Mete et al., 2023, for a discussion). Though we are not able to identify
the primary driver of BaSO, dissolution in this region, our results are consistent with prior research evidencing
considerable benthic BaSO, fluxes within the Pacific Basin.
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4.4.3. Net *°Ra and Ba Fluxes in the Pacific Basin

The characterization and estimation of >*Ra and Ba input and removal fluxes allow us to better understand the
225Ra and Ba relationships in the Pacific Ocean. Each term has been independently estimated, and no attempt is
made to balance the fluxes. Net fluxes and their associated uncertainties were estimated using a Monte Carlo
simulation. Following a normal distribution, one hundred million possible values were generated within each flux
range of estimations. The only parameters considered unique are the *°Ra decay fluxes.

Considering all fluxes, the sum of all inputs and losses in the surface box yields a net flux of —175 + 121 dpm
m~2 y~! for *°Ra and —208 + 73 pmol m~? y~! for Ba. Similarly, for the deep Pacific Ocean, there is a net
accumulation of +916 + 264 dpm m~2 y~' for **Ra and 4170 + 106 pmol m~2 y~' for Ba. These balances
suggest that Ra and Ba sources may be underestimated in the surface and overestimated in the deep.

The main contributor of Ba to the surface ocean in the Pacific is the upward transport of deeper waters. Rivers and
SGD inputs, on average, represent 21% and 17% of the total surface Ba input fluxes, respectively. Despite this, the
global significance of saline SGD and its role in contributing Ba to the ocean remains poorly constrained, and may
be underestimated (Rahaman & Singh, 2023; Rahman et al., 2022). Export is larger than all incoming Ba sources
in the North Pacific, leading to a net deficit in the surface, consistent with large negative Ba anomalies in the top
2,000 m along GP15. For **Ra, SGD is the main source to the surface, accounting for 65% of the inputs. The
surface 2*°Ra budget is close to balanced and consistent with the anomalies observed in the surface along the
section.

In deep-water budgets, the hydrothermal fluxes are low, representing less than 0.1% of the total inputs for *°Ra
and Ba, respectively. The dissolution of BaSO, is the main Ba source in the deep-water mass balance. Given the
nature of our approach, we cannot ascribe a specific depth for this source. However, we note that the Pacific water
column between 1,000 m and 4,000 m generally seems to exceed saturation with respect to BaSO, (Mete
et al., 2023), whereas deeper waters are slightly undersaturated. If thermodynamics is the dominant process
governing BaSO, dissolution, most BaSO, dissolution must occur close to, or below, the seafloor. Alternatively,
BaSO, dissolution might occur throughout the water column, including in BaSO, supersaturated waters.
Regardless, BaSO, dissolution effectively balances the removal terms and is consistent with the positive Ba
anomalies observed along the section.

In the deep Pacific, the excess of **°Ra is primarily driven by the low rates of burial and decay relative to particle
dissolution and production in the sediment. This aligns with the deep positive anomalies and the estimated bottom
flux; however, the calculated excess of >*°Ra could potentially lead to >*°Ra activities in the global ocean that
surpass current estimates. Even if the North Equatorial Pacific is known to be a net source of **°Ra to the world's
oceans (Cochran, 1980), the fluxes reported here may not be representative of the whole Pacific. Alternatively,
removal of excess Pacific ??°Ra may occur during return flow through the Southern Ocean hub associated with the
biological pump. The Southern Ocean is a major sink for biogenic silica (DeMaster et al., 1992; Tréguer, 2014)
and the depletion of *°Ra in the surface of the Southern Ocean has been attributed to siliceous tests acting as
carriers for radium (Edmond, 1970; Ku et al., 1970). If correct, the Southern Ocean may play a crucial role in
regulating **°Ra activities in the global ocean, potentially impacting its overall budget and distribution.

5. Conclusion

We explore the distribution and influencing factors affecting *°Ra and Ba along the GEOTRACES GP15 section
in the Pacific Ocean. We apportion the relative importance of conservative and non-conservative processes using
a water mass analysis. We find that physical circulation—conservative processes—explains around half of the
225Ra distribution and two thirds of the Ba distribution. The balance derives from non-conservative processes,
which are identified based on the direction and magnitude of deviations between their expected and observed
distributions. In the top 2,000 m, large deficits of >*Ra and Ba are observed, likely resulting from the transfer of
22Ra and Ba from the dissolved phase to particles, such as barite. These deficits extend below the mesopelagic
region, implying either considerable barite formation occurred in these waters between their surface source region
and the GP15 section, or that there is extensive deep barite precipitation in the North Pacific. Below 2,000 m, both
26Ra and Ba show extensive positive anomalies, which must be sustained by a combination of surface-derived
particle dissolution and benthic inputs. Disparities between **°Ra and Ba can be attributed to the spatial dif-
ferences of their sources and the slow mixing in some parts of the deep Pacific. We use a mass balance to estimate
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net *?°Ra and Ba fluxes, which reveals that the most important source of >*°Ra to the deep Pacific is the release of
26Ra from sediments, which likely explains the elevated “*°Ra/Ba in the deepest waters. These calculations also
reveal a net deficit in Ba sources, with the caveat that there is considerable uncertainty concerning the flux of Ba
from submarine groundwater discharge into surface waters. A key goal of future studies will be to understand the
mechanisms and quantify the rates of particle dissolution in barite-supersaturated environments, to discern the
fate of the excess 2*°Ra exported from the Pacific Ocean, and to constrain Ba fluxes to the surface Pacific Ocean.

Data Availability Statement

All the datasets measured are available on the BCO-DMO website (Charette & Moore, 2023a, 2023b; Shil-
ler, 2021a, 2021b).
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