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ABSTRACT

A closed-system batch reaction experiment was conducted for 270 days to evaluate the effects of inter-
action between Gulf of Mexico (GOM) seawater and Mississippi River sediments on the system’s dis-
solved rare earth elements (REE) concentrations and neodymium isotopic compositions (¢Nd). This
study specifically focuses on geochemical reactions involving silicic sediments derived from weathering
of the North American continent as they affect the REEs and €Nd of seawater along continental margins,
in contrast to previous studies that investigated the influence of basaltic rocks and sediments on REEs and
eNd in the ocean. Our results show that the dissolution of labile phases of lithogenic Mississippi River
sediments leads to an approximately 100-fold increase in dissolved REE concentrations within the first
33 days of the experiment. Secondary mineral precipitation appears to lower the REE concentrations
between days 33 and 270 of the experiment, although seawater REE concentrations remain elevated
compared to initial values. The two-way elemental transfer involving dissolution and precipitation
results in a net increase by a factor of 24 + 12 (mean * 10) in the dissolved REE concentrations by the
end of the experiment (i.e., day 270). The dissolved REE concentration maxima observed after 33 days
of the experiment represent the mobilization of approximately 0.37 % of the REE content of the opera-
tionally defined “exchangeable” fraction of the riverine sediments. The ¢Nd values of the reactive litho-
genic components were —9.77 and —9.95, which are similar to the GOM value of —9.81 + 0.36. Because of
the similarity between eNd values, changes in the seawater Nd isotope value throughout the experiment
were subtle (mean * std, reacted seawater eNd of —9.87 + 0.17). The highest REE concentrations coin-
cided with the most radiogenic eNd (-9.65 + 0.23; day 33), which suggests that REE concentrations
and €Nd compositions of the GOM may be buffered by fluxes from sediments in the system. Our results
are comparable to previous studies involving basaltic rocks and/or sediments of basaltic composition in
that they demonstrate that silicic, river sediments are highly reactive in marine environments with
regard to REE mobilization. The experimental results further suggest that “boundary exchange” plays
an important role in influencing the eNd of seawater along continental margins dominated by large river
systems, although the impacts of boundary exchange will be most profound where ambient seawater and
river sediments have distinct Nd isotopic compositions (e.g., basaltic, or Precambrian shield material).
Finally, our results indicate that the eNd value of GOM seawater is largely controlled by the lithogenic
sediment delivered to the basin by the Mississippi River.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

water and hydrothermal fluids, coupled with atmospheric deposi-
tions constitute the primary fluxes of trace elements to the ocean

Dissolved and/or particulate components from sources such as (Gaillardet et al., 1999, 2003; Haley et al., 2004; Viers et al.,
river water, groundwater, as well as diffusive fluxes from pore 2009; Oelkers et al., 2011; Abbott et al., 2019; Chevis et al,,
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2021). Among these potential sources, dissolved fluxes have been
the focus of considerable research owing to the relative ease of
mixing between their constituent trace elements and the ocean
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(Pearce et al., 2013). Atmospheric dust has also been a primary
research target because of its importance in biogeochemical cycles,
such as that for iron (e.g., Chester et al., 1993; Greaves et al., 1994;
Boyd and Ellwood, 2010; Pavia et al., 2020). However, several stud-
ies have also demonstrated that the dissolution of suspended par-
ticulate materials (SPM) and labile fractions of lithogenic
sediments within estuaries and/or on the continental shelf are
important contributors of trace elements via benthic fluxes to the
ocean (e.g., Haley et al., 2004; Arsouze et al., 2009; Jeandel et al.,
2011; Jones et al.,, 2012a, 2012b; Oelkers et al., 2011; Pearce
et al,, 2013; Wilson et al., 2013). In the case of rare earth elements
(REE), the benthic flux appears to be critical for resolving imbal-
ances in modern marine mass balance models (Haley et al., 2004,
2017; Abbott et al., 2015a, 2015b; Abbott, 2019).

Riverine fluxes, which are among the dominant sources of par-
ticulate material to the ocean, contribute a combined global dis-
charge of approximately 30 Gt/year from both suspended
particles and bedload sediments (Walling 2006; Peucker-
Ehrenbrink, 2009; Pearce et al., 2013). Interactions between sea-
water and lithogenic sediments and/or SPM are reported to be
important to seawater chemistry in nearshore environments
through a process referred to as “boundary exchange” (Lacan and
Jeandel, 2005; Arsouze et al., 2009; Jones et al., 2012a, 2012b;
Pearce et al., 2013; Wilson et al., 2013; Abbott et al., 2015a). These
researchers proposed that continental margins can function as flu-
idized bed reactors, where the interactions between SPM, sedi-
ments, and seawater through a combination of dissolution and
precipitation can result in changes in the radiogenic isotope com-
position as well as trace element concentrations of seawater. For
example, it is estimated that approximately 1-3 % of the lithogenic
sediments carried by rivers and deposited offshore dissolve in sea-
water and release important amounts of trace elements to the
ocean (Lacan and Jeandel, 2005; Arsouze et al., 2009; Jeandel
et al.,, 2011; Rousseau et al., 2015).

Other studies have examined the boundary exchange processes
through laboratory experiments involving seawater and lithogenic
sediments (e.g., Oelkers et al., 2011; Jones et al., 2012a; Pearce
et al,, 2013; Wilson et al., 2013). These experimental studies also
indicate that the dissolution of lithogenic sediments in seawater
is coupled to precipitation of secondary minerals, which together
can amount to small or even no net change in seawater trace ele-
ment concentrations but may dramatically impact radiogenic iso-
tope ratios in seawater when the dissolving lithogenic sediments
have substantially different isotope compositions than the ambient
seawater (e.g., Pearce et al., 2013; Jeandel and Oelkers, 2015). By
this two-way mass transfer process (i.e., “boundary exchange”)
the Nd isotopic composition of seawater may be substantially
altered while the Nd concentrations remain unchanged. Specifi-
cally, differences in isotopic composition between seawater and
lithogenic sediments (i.e., eNd gradient), dissolution rates, and
concentrations of Nd in seawater are all recognized as important
factors contributing to the boundary exchange process (Oelkers
et al., 2011; Jones et al., 2012a; Pearce et al., 2013; Wilson et al.,
2013; Abbott et al., 2015b; Jeandel and Oelkers, 2015).

The evolution of REE concentrations and €Nd of seawater during
interactions with lithogenic sediments has been experimentally
examined using relatively reactive lithogenic sediments of basaltic
compositions (e.g., Jones et al., 2012a; Pearce et al., 2013; Wilson
et al., 2013). Likewise, Oelkers et al. (2011) used data from
Johnson et al. (2004) to show via batch reactor experiments that
less than an hour was required for 1 g of basaltic material to alter
the Nd isotopic composition of 1 kg of seawater. The dissolution
rate of lithogenic sediments was reportedly affected by changes
in the sediment/seawater ratio, temperature, surface area of the
SPM/sediments, and the bulk chemical composition of sediments
(e.g., basaltic glass; Gislason and Oelkers, 2003; Oelkers et al.,
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2011). Studies of marine benthic fluxes reveal their importance
as a source of REE during boundary exchange and have also
expanded on and attempted to quantify the “source” component
of the boundary exchange process (Abbott et al., 2015a, b,2019;
Abbott, 2019). As with the case of lithologic sediment dissolution,
for marine benthic fluxes to alter the Nd isotope composition of
ambient seawater, the isotopic composition of the benthic source
must be different from that of the overlying seawater (e.g.,
Wilson et al.,, 2013; Abbott et al., 2015a, 2022; Haley et al,,
2017). Nonetheless, the results of several investigations of benthic
fluxes are consistent with its importance as a component of bound-
ary exchange processes that impact €Nd in the ocean (e.g., Jones
et al., 2012a; Pearce et al., 2013; Abbott et al.,, 2015b; Jeandel
and Oelkers, 2015).

Both Jones et al. (2012a) and Pearce et al. (2013) reported rapid
changes in the Nd concentrations and Nd isotopic compositions of
seawater during interaction with basaltic particulate materials in
batch reactors. The choice of basaltic particulate materials for these
experiments reflects the relatively fast dissolution rate of basaltic
materials (i.e., glass) relative to silicic/felsic materials and the fact
that the ocean crust and ocean islands are chiefly composed of
basalts (Oelkers and Gislason, 2001; Dupré et al., 2003; Gislason
and Oelkers, 2003; Navarre-Sitchler and Brantley, 2007;
Gudbrandsson et al., 2011; Oelkers et al., 2011). However, a major
proportion of sediment fluxes to the ocean is from weathering of
granitic to granodioritic continental rocks (Holeman, 1968). Conti-
nental sources of lithogenic sediments to shelf and slope regions
are important globally including the North Atlantic where evidence
of Nd isotopic “relabeling” of local seawater by reaction with silicic
sediments has been documented (e.g., Roberts and Piotrowski,
2015; Howe et al., 2016; Blaser et al., 2020). Hence, it is also imper-
ative to account for the impact of continental-derived, lithogenic
sediments on the Nd isotope composition of seawater via boundary
exchange processes, including benthic fluxes, to the geochemistry
of the ocean.

Here, we explore the evolution of REE concentrations and the
Nd isotope composition of seawater during reaction with silicic
river sediments. We investigate whether the boundary exchange
process previously reported from experiments in basaltic systems
is also dominant in silicic systems. Specifically, we conducted a
270-day time-series, closed-system batch reaction experiment
involving sediments from the Mississippi River and open-ocean
seawater from the Gulf of Mexico (GOM). We monitored the dis-
solved REE concentrations and Nd isotope composition of the
reacted seawater as a function of time to investigate the evolution
of the dissolved REE and Nd isotope compositions.

2. Materials and methods
2.1. Study site

The Mississippi River was chosen in this study because it is the
seventh-largest river in the world in terms of sediments discharge
to the ocean (210 Mt/year; McKee et al., 2004). Hence, the silicic
sediments in the Mississippi River system provide an ideal contrast
to the basaltic sediments used in previous experimental studies
that have explored the boundary exchange process (e.g., Jones
et al., 2012a; Pearce et al., 2013). Likewise, Osborne et al. (2015)
observed shifts in the Nd concentrations and Nd isotope composi-
tion of the GOM waters from west to east, suggesting the likelihood
that continental sources impact the Nd isotopes variability within
the GOM (e.g., Adebayo et al., 2018). Lastly, the Mississippi River
delta is situated on a continental shelf that comprises approxi-
mately 33 % of the total area of the GOM (Trefry and Shokes,
1981; Adebayo et al., 2018) and provides a potential site for sub-
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Fig. 1. Map showing the locations of the samples used in the batch reaction experiment. The sediment sample was collected at the Mississippi River bank in New Orleans (red
dot), the seawater sample was collected in the Gulf of Mexico, and Station 194-13 from Osborne et al. (2014) was used for Nd isotope comparison. Base map from
GeoMapApp. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

stantial continent-ocean interactions

exchange.

including boundary

2.2. Sample collection

Sediment from the Mississippi riverbank in New Orleans was
collected in October 2017 (Fig. 1). The sample (approximately
15 kg) was collected by grab sampling using a shovel at a location
a few meters from the riverbank and transferred directly into zip-
lock® style polyethylene plastic bags. The bagged sediment sample
was then transported to the laboratory where it was oven-dried at
40 °C and stored before use in the batch reaction experiment.
Seawater was collected from the GOM during the ECOGIG, Point
Sur 17-19 Cruise of April 13 - 18, 2017, aboard the 135 ft. R/V
Point Sur vessel that is owned by the University of Southern Mis-
sissippi. The seawater was collected using water trapping bottles
on CTD-rosette systems at a depth of 400 m (latitude 27.5297, lon-
gitude —89.7188; Fig. 1) and then emptied into trace metal grade
acid pre-cleaned 50 L carboys. Upon arrival at Tulane University
on 19 April 2017 (approximately 6 days after collection), the sea-
water sample was filtered through 0.45 pm pore size polyethersul-

fone membrane filters (Pall Corporation) to remove large
particulate matter and plankton (Sholkovitz, 1992), acidified from
the original pH of 8.2 to pH < 2 using ultrapure (Optima™ grade)
HCI (12 M), and then stored at 4 °C until the commencement of
the batch reaction experiments.

2.3. Sediment characterization

The physicochemical properties of the Mississippi riverbank
sediment sample were investigated both before and after the batch
reaction experiment. The surface features of individual grains in
the sediments and elemental composition of grain coatings were
determined by scanning electron microscopy (SEM) using a Hitachi
4800 High-resolution SEM with a 1.0 nm resolution at 15 kV
(Fig. 2). The mineralogy of the sediments was further examined
by X-ray diffraction (XRD, Scintag diffractometer, XDS 2000, Cu
Ko, » = 0.154 nm, U = 8.047 KeV, | = 38 mA) at a scanning rate of
1°/min. The XRD was equipped with a high-resolution solid-state
detector and an automated sample changer (Fig. S1).

The REE concentrations in the operationally defined “exchange-
able” fraction of Mississippi riverbank sediments were investigated
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Fig. 2. Scanning electron microscopy (SEM) images of individual grains from the Mississippi River sediments. Panel (a) shows the surface morphology before, and panel (b)
shows the surface morphology after the closed-system batch reaction experiment involving the sediments and Gulf of Mexico seawater.
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using the sequential extraction procedure of Tessier et al. (1979) as
described in Adebayo et al. (2018). The “exchangeable” fraction is
largely derived from weakly adsorbed trace elements associated
with clays, hydrated oxides of iron and manganese, and organic
matter that can be impacted by changes in solution pH, ionic com-
position, and redox conditions (Tessier et al., 1979). Although
Tessier et al. (1979) included extraction methods for other frac-
tions, for a total of five fractions, we specifically targeted the “ex-
changeable” fraction because it is affected by changes in ionic
strength that can occur in estuarine waters during river water-
seawater mixing. (Results for the other four sequential extractions
are provided in Adebayo et al., 2018).

Briefly, the extraction procedure consisted of one duplicate
extraction of the riverbank sediments as follows: a 0.5 g (dry
weight) aliquot of the sediments sample was leached with 8 mL
of 1 M sodium acetate (CH;COONa) at pH 8.2 and room tempera-
ture (23 + 2 °C) in a 50 mL HDPE centrifuge tube under constant
agitation for 1 h. The solution was then separated from the sedi-
ments by centrifugation at 3000 rpm for 20 min, after which the
supernatant was collected into a 50 mL centrifuge tube, filtered
through 0.45 pm pore size polyethersulfone membrane filters (Pall
Corporation), acidified to pH < 2 with ultrapure HNOs3, and stored
at 4 °C until analysis. Although sequential extractions methods
are subject to possible artifacts from incomplete dissolution of tar-
get phases, non-selectivity of extractant, and re-adsorption, and
should be viewed with caution, they can provide important
insights into the distributions of trace elements in sediments
(Tipping et al., 1985; Sholkovitz, 1989; Wilkin and Ford, 2002;
Adebayo et al., 2018; Akintomide et al., 2021).

2.4. Batch reaction experiment

The closed-system batch reaction experiment was performed
following an approach modified from Jones et al. (2012a) and
Pearce et al. (2013). Before the batch experiment, the pH of the
open ocean seawater sample was readjusted to 8.2 using 1 M Trace
Metal™ grade NaOH. The batch reaction experiment was con-
ducted at room temperature (23 * 2 °C) over 270 days (9 months).
Nine 6 L high-density polyethylene (HDPE) bottles were used as
the reaction vessels to ensure that the ratio of the homogenous
sediments to seawater remained unchanged after sampling
throughout the experiment. Each batch reaction unit contained ini-
tial sediment to seawater ratios of 1:3.5 by weight (i.e., 1 kg sedi-
ments to 3.5 kg seawater) to ensure that sufficient Nd is present in
the solution for isotopic determination (Jones et al., 2012a). The
batch units were manually agitated at regular intervals throughout
the experiment, daily for the first week, and then weekly for the
remaining duration of the experiment.

Reaction progress was monitored by measuring pH and dis-
solved silica (Si) concentration from 10 mL water samples collected
at regular intervals before agitation of the system and filtered
through a 0.2 wm polyethersulfone membrane filters (Gelman
Sciences). The pH measurements were made using a double-
junction pH electrode calibrated with NIST traceable pH buffers
(pH 4, 7, and 10) before each sampling event. The dissolved Si con-
centration was measured with a UV/VIS spectrophotometer (Hach
DR 2800) following the silica HR silicomolybdate method with a
detection limit of 0.01664 mmol kg~! (Hach, 2007). At the end of
each reaction period (i.e., Day 1, 2, 3, 6, 14, 33, 60, 120, and 270)
as modified from Jones et al. (2012a), one batch reaction unit
was “sacrificed” by collecting a 500 mL water sample for dissolved
REE concentrations measurement and approximately a 2.5 L water
sample for Nd isotope analysis. The samples were filtered through
0.45 pm pore size polyethersulfone membrane filters (Pall Corpo-
ration) to remove lithogenic sediment particles that may have been
entrained during sample handling and then acidified to pH < 2 with
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ultra-pure HNO3 (16 M) before storage at 4 °C until analysis. The
filter sizes were selected following Pearce et al. (2013) to allow
for a direct comparison of our results.

At the end of the batch reaction experiment, the dissolved REE
concentrations in the reacted seawater were determined using a
previously established method (Greaves et al., 1989; Johannesson
et al., 2011, 2017; Chevis et al.,, 2015; Adebayo et al., 2018,
2020). Briefly, 30 mL aliquots of the filtered and acidified water
samples were loaded onto Bio-Rad® Poly-Prep columns packed
with approximately 2 mL of Bio-Rad® AG 50 W-X8 (200 - 400
mesh, hydrogen form) cation exchange resin. Similarly, 30 mL ali-
quots of the National Research Council Canada (Ottawa, Canada)
Standard Reference Material (SRM) for estuarine waters (SLEW-3)
and Millipore-Q water (18.2 MQ cm), which acted as an analytical
blank, were loaded onto identical columns (e.g., Johannesson et al.,
2017). Before loading, the columns were pre-cleaned following the
procedure reported by Georg et al. (2006). After loading the sam-
ples onto the columns, iron (Fe) and barium (Ba) were sequentially
eluted by rinsing, first with 3 mL of 1.75 M ultra-pure HCl
(Optima™ grade), followed by 3 mL of 2 M ultra-pure HNO3
((Optima™ grade; Greaves et al.,, 1989). Lastly, the REEs were
eluted from the columns using 10 mL of 8 M ultrapure HNO3; and
collected into pre-cleaned Teflon® beakers. The REE eluents were
subsequently evaporated to near dryness and then re-dissolved
in 10 mL of 1 % (v/v) ultrapure HNOs solution. The resulting solu-
tion was then analyzed for REEs using HR-ICP-MS (i.e., Thermo
Fisher Element 2) at Tulane University.

Before the instrumental analysis, each 10 mL concentrated ali-
quot was spiked with ''5In (at 1 ug kg™ '), as an internal standard.
To minimize various polyatomic oxide/hydroxide and other mass
interferences, multiple resolution configurations were used on
the HR-ICP-MS (e.g., Chevis et al., 2015). The REE isotopes moni-
tored at various resolutions are as follows: '*°La, '4%Ce, 41Pr,
143Nd, 145Nd, 146Nd, 147Sm, 1495m’ lSlEu, 153Eu, lSSGd, 157Gd,
158G, 159Th, 161Dy’ 163Dy' 165 166Ey 167Ey 169Ty 172yp 173yh
and '’Lu, at low and high-resolution modes; *°La, 14°Ce, '4!Pr,
143Nd, and '*°Nd, at low and medium-resolution modes. We specif-
ically monitored '>'Eu, '>3Eu, and the HREEs in high-resolution
mode to resolve interferences from BaO® and LREEO" species
formed in the plasma stream on the two Eu isotopes, and LREEO*
and MREEO" species on the HREEs (e.g., see Johannesson and
Lyons, 1994, 1995; Johannesson et al., 1997). A series of REE cali-
bration standard solutions with concentrations 5, 10, 20, 100,
500, and 1000 ng kg~! were prepared from NIST traceable High
Purity Standards (Charleston, SC). All the reported REE concentra-
tions are from five replicate analyses and show the instrument’s
precision (Table 1). Analytical precision for the REE analyses was
always better than 5 % relative standard deviation (RSD), and ana-
lytical accuracy of the SRM SLEW-3 was typically within 5 % of the
values reported by Lawrence and Kamber (2006). These procedures
are consistent with Johannesson et al. (2017) and Chevis et al.
(2021).

The Nd isotopic compositions of the reacted seawater from the
batch reaction experiment were determined on a Nu Instruments
multi-collector ICP-MS at the University of Florida. The Nd isotopic
composition is expressed as epsilon neodymium units, eNd
(Jacobsen and Wasserburg, 1980). Before quantifying the eNd val-
ues at the University of Florida, sample preparation, matrix isola-
tion, and pre-concentration were performed at Tulane University.
The sample preparation procedure involved the use of Sep-Pak
C,g cartridges preloaded with 300 mg of a complexing agent, which
is a mixture of 65 % bis(2-ethylhexyl) hydrogen phosphate
(HDEHP) and 35 % 2-ethylhexyldihydrogen phosphate (H,MEHP),
for matrix separation and pre-concentration of REEs (Shabani
et al,, 1992). The Sep-Pak C;g cartridges were pre-cleaned by filling
the cartridges with 0.5 M HCI (Optima™ grade) for 24 h, followed



S.B. Adebayo, M. Cui, TJ. Williams et al.

Table 1
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Measured dissolved REE concentrations and Nd isotopic composition of the Gulf of Mexico seawater that evolved during reaction with Mississippi River sediments over 270 days

of the closed-system batch reaction experiment.

Duration (days)

Initial seawater 1 2 3 6 14 33 60 120 270

Concentration (pmol kg~)
La 294 +2.1 686+15 6147 994 + 14 1420 + 144 1302 £ 10 1606 * 45 1036 27 449 + 13 964 + 55
Ce 20.5 2.1 8347 786 £ 11 1406 = 18 2115 + 66 1832 +39 2323 +99 1539 + 12 619+9 1280 + 68
Pr 45+ 1.7 104 +3 99+3 153 +4 242 +3 193 +3 253 +9 1717 75+3 144 £+ 14
Nd 2234 497 £ 9 464 +17 763 £ 10 1179 £ 52 926 + 14 1224 + 41 789 £ 43 3405 641 £ 43
Sm 6.6 +3.8 119+18 98+4 128 + 33 214 £ 6 1817 246 + 39 169 + 11 60+ 8 130 £ 15
Eu 14+19 34+10 26 +2 36+2 52+4 44 +9 63+9 32+9 19+4 315
Gd 6.8+1.7 168 + 6 151 +8 245+ 4 378 + 18 289 + 15 410 £ 12 266 £ 8 1164 191 + 14
Tb 14+18 22+4 16 +£2 2412 38+4 355 44 + 2 32+8 162 22+4
Dy 84+1.8 126 £ 6 108 + 4 164 £ 2 255+8 198 £ 6 285+ 12 197 +8 99 +2 128 £ 10
Ho 1.8+3.5 28+4 2514 35+4 48 + 4 4112 62+4 43 +4 24 +2 30+4
Er 49 +1.7 92+4 76 £ 4 1102 168 + 11 130+ 4 183 +4 127+ 4 70+ 2 8014
Tm 0.8 +0.5 132 112 152 23+2 18+2 24+2 17 £2 102 112
Yb 46 +1.7 80+2 68 +2 94 +2 145+9 109 + 4 147 + 2 105+ 4 59+2 62+6
Lu 0.7+0.5 122 11+£2 132 24+2 192 24 +2 172 112 13+4
HREE/LREE 3.12 2.36 2.19 1.8 1.95 1.82 1.88 2.03 2.76 1.54
Ce/Ce* 0.4 0.7 0.72 0.81 0.82 0.82 0.82 0.83 0.77 0.77
Eu/Eu* 0.89 1.29 1.26 1.25 1.08 1.11 1.16 0.84 1.2 1.1
Gd/Gd* 0.93 1.37 1.68 1.89 1.53 1.78 1.67 1.53 1.42 1.53
eNd -9.81 £ 0.36 -986+029 -9.79+024 -998+03 -965+023 -1023+0.21 -998+0.63 -9.82zx044
pH 8.1 7.6 7.4 7 6.8 6.8 6.8 7.2 7.7 7.6
Si (umol/kg) 19.97 31.62 79.89 96.54 166.44 176.43 71.57 158.12 104.86 129.83

HREE/LREE is defined as (Tmy + Yby + Luy) / (Lay + Pry + Ndy).

Anomalies: Ce/Ce* = 2[Ce]n/([La]n + [Pr]n); Eu/Eu* = 2[Eu]n/(0.67[Sm]n + 0.33[Thb]n); Gd/Gd* = [Gd]n/(0.33[Sm]n + 0.67[Tb]n).

where y refers to shale-normalized values.

by repeated rinsing with Millipore-Q water, first leaving the water
in the cartridges for 24 h and then rinsing until the pH of the drip-
ping water matched that of the Millipore-Q water, before loading
with the mixture of HDEHP and H,MEHP. The pH of the reacted
seawater samples collected for eNd analysis was adjusted to 3.5
using ammonium hydroxide (Optima™ grade) and each water
sample was then passed through a preloaded C;g cartridge using
a peristaltic pump, at a flow rate of 20 mL/min. Following the pas-
sage of the water sample, each cartridge was rinsed with 5 mL of
0.01 M HCI to remove any remaining matrix. Finally, 35 mL of
6 M HCl at a flow rate of 5 mL/min was used to elute the REEs from
the cartridge into a pre-cleaned Teflon® beaker (Jeandel et al.,
1998). The REE eluent was then evaporated to dryness and sent
to the University of Florida.

At the University of Florida, the dried samples were dissolved
with concentrated HNOs, evaporated to near dryness, diluted with
1 M HNO3, and then run through TruSpec resin to isolate REEs, fol-
lowed by LnSpec resin to isolate Nd, as modified from Pin and
Zalduegui (1997). Procedural blanks of 14 pg Nd, or a minimum
of three orders of magnitude lower than sample abundances, were
monitored. Samples of isolated Nd were diluted with 2 % HNOs to
achieve **Nd monitor peak values of 2-5 V. All samples were ana-
lyzed using a desolvating nebulizer (DSN-100), and a time-resolved
analysis (TRA) method adopted from Kamenov et al. (2008). All
ratios were corrected for mass fractionation using '“6NdO/'44-
NdO = 0.7219. Also, JNdi-1 was run between every 4-5 samples
and unknown samples were corrected using the difference
between the average of the standard runs and the JNdi-1 value of
0.512115 (Tanaka et al., 2000). The reported €éNd uncertainty is
the combined 2o internal and external error summed in quadrate
(Table 1).

2.5. Geochemical modeling

Geochemical modeling of the seawater in this study was
achieved using the React program of the Geochemist’s Work-
bench® (Version 12.0.4; Bethke et al., 2018). We modified the
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Lawrence Livermore National Laboratory database of Delaney and
Lundeen (1989) provided with the software (i.e., thermo.dat) by
the addition of the 14 naturally occurring REEs and their inorganic
aqueous complexes with carbonate, phosphate, hydroxyl, sulfate,
chloride, and fluoride ions (see Johannesson et al., 2017 and sup-
plementary materials for details). We were specifically interested
in the saturation indices of secondary, REE-phosphate precipitates
that have been previously reported as important to REE geochem-
istry in natural waters (Banfield and Eggleton, 1987; Byrne and
Kim, 1993; Johannesson et al., 1995; Liu and Byrne, 1997; Pearce
et al., 2013). The solubility product constants for REEPOy4s) phases
determined by Liu and Byrne (1997) were included in the database
to account for solubility limitations on the REEs owing to precipi-
tation of such REE phosphate phases (Jonasson et al., 1985;
Banfield and Eggleton, 1987; Byrne and Kim, 1993). Major ion con-
centrations for seawater from Pilson (2013) were used in the mod-
eling, along with phosphate concentrations for the Gulf of Mexico
for a depth of 400 m published by Shiller and Joung (2012). The
REE and dissolved Si concentrations, as well as pH values measured
on solution from each batch reactor were then employed in the
modeling to investigate changes in REE speciation and secondary
REE phosphate phase saturation states in each discrete batch reac-
tor. Details on the modeling, example scripts, and sensitivity test
results are provided in the supplementary materials.

3. Results
3.1. Characterization of the sediment particulate phases

A comparison of the surface morphology of the Mississippi
River sediments before and after the batch reaction experiment
is presented in Fig. 1. The SEM images of the river sediments show
a change in surface texture from rough to a relatively smoother
surface. Specifically, the SEM images are consistent with the
removal of surface coatings on the sediment grains during reaction
with seawater. The XRD result shows only trace amounts of clay
materials on the surface of the sediment grains both before and
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after the batch reaction experiment, and there is no substantial
change in the fraction of quartz, which dominates these Mississippi
River sediments. Moreover, the before and after reaction XRD
results also indicate an increase of about 10 % in the relative
amount of the aluminosilicate mineral, microcline (Fig. S1).

3.2. Seawater pH and dissolved silica concentrations

Again, changes in pH and dissolved Si concentrations served as
monitors of the evolution of the seawater chemistry and lithogenic
mineral dissolution throughout the batch reaction experiments.
The pH of the reacted seawater decreased from the initial value
of 8.1 to a minimum of 6.8 within the first 6 days of the experi-
ment, before increasing to 7.9 and then 7.6 at the end of the exper-
iment (Fig. 3a). Conversely, the dissolved Si concentration
increased from an initial concentration of 19.9 pmol kg~! at the
start of the experiment to a peak value of 176 umol kg~! within
the first 13 days of the experiment, before decreasing to
105 pmol kg~! and increasing again to 130 umol kg~! at the end
of the experiment. These changes in the pH and Si concentrations
throughout the experiment suggest a transfer of materials from
the sediments to the seawater solution followed by precipitation
of secondary mineral phases through a process such as reverse
weathering (e.g., Isson and Planavsky, 2018; Abbott et al., 2019).

3.3. REE concentrations and shale-normalized patterns

The dissolved REE concentrations of the reacted seawater and
the “exchangeable” fraction of the Mississippi River sediments
are presented in Tables 2 and S1, respectively. The “exchangeable”
fraction is operationally defined as a reservoir of trace elements
that are readily mobilized by changes in ionic strength due to their
weak association with clays, hydrated Fe/Mn oxides surfaces, and
humic substances (Tessier et al., 1979). All the REEs follow a simi-
lar trend throughout the experiment that can be characterized by
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an initial increase in concentrations until the concentration max-
ima attained after 33 days of the experiment, before decreasing
to values similar to the initial concentrations at around 120 days
(Fig. 4). The REE concentrations subsequently increase slightly
between day 120 and the end of the experiment at 270 days
(Fig. 4). For example, the Nd concentration increased by more than
50-fold from 22.3 pmol kg~! in the initial seawater to
1224 pmol kg~! within the first 33 days of the experiment, before
decreasing by approximately a factor of 2, reaching 641 pmol kg™!
at the end of the experiment (Table 1; Fig. 4).

The Post-Archean Australian Shale (PAAS; Taylor and
McLennan, 1985; McLennan, 1989) normalized REE patterns of
the initial seawater and reacted seawater samples from the exper-
iment are shown in Fig. 4d. The initial seawater sample exhibits an
HREE enriched PAAS-normalized pattern, along with a negative
cerium anomaly that is typical of seawater (e.g., Elderfield and
Greaves, 1982; Elderfield, 1988; Byrne and Sholkovitz, 1996). A
comparison of the normalized patterns as the experiment pro-
gressed showed little change in the overall patterns (Fig. 4d and
S2). Nonetheless, the negative Ce anomalies decreased over the
course of the experiments and a distinct positive gadolinium
anomaly emerged. The evolution of the reacted seawater Ce and
Gd anomalies throughout the experiment is also shown in
Fig. 3b. Specifically, the initial seawater PAAS-normalized REE pat-
tern exhibits a negative Ce anomaly of 0.4, which increases to 0.81
within the first 3 days of the experiment and then decreases
slightly to 0.77 by the end of the experiment (Table 1). Likewise,
the initial seawater Gd anomaly of 0.94 increases to 1.9 within
the first 3 days of the experiment, and subsequently decreases to
1.54 by the end of the experiment (Fig. 3b).

3.4. Nd isotopic composition

The evolution of the Nd isotopic composition (i.e., eNd) of the
reacted seawater is reported in Table 1 and Fig. 3c. The results
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Fig. 3. Evolution of the Gulf of Mexico seawater during interaction with the Mississippi River sediments in the closed-system batch reaction experiment. Panel (a) shows pH
and silica concentrations, panel (b) shows cerium (Ce) and gadolinium (Gd) anomalies, panel (c) shows neodymium isotopic composition and Nd concentration of the Gulf of
Mexico seawater, panel (d) shows saturation indexes of Nd-phosphate precipitate estimated using the React program of the Geochemist's Workbench®, assuming constant
seawater PO3™ at 1 and 2 pmol kg™, constant major ion concentrations, and the varying Nd, Si, and pH values measured in our batch experiment.
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show that changes in the €Nd of the reacted seawater during the
first 33 days of the experiment were<2 standard deviations (std).
The first 33 days of the experiment recorded similar eNd values,
with mean * std eNd of -9.8 + 0.12. The largest change in the iso-
topic composition of the reacted seawater was recorded 60 days
into the experiment when e€Nd of -10.23 + 0.21 was observed.
The eNd values measured in the reacted seawater over the remain-
ing period of the experiment are like values recorded during the
first 33 days, with mean + std €éNd of -9.9 + 0.11. The eNd of the
reacted seawater over the entire duration of the batch reaction
experiment has a mean = std of -9.9 + 0.2, and a range of 0.6, with
the most radiogenic eNd value of -9.65 recorded on day 33 and the
least radiogenic eNd value of -10.23 recorded on day 60. The most
radiogenic €Nd value also aligns with the Nd concentration maxi-
mum on day 33 of the experiment as shown in Fig. 3c.

4. Discussion
4.1. Evolution of the dissolved REE concentrations

Temporal changes in the dissolved Si and REE concentrations
observed in this study provide clear evidence of a contribution of
dissolved REEs to seawater from the dissolution of silicate phases
within the Mississippi River sediments. The evolution of REE con-
centrations in the batch reactor experiments using the GOM sea-
water can be interpreted in terms of the two-way elemental
transfer processes constituting “boundary exchange”, which
involves sediment dissolution and secondary mineral precipitation
as previously described (e.g., Oelkers et al., 2011; Jones et al,
2012a, 2012b; Pearce et al., 2013; Wilson et al., 2013). The initial
increase in the dissolved REE concentrations observed over the first
33 days of the experiment for each of the REEs is attributed to the
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dissolution of labile phases within the Mississippi River sediments.
The increase in REE concentrations is consistent with reports of the
benthic flux of REEs from deep-sea sediments into the overlying
ocean, which has been shown to affect open ocean REE concentra-
tions (e.g., Haley et al., 2017; Du et al., 2020; Abbott et al., 2015a, b;
Abbott, 2019; Abbott et al., 2022). For example, Abbott, (2019)
reported water column Nd concentrations ranging from 0 to
50 pM that reflect, in part, the impact of a benthic flux of pore
water Nd with concentrations ranging from 28 to 350 pM.

The operationally defined “exchangeable” fraction of the Mis-
sissippi River sediments plays an important role during the initial
dissolution of these lithogenic sediments. The “exchangeable” frac-
tion of the Mississippi River sediments contains the lowest REE
contents of all the operationally defined sequential leach fractions
(Adebayo et al., 2018). Nevertheless, it still maintains REE contents
that are several orders of magnitude greater than the REE concen-
trations in typical seawater. Specifically, a Nd content of
326 nmol kg~! was reported in the “exchangeable” fraction of
the Mississippi River sediments (Adebayo et al., 2018), whereas
the Nd concentration of the initial GOM seawater used in our
experiments was 22.3 pmol kg~! (Tables 1 and S1). Therefore,
the concentration difference between the “exchangeable” fraction
of the sediments and seawater in this study strongly favors the
mobilization of REEs into the reacted seawater.

Secondary mineral precipitation appears to be another impor-
tant process influencing the evolution of REE concentrations in
the batch reactors containing Mississippi River sediments and
open GOM seawater, as observed via the decrease in dissolved
REE concentrations beyond 33 days. Potential secondary minerals
that could scavenge the dissolved REEs in this experiment include
Fe/Mn oxides/oxyhydroxides produced by oxidation of Fe?'-
bearing minerals that could precipitate in the reacted seawater
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and/or secondary REE-phosphate co-precipitates that are report-
edly super-saturated in seawater (Byrne and Kim, 1993; Oelkers
et al., 2008; Roncal-Herrero et al., 2011; Pearce et al., 2013). Sev-
eral studies have also demonstrated the importance of clay miner-
als to the cycling of REEs in the ocean, suggesting that these clays
serve as important sources and sinks of REEs (e.g., Cullers et al.,
1975; Haley et al., 2017; Abbott, 2019; Paul et al., 2019; Du
et al., 2020; Abbott et al., 2022). Moreover, clay minerals may also
play a major role in controlling benthic REE fluxes to the overlying
seawater (Abbott et al., 2019).

In addition to scavenging by Fe/Mn oxides/oxyhydroxides, pre-
cipitation of secondary REE phosphate minerals, and adsorption
onto clay minerals (e.g., Jonasson et al, 1985; Goldstein and
Jacobsen, 1988; Byrne and Kim, 1993; Johannesson et al., 1995;
Sholkovitz, 1995; Sholkovitz and Szymczak, 2000; Adebayo et al.,
2018), it is also possible that “reverse weathering” reactions,
whereby the products of the weathering of aluminosilicate miner-
als take up cations and silica forming cation-enriched aluminosili-
cates, are occurring during the batch reaction experiment in this
study. The formation of cation-enriched aluminosilicate minerals
has been reported as potentially important in controlling the
chemistry of the ocean, and has been characterized by an increase
in secondary, potassium-rich silicate minerals (e.g., Mackenzie and
Kump, 1995; Michalopoulos and Aller, 1995; Isson and Planavsky,
2018). The reported increase in the relative amount of K-
aluminosilicate minerals (i.e., microcline) within the Mississippi
River sediments over the course of the batch reaction experiments
may indicate that reverse weathering processes occurred in our
experiments. Abbott et al. (2019) also reported authigenic clay for-
mation or “reverse weathering” as exerting important controls on
REE cycling in the ocean, specifically the balance between detrital
dissolution and authigenic uptake.

The evolution of dissolved REE concentrations in this study clo-
sely resembles the trends reported for the evolution of seawater
strontium and alkali earth metal concentrations during reaction
with basaltic riverine sediments from the Hvita River and the Bor-
garfjordur estuary in western Iceland (Jones et al., 2012a). How-
ever, a similar study that investigated the evolution of REE
concentrations in seawater during reaction with basaltic particu-
late materials reported that the Nd concentration decreased
throughout their experiment (Pearce et al., 2013). These research-
ers attributed this decrease to the precipitation of the REE-
phosphate mineral, rhabdophane, based on PHREEQC calculations
and experimental data (Pearce et al., 2013).
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The evolution of the seawater dissolved REE concentrations
during reaction with the Mississippi River sediments in this study
(Fig. 4) also appears to capture both the initial dissolution, desorp-
tion, and/or remineralization of the lithogenic river sediments as
well as the precipitation of secondary minerals containing REEs
and/or adsorption that are generally thought to characterize the
boundary exchange process (Lacan and Jeandel, 2005; Arsouze
et al., 2009; Jeandel et al., 2011; Jeandel, 2016). Experimental data
and numerical simulations demonstrate that the REE-phosphate
mineral, rhabdophane, is super-saturated in seawater (Oelkers
et al., 2008; Roncal-Herrero et al., 2011; Pearce et al., 2013), mak-
ing it a potential sink for the REEs in our closed-system batch reac-
tion experiment. Moreover, seawater is saturated relative to LREE-
phosphate co-precipitates, which suggests that these secondary
minerals limit the solubility of REEs in the ocean (e.g., Jonasson
et al, 1985; Byrne and Kim, 1993). Geochemical modeling
(Fig. 3d) predicts that LREE-phosphate precipitates are oversatu-
rated of the REEs in the batch solutions throughout our experi-
ment. Therefore, our results and those of Pearce et al. (2013) are
consistent with previous studies that suggest that REE-
phosphates are important in controlling REE concentrations and
may also be important in limiting REE concentrations in seawater
and other natural waters (Jonasson et al., 1985; Byrne and Kim,
1993; Johannesson et al., 1995).

Overall, the REE concentrations in the reacted seawater at the
end of the experiment (270 days) were 13 to 62-fold greater than
those of the initial seawater. We attribute these observations to the
dissolution of lithogenic sediments followed by REE uptake by sec-
ondary minerals such as REE-phosphate co-precipitates and/or
adsorption (Fig. 5a). Our experiments indicate that the net release
of REEs during the dissolution of lithogenic sediments exceeded
the amount of REEs taken up by secondary mineral precipitation.
Specifically, the LREEs exhibit the greatest increase in concentra-
tion at the end of the experiment, with Nd showing a 28-fold
increase in concentration, whereas the HREEs exhibit the least
increase as shown by Yb, which increased by a factor of 13 (Fig. 5a).

The Pearson correlation coefficients (r) and the relationship
between the REEs and Si concentrations in the reacted seawater
(Fig. 5b) suggest that silicate minerals, which are the bulk of the
river sediments, are dissolving and releasing H,4SiO4 along with
REEs. Specifically, the correlation coefficients between LREE and
Si concentrations in the reacted seawater in this experiment ran-
ged from 0.61 to 0.64, with a mean = std of 0.62 + 0.01; p < 0.05
(two-tailed student t-test with o = 0.05), correlation coefficients
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Fig. 5. The ratio of dissolved REE concentrations in the reacted seawater on Day 270 to initial seawater concentrations (Panel a). Panel (b) shows the relationship between
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for the MREE and Si concentrations range from 0.44 to 0.59, with a
mean * std of 0.55 = 0.06; p < 0.05, and correlation coefficients for
the HREE and Si concentrations range from 0.54 to 0.64, with a
mean * std of 0.57 + 0.04; p < 0.05. Also, the slight increase in
REE concentrations between days 120 and 270 suggests possible
remobilization of REEs into the solution, although a longer-term
experiment would be necessary to better understand this
observation.

4.2. Evolution of the dissolved REE fractionation patterns

The PAAS-normalized REE patterns throughout this experiment
also capture the two-way elemental transfer involving dissolution
of lithogenic sediments and secondary mineral precipitation in the
system (Fig. 4d). A shift from the HREE enriched pattern in the ini-
tial seawater (shale normalized HREE/LREE of 3.12, Table 1) to a
less HREE enriched pattern as the reaction progressed (HREE/LREE
of 1.88 on day 33, peak REE concentrations) is attributed to the
greater abundance of the LREEs than the MREEs and HREEs in
the silicate minerals being dissolved. As noted above, the correla-
tion between REE and Si concentrations in the reacted seawater
suggests that the dissolution of silicate minerals is the primary
source of the REEs flux into the dissolved phase during the exper-
iment. It is well known that common rock-forming silicate miner-
als (except for a few minerals such as zircon and garnet, which are
highly resistant to weathering) contain markedly lower amounts of
MREEs and HREEs relative to the LREEs (e.g., a factor of 3 to 5 lower
HREE contents, Gromet and Silver, 1983; McLennan and Taylor,
2012). Also, the mean of HREE concentrations in the operationally
defined “exchangeable” fraction of the Mississippi River sediments
used in this study (Table S1) is a factor of 2 lower than the mean of
the LREE contents (Adebayo et al., 2018). The greater abundance of
the LREEs in the labile mineral phases of the reacting sediments
explains the shift in the PAAS-normalized pattern of the seawater
from HREE enriched to a less fractionated pattern during the batch
reactor experiment.

A comparison of the Ce and Gd anomalies in the initial seawater
to anomalies in the “exchangeable” fraction of the sediments used
in this experiment also highlights the influence of dissolution of
labile phases within the sediments on the dissolved REE concentra-
tions in the reacted seawater. Specifically, the Ce anomaly evolved
from 0.4 in the initial seawater to a mean * std of 0.79 + 0.05 in the
reacted seawater over the entire duration of the experiment, which
is closer to the Ce anomaly of 0.98 reported in the “exchangeable”
fraction of the sediments (Tables 1 and S1). The decrease in nega-
tive Ce anomaly of the reacted seawater possibly reflects the
release of Ce that is preferentially removed from river water rela-
tive to its neighboring REEs due to tetravalent Ce removal
(Sholkovitz, 1995; Shiller, 2002; Adebayo et al., 2018). Similarly,
the Gd anomaly evolved from 0.94 in the initial seawater to a
mean = std of 1.61 + 0.17 in the reacted seawater over the entire
duration of the experiment. The Gd anomaly of the reacted seawa-
ter is likewise closer to the Gd anomaly of 1.48 reported in the “ex-
changeable” fraction of the sediments. Although several studies
have reported the significant impact of anthropogenic Gd on the
dissolved Gd concentrations in river waters impacted by municipal
wastewater, Gd anomalies observed in this study are within the
range reported in unpolluted waters and less than values (i.e.,
>4) reported for waters impacted by anthropogenic inputs (e.g.,
Kim et al., 1991; Bau and Dulski, 1996; Adebayo et al., 2018).

4.3. Evolution of the dissolved Nd isotopic composition
Unlike the study by Pearce et al. (2013), the Nd isotopic compo-

sition of GOM seawater reacted with Mississippi River sediments
did not change substantially throughout our batch reaction
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experiment (Fig. 3¢). Indeed, the eNd values of the reacted seawater
varied by<0.58 eNd units and thus remained within the range of ana-
lytical uncertainty throughout the 270-day experiment (Table 1;
Fig. 3c). The nearly constant €¢Nd values are opposite of what
“boundary exchange” classically predicts and reflect the fact that
the eNd of labile mineral phases within the Mississippi River sedi-
ments are essentially the same as the eNd of the initial GOM seawa-
ter employed in the experiment. This observation is consistent with
model and experimental reports that isotopic compositions of the
reacting components of a system must be unique to drive a signifi-
cant change in isotopic composition (e.g., Jones et al.,, 2012a;
Pearce et al., 2013; Wilson et al., 2013; Abbott et al., 2015; Jeandel
and Oelkers, 2015; Haley et al., 2017; Abbott et al., 2022).

More specifically, the eNd values measured in the acid leachable
fraction of suspended particulate matter (SPM) from the Mississippi
Riverare —9.95 and —9.77 (Adebayo et al., 2018), whereas the eNd of
the GOM seawater sample is —9.81 + 0.36. We note that the eNd for
our GOM seawater sample compares well with the analysis of
Osborne et al. (2014) for a Gulf of Mexico sample (Station 194-13,
300 - 531 m depth, mean + std €éNd of —9.63 £ 0.45). Station 194
13 from Osborne et al. (2014) was selected for comparison because
it is located within the Gulf (about 500 km from our sampling loca-
tion), and samples from depths below 300 m were selected because
they are closest to the collection depth of the seawater sample used
in our study. Seawater samples from Osborne et al. (2014) collected
from depths shallower than 300 m showed higher €Nd variability.
These eNd values strongly suggest that the eNd of GOM seawater
reflects, at least in part, dissolution of lithogenic Mississippi River
sediments. Therefore, dissolution of lithogenic Mississippi River
sediments would be expected to contributes a benthic eNd flux with
a composition like the labile fraction of Mississippi River sediments
(e.g., Wilson et al., 2013; Abbott et al., 2019; Paul et al., 2019).
Although we did not observe significant changes in éNd like similar
experiments that employed basaltic material, we note that the eNd
of the reacted seawater reached its most radiogenic value (-9.65) on
day 33, which corresponds to the day with the highest dissolved REE
concentrations.

When compared to the evolution of the Nd isotopic composition
observed in the basaltic systems reported by Pearce et al. (2013), the
absence of substantial changes in the eNd of the system in our study
becomes more obvious (Fig. 6). The seawater sample employed by
Pearce et al. (2013) has a similar eNd value (-9.57) to the GOM sea-
water sample used in our experiments (-9.81) prior to reactions with
the sediments (Fig. 6). However, as the experiments progressed, the
systems studied by Pearce et al. (2013) experienced > 3 eNd change
within 7 days as their éNd tended toward more radiogenic values
reflecting the €Nd of the reacting radiogenic basaltic sediments.
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Fig. 6. A comparison of the evolution of Nd isotopic composition of the reacted
seawater during the closed-system batch reaction experiment between seawater

and sediments in this study (Gulf of Mexico seawater) to values reported in a
previous study that used basaltic particulate materials (Pearce et al., 2013).
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Specifically, the eNd of the basaltic Hvita sand is 7.50; the basaltic
Borgarfjordur sand eNd is 7.17; and the Kerguelen basalt has an
eNd of —1.4 (Pearce et al., 2013). In contrast, we measured €Nd of
—9.95 and —9.77 for the acid leachable fraction of the Mississippi
River SPM, representative of eNd of the riverbank sediments studied
by Adebayo et al. (2018). It is clear from this comparison that eNd
values of the Mississippi River sediments and the GOM seawater
are not sufficiently distinct to drive a substantial change in the
eNd of the reacted seawater in this study. Instead, the Mississippi
River sediments may essentially buffer the eNd composition of
GOM seawater by the dissolution of the labile fraction of these litho-
genic sediments. In other words, the eNd composition of GOM sea-
water appears to be controlled by dissolution of lithogenic
sediments delivered to the basin by the Mississippi River.

4.4. Implications for ocean margin processes

In discussing the implications of our study, we acknowledge
that closed-system laboratory experiments like this study are
unable to capture all the complex processes occurring in estuaries
or on the continental shelf/slope, but they offer an important win-
dow into these processes that control ocean geochemistry. The
results of our experiment are consistent with the release of REEs
from lithogenic sediments of continental origins (i.e., silicic) by
the dissolution of the more labile fractions of these sediments. By
comparing the Nd concentration maximum during our experiment
(1.22 nmol kg, day 33, Table 1, Fig. 4) to the Nd concentration
(326 nmol kg~') measured in the “exchangeable” fraction of the
Mississippi River sediment (Adebayo et al., 2018), we estimate that
although only about 0.37 % of the available Nd in the “exchange-
able” fraction is mobilized, this limited mobilization can still sub-
stantially alter the Nd concentration of seawater.

Despite the differences in reactivity between basaltic and silicic
sediments, our estimated 0.37 % mobilization agrees surprisingly
well with the findings by Pearce et al. (2013), who estimated a
release of 0.38 % of Nd from basaltic estuarine sediments and
release of 0.25 % of Nd from river sediments of similar basaltic
composition. The similarity in Nd mobilization between our data
and the study by Pearce et al. (2013) suggests that, in terms of
Nd isotopes, the more reactive components in silicic continental
lithogenic material are almost as reactive as those in basaltic mate-
rial. However, it took about 30 days to achieve the maximum sed-
iments exchange of Nd in the case of silicic sediments in our study,
compared to < 10 days for sediment exchange of Nd reported by
Pearce et al. (2013), and 8 - 10 days suggested based on in-situ
measurements by Rousseau et al. (2015). Nevertheless, Pearce
et al. (2013) observed a drop in the dissolved Nd concentration
during the initial reaction period. In contrast, we observed an
increase in concentration (Fig. 4). Our results are consistent with
the findings from studies of benthic fluxes, whereby the dissolu-
tion of silicic, lithogenic sediments along continental margins can
significantly impact the dissolved REE concentrations of seawater
(e.g., Wilson et al., 2013; Abbott et al., 2019; Paul et al., 2019).

Furthermore, when we normalized the dissolved REE concen-
trations in the reacted seawater by the REE concentrations in the
initial seawater in this study, the REE concentrations of the seawa-
ter increased by an average (+1c) factor of 24 + 12 across the REE
series by the end of the experiment (Fig. 5). The net gain of dis-
solved REEs observed in the reacted seawater in this study offers
a possible explanation for the substantially lower removal of the
REEs (e.g., about 50 % Nd removal) observed in the Mississippi
River estuary (Adebayo et al., 2018), compared to the amount of
REE removal observed in the Amazon estuary where up to 90 %
REE removal during estuarine mixing was reported (e.g.,
Rousseau et al., 2015).
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5. Conclusions

Results from a 270-day batch reaction experiment between Gulf
of Mexico (GOM) seawater and Mississippi River sediments show
evidence of substantial changes in the dissolved REE concentra-
tions but limited to no changes in the eNd of the reacted seawater.
The concentration changes include up to a 100-fold increase in dis-
solved REE concentrations coupled with an increase in Si concen-
trations and a decrease in pH within the first 33 days of the
experiment, which we attribute to the dissolution of the sedi-
ment’s more labile oxide and silicate mineral phases. The observed
increase in REE concentrations subsequently reverses with reac-
tion beyond 33 days followed by a slight increase again at the
end of the experiment. We attribute the decrease in REE concentra-
tions in the batch reaction experiments to the formation and
uptake of REEs by secondary minerals like REE-phosphates, sorp-
tion, and possibly “reverse weathering” reactions. Evolution of
the seawater Ce anomalies, Gd anomalies, and HREE/LREE ratios
also confirm that REEs were released into solution and subse-
quently removed by secondary mineral precipitation during the
experiment. Notably, less than 1 % of the REE contents of the oper-
ationally defined “exchangeable” fraction of the Mississippi River
sediments was mobilized in our experiment, which nevertheless
resulted in a net 13-62-fold increase in the REE concentrations
of the Gulf seawater throughout the experiment.

The absence of a substantial change in the eNd composition of
the reacted seawater in this study compared to previous studies
is attributed to the similarity between the eNd of the reacting Mis-
sissippi River sediments and GOM seawater, relative to previous
studies where the basaltic sediments involved are far more radio-
genic than the seawater. However, we show that silicic lithogenic
sediments may be almost as reactive as basaltic material as
observed by the change in REE concentrations, and therefore a
major contributor to boundary exchange and seawater eNd. These
observations suggest that in addition to altering seawater in
regions proximal to basaltic ocean islands, boundary exchange pro-
cess may also influence seawater compositions in regions proximal
to silicic sources with distinct radiogenic signature, such as the
highly non-radiogenic Archean rocks surrounding the Baffin Bay
in the Canadian Arctic. Finally, our experiments strongly suggest
that the eNd composition of GOM seawater is controlled by the dis-
solution of lithogenic sediments delivered to the basin by the Mis-
sissippi River.
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1. Mississippi River Sediments

Table S1. The REE concentrations in the operationally defined “exchangeable” fraction of the
Mississippi River sediments as reported by Adebayo ef al. (2018).

Sediments REE concentrations (nmol kg™!)

La 63+10
Ce 265 £ 27
Pr 46+ 4
Nd 327 + 45
Sm 182+9
Eu 84 +7
Gd 172 £ 13
Tb

Dy 142+ 10
Ho 44 +3
Er 145+ 10
Tm

Yb 140 + 12
Lu 15+1
HREE/LREE 8.66
Ce/Ce* 0.97
Eu/Eu* 2.62
Gd/Gd* 1.48

HREE/LREE is defined as (Tmn + Ybx + Lun) / (Lan + Pry + Ndn)

Anomalies: Ce/Ce* = 2[Ce]n/([La]n+[Pr]n); Ew/Eu* = 2[Eun/(0.67[Sm]n+0.33[Tb]n); Gd/Gd*
= [Gd]n/(0.33[Sm]n+0.67[Tb]n)

where n refers to shale-normalized values.



2. Sediment Characterization
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Figure S1. X-ray diffractograms of the Mississippi River sediments. Panel (a) shows the sample
before, and panel (b) shows the sample after the batch reaction experiments.



3. REE Fractionation Pattern

6.00
5.00 +
4.00 +
3.00 +
2.00 +
1.00 + ——— ——
0.00 t t t + } + t } } t + 1 + }
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
= |nitial seawater =Day 1 Day 2 Day 3
e Day 6 e Day 14 o Day 33 — Day 60
e Day 120 e Day 270 e Sediment

Figure S2. Dissolved REE concentrations in the reacted seawater normalized to the REE
concentrations in the “exchangeable” fraction of the sediments and then again to the sediments-
normalized Pr concentration to account for high variance in concentrations.

4. Geochemical Modeling

Geochemical modeling of the experimental solutions was achieved using the SpecES and
React programs of the Geochemist’s Workbench® (Release 14.0.1; Bethke et al., 2020a, b). The
Lawrence Livermore National Laboratory database (Delaney and Lundeen, 1989) provided with
the Geochemist’s Workbench® software (i.e., thermo . tdat) was modified by the addition of
the 14 naturally occurring rare earth elements (REE) and their corresponding inorganic
complexes with carbonate, bicarbonate, phosphate, hydroxyl, sulfate, chloride, and fluoride ions
are described by Johannesson ef al. (2017). Specifically, infinite dilution stability constants for
the LnHCO3", LnCOs", and Ln(CO3):” complexes, where Ln is any of the 14 naturally occurring
REE:s (i.e., lanthanides) that were added to the database are from Luo and Byrne (2004), those
for LnPO4° and Ln(PO4),> are from Byrne et al. (1991) and Lee and Byrne (1992), those for
LnOH" are from Klungness and Byrne (2000), those for LnSO4" are from Schijf and Byrne
(2004), those for LnCI" are from Luo and Byrne (2001), and those for LnF" are from Luo and
Byrne (2000). We also added the solubility product constants for LnPOss) phases that were



estimated by Liu and Byrne (1997) to the database. The new database containing the REEs is
renamed thermo REE.tdat.

Because we did not measure the major ion composition of the Gulf of Mexico seawater
sample used in our experiments, we assumed a starting composition equivalent to that given in
Pilson (2013) for our simulations. Because, except for carbonate ions, the ratios of the major ions
in seawater varies by less than 1% in the ocean (e.g., Millero, 2006), the use of Pilson’s (2013)
major ion data is justified for a first-order model of the aqueous speciation of REEs in seawater,
including our Gulf of Mexico sample. To model the impact of dissolved phosphate on REE
speciation we used the phosphate concentration reported by Shiller and Joung (2012) for Gulf of
Mexico seawater from the same depth as our seawater sample was collected.

Initially, we ran simple sliding activity reaction path models to investigate the impact of
acidification and basification of the seawater sample. These simple reaction path models only
show how the major anions would vary as pH is lowered from 8.1 to 2, and subsequently raised
back to 8.1. Note that the models do not account for the extra ClI" and Na" ions added in the
acidification (using HCl) and basification (using NaOH) of the collected seawater sample prior
to the batch experiments. We note that Cl” only forms weak aqueous complexes with the REEs in
low-temperature natural waters such as seawater and that Na" is perhaps the most conservative
major metal cation in seawater (Millero, 1992). Chloride does form strong complexes with REEs
in geothermal fluids (Haas et al., 1995).

An example script for the sliding pH models run with the React program is shown below

data thermo.tdat verify

# Major ion data are from Pilson (2®1ﬂ)
# Phosphate data for Gulf of Mexico from Shiller and Juong (2012)

Cl- = 545.88 mmol/kg
Cat++ = 10.28 mmol/kg
Mg++ = 52.83 mmol/kg
Na+ = 468.96 mmol/kg
K+ = 10.21 mmol/kg
S04-- = 28.23 mmol/kg
HCO3- = 2.06 mmol/kg
HPO4 - - = 1.0 umol/kg
pH = 8.1

slide pH to 2.0
pickup reactants = fluids

slide pH to 8.1

It is important to note that HCO3-, HPO4--, Ca++ and so forth given in the script represent
the model basis for the total dissolved inorganic carbonate, phosphate, calcium, etc., and not the
specific concentrations of the HCOs", HPO4>", Ca*" ions in solution (Bethke, 2008). Figure S3
shows the result of the acidification step (note, the results of the basification step is identical
except for the direction of pH change.
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Figure S3. Results of simple sliding activity reaction path model for seawater from pH 8.1 to 2.
Total dissolved chloride and sulfate vary only slightly, whereas both the total dissolved CO2(aq)
and POuy(q) increase. Note, that the vertical dashed blue lines show the pH range of our batch
reactor experiments (i.e., 6.8 < pH < 7.7)

The results of the simple sliding activity reaction path models for seawater suggest that
the total chloride and sulfate concentrations will not change substantially over the pH range of
our experiments (6.8 < pH < 7.7). However, changes are expected for total dissolved carbonate
and phosphate. Figure 2 shows the results for individual carbonate and phosphate species as a
function of pH.
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Figure S4. Speciation of inorganic carbonate and phosphate in seawater as a function of pH. The
vertical, dashed red lines show the range of pH of our batch experiments (i.e., 6.8 < pH < 7.7).
For this pH range, the concentrations of the CO3* and PO4* ions are predicted to be relatively
constant compared to other carbonate ions (e.g., HCOj3") and phosphate species for the simplistic,
sliding activity models.

To model the speciation of REEs in our batch experiments we first used the major ion
composition of typical seawater from Pilson (2013) and slide the pH from 8.1 (pH of the
seawater sample measured in the field) to the pH measured in each sacrificed batch reactor to
adjust the major ion composition to values appropriate for the batch reactors’ pH values. For
example, the initial script for the React program employed for the batch reactor at Day 14 is
given below:



data thermo.tdat verify

# Major ion data are from Pilson (2013)
# Phosphate data for Gulf of Mexico from Shiller and Juong (2012)
# Day 14 of batch experiments

Cl- = 545,88 mmol/kg
Ca++ = 10.28 mmol/kg
Mg++ = 52.83 mmol/kg
Na+ = 468.96 mmol/kg
K+ = 10.21 mmol/kg
S04-- = 28.23 mmol/kg

HCO3- = 2.06 mmol/kg
HPO4 - - = 1.0 umol/kg
pH = 8.1

slide pH to 6.8

The results of the simulation were then employed to input the calculated major ion
compositions as well as our measured REE concentrations into speciation scripts used with the
SpecE8 model of the Geochemist’s Workbench®. For example, the speciation script for Day 14
is given below:



‘data thermo_REE.tdat verify

# Major ion data are from Pilson (1998)
# Phosphate data for Gulf of Mexico from Shiller and Juong (2012)

# Day 14

Cl- = 546.7 mmol/kg
Ca++ = 10.06 mmol/kg
Mg++ = 52.62 mmol/kg
Na+ = 469.0 mmol/kg
K+ = 10.21 mmol/kg
S04-- = 28.23 mmol/kg
HCO3- = 1.628 mmol/kg
HPOA4 - - = 1.0 umol/kg
pH = 6.8

Sin2(aq) = 176.43 umol/kg
La+++ = 1302.0e-12 molal
Cet+++ = 1832.0e-12 molal
Pr+++ = 193.0e-12 molal
Nd+++ = 926.0e-12 molal
Sm+++ = 181.0e-12 molal
Eu+++ = 44 .0e-12 molal
Gd+++ = 289.0e-12 molal
Tbh+++ = 35.0e-12 molal
Dy+++ = 198.0e-12 molal
Ho+++ = 41.0e-12 molal
Er+++ = 130.0e-12 molal
Tm+++ = 18.0e-12 molal
Yb+++ = 109.0e-12 molal
Lu+++ = 19.0e-12 molal

balance on HCO3-
print species = long

print saturations = long

For the sensitivity testing, we varied the total dissolved phosphate concentrations from
0.5 umol kg! to 1.5 umol kg!, which captured the ranges of PO4 values observed during the
simulations to investigate the impact of various phosphate concentrations on the saturation state
of the batch reactor solutions with respect to LnPOs(c) phases. The results are shown in Figure S5
below:
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Figure S5. Modeled saturation indices for the batch reactor solutions with respect to secondary
LnPO4eH>0 phases as a function of time and phosphate concentrations. All experimental
solutions are oversaturated with respect to LREEPO4¢H>0O phases for the entire experiment.
HREEPO4¢H>0 phases are oversaturated at the beginning of the experiment and after 33 days.
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