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Rare earth elements (REE) concentrations were measured in surface waters collected

across the salinity gradient in the Mississippi River estuary (i. e., Mississippi River plume,

MRP), which includes the near-shore portion of the Louisiana Shelf. In addition, the

neodymium (Nd) isotope compositions of two river water samples, and the acid leachable

fractions of the associated suspended particulate matter (SPM), were quantified to

compare Mississippi River water, and SPMwith Gulf of Mexico waters. Despite the spatial

limitations associated with sampling due to the size of the Mississippi River system,

this study provides some important insights into the REE geochemistry of the MRP.

The Mississippi River and its estuarine waters are enriched in the heavy REE (HREE)

compared to the light REE (LREE) when normalized to shale composites. All water

samples from the estuary also exhibit substantial negative Ce anomalies. In contrast to

the majority of other estuaries investigated, removal of REE in the low salinity reaches

of the Mississippi River estuary is less substantial. For example, approximately 50%

of the river borne Nd is removed in the low salinity region (S < 10) of the Mississippi

River estuary, compared to the estimated global average of ca. 70% removal of Nd for

estuaries worldwide. We propose that the relatively low REE removal in the Mississippi

estuary reflects the high pH (∼8) of the Mississippi River, where REE complexation with

carbonate ions and natural organic ligands act to stabilize REE in solution. The Nd isotope

composition of Mississippi River water near its outflow to the Gulf of Mexico is εNd(0) =

−10.5. The acid leachable fraction of the associated SPM is more radiogenic (−9.95

≤ εNd(0) ≤ −9.77), and closer to the generally more radiogenic Gulf of Mexico [εNd(0) =

−9.0]. Sequential extraction of the Mississippi River bank sediment reveals substantially

different Sm/Nd ratios for the operationally defined fractions of the sediment, which

suggests variations in Nd isotope compositions between the labile fractions and the bulk

sediment.
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INTRODUCTION

Rivers, followed by atmospheric deposition, are considered the chief sources of rare earth elements
(REE), and hence neodymium (Nd), to the ocean (Goldstein et al., 1984; Tachikawa et al., 2003).
The REE and Nd isotopes are applied in tracing biogeochemical processes, and past/modern
ocean circulation, hence, the need to better understand REE speciation and mass transfer between
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major rivers and the ocean. Estuaries are the interface between
rivers and the ocean, wherein REE compositions of rivers
undergo substantial transformation. This non-conservative
behavior of REE in estuaries is commonly attributed to sea
salt induced coagulation of colloids (Edzwald et al., 1974;
Elderfield et al., 1990; Sholkovitz and Szymczak, 2000; Rousseau
et al., 2015). However, other complex processes are increasingly
reported to exert important controls over mass transfer to
the oceans. These processes include: (1) “boundary exchange”,
shallow pore water fluxes, and submarine groundwater discharge
(SGD) acting along ocean–continent margins; (2) pore water
fluxes in the deep ocean; and (3) reversible scavenging with
sinking particles, in the water column (Lacan and Jeandel, 2001;
Johannesson and Burdige, 2007; Abbott et al., 2015; Du et al.,
2016; Jeandel, 2016). Sorting out the relative importance of
these processes to mass fluxes in the ocean remains a daunting
challenge.

The application of Nd isotopes in tracing oceanic water
mass circulation is limited by the relatively poor constraints
on Nd sources and sinks in the ocean (Lacan and Jeandel,
2001; Goldstein and Hemming, 2003; Jeandel et al., 2007;
Jeandel and Oelkers, 2015). Related to this is the so-called
“Nd paradox,” which is the apparent decoupling of dissolved
Nd concentrations and Nd isotopes (Lacan and Jeandel, 2001;
Goldstein and Hemming, 2003; Tachikawa et al., 2003; Siddall
et al., 2008; Arsouze et al., 2009). Specifically, Nd concentrations
have nutrient-like water column profiles suggestive of vertical
cycling and relatively long, ca. 104 years, oceanic residence
times, whereas Nd isotope ratios exhibit inter- and intra-ocean
differences, which supports an oceanic Nd residence time similar
to <500–1,500 years. Hence, more quantitative spatial and
temporal understanding of the sources and sinks of the REE in
the ocean is required to resolve the Nd paradox, which includes
better understanding of the dynamics of REE in estuaries.

The lower Mississippi River and its associated estuary is an
ideal location to investigate the importance of riverine REE
fluxes from a major world river that debouches over a broad,
shallow continent-ocean margin, where “boundary exchange”
may be important. This is because the Mississippi River is
the chief source of freshwater and sediment to the Gulf of
Mexico (Trefry and Shokes, 1981), which is a partially closed
ocean basin that is characterized by an extensive continent-ocean
margin (ca. 33% of area). Prior studies of the Mississippi River
system have looked at the REE geochemistry at locations distant
from its mixing zone with the Gulf of Mexico. These previous
studies provide important insights, such as compositions of the
REE in the river water, suspended particulate matter, and Nd
isotopic compositions of the phases (e.g., Goldstein and Jacobsen,
1988a,b; Sholkovitz, 1995; Shiller, 2002; Bayon et al., 2015),
coupled with temporal variations in the REE compositions of
the river water (Shiller, 2002). Although it seems likely that the
Mississippi River is a substantial source of REE to the Gulf of
Mexico, and especially the northern and eastern Gulf, there have
been no systematic investigations of the REE or Nd isotopes in
its associated estuary. Consequently, there is a need to ascertain
the importance of the Mississippi River water and/or sediment as
source(s) of REE to the Gulf of Mexico.

Here, we present new REE and Nd isotope data for waters,
suspended particulate matter (SPM), and riverbank sediment
from the lower Mississippi River and its associated estuary (i.e.,
Mississippi River plume;MRP) on the Louisiana Shelf. These data
are employed to probe the geochemical processes that influence
the transfer of REE from the Mississippi River to the Gulf of
Mexico, in an effort to begin to assess the importance of the river
on the REE and Nd isotope systematics of the Gulf.

STUDY SITE

The study site along the lowerMississippi River and its associated
estuary on the Louisiana Shelf is shown in Figure 1. The
Mississippi River is the seventh largest river in the world in terms
of both water and sediment discharge to the ocean, and is the
largest river draining North America, with sediment and water
discharges of 210 × 106 tons year−1 and 530 × 109 m3 year−1,
respectively (McKee et al., 2004). During high flow periods,
which commonly occur in spring and early summer, discharge
from the Mississippi River mouth is great enough to form a
stratified estuary over the Louisiana Shelf (i.e., theMRP), whereas
during low discharge, a partially mixed salt wedge estuary forms
within the distributary channels of the river, in the birdfoot delta
(Shiller and Boyle, 1991). The differences in seasonal discharge
typically lead to highly variable spatial salinity distributions in
the Mississippi River estuary and Louisiana Shelf. Most of the
Mississippi River discharge reaches the Gulf of Mexico through
three major distributaries in the birdfoot delta: Pass á Loutre,
Southwest Pass, and South Pass (Shiller and Boyle, 1991). The
samples reported in this study were collected along the Southwest
Pass and out into the Louisiana Bight of the Gulf of Mexico.
The Southwest Pass was chosen for this study because it empties
westward along the Louisiana-Texas shelf, where approximately
50% of the Mississippi River’s discharge flows (Bianchi et al.,
2010).

METHODS

Sample Collection
Water sampling was done using Teflon R© tubing via a peristaltic
pump and transferred into high-density polyethylene (HDPE)
sample bottles, all of which were pre-cleaned following trace
metal cleaning procedures (e.g., Johannesson et al., 2004). A
total of 15 water samples were collected for analysis of REE
concentrations. Thirteen water samples from the Louisiana Bight
(labeled 0–10, Figure 1; Table 1), which include 9 surface water
samples (∼1m depths), and 4 deeper water samples (>6m
depths) from two locations (labeled 6 and 10, Figure 1; Table 1),
were collected in June 2014. Two “fresh” (salinity, S ≈ 0)
Mississippi River water and SPM samples were collected in
January 2016, for REE concentrations and Nd isotopes analyses.
Both river water samples are labeled “MR” in Figure 1, with one
collected in the river channel, whereas the second water sample
was obtained nearby, from a crevasse where the river spills
across its natural levee into Breton Sound. The water samples
were filtered through 0.45µm Gelman Sciences (polysulfone
ether membrane) high capacity filters during sample collection.
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FIGURE 1 | Lower Mississippi River delta showing the sampling locations of waters (yellow circles), SPM (yellow circle labeled “MR”), and sediment (bright red circle

labeled “New Orleans”). The dark red circles labeled “Venice” and “Pilotstown” show the locations of the earlier εNd(0) measurements by Stordal and Wasserburg

(1986). Atchafalaya River and Bayou Lafourche are major and minor, respectively, distributaries of the MR. Base map from GeoMapApp.

The filter capsules were transferred to clean zip-lock R© style
polyethylene bags for analysis of the SPM collected by the filter
membrane.

The filtered water samples were returned to the laboratory
where they were acidified inside a class 100 (ISO 5 rated)
clean room to pH < 2 with ultrapure HNO3 (Thermo Fisher
OptimaTM) within 24 h of collection. Acidification is to prevent
iron and manganese oxide/oxyhydroxide precipitation, and
adsorption losses of the REE to the sample bottle walls. In
addition to the water samples, a sediment sample was collected
from the Mississippi River bank at New Orleans (labeled “New
Orleans”; Figure 1), for analysis of total REE contents and by
sequential extraction. The sediment sample was collected by grab
sampling into clean zip-lock R© style polyethylene plastic bags for
transport to the laboratory where it was oven dried at ca. 80◦C
and stored prior to analysis.

Sample Analysis
Sample preparation procedures for all analyses in this study were
performed within a Class 100 (ISO 5 rated) laminar flow clean
bench and/or clean laboratory. Major cations (Ca2+, Mg2+, Na+,
K+) concentrations in Mississippi River water were analyzed
on acidified samples by high resolution inductively coupled
plasmamass spectrometry (HR-ICP-MS; Thermo Fisher Element
II), as described previously (Chevis et al., 2015; Johannesson
et al., 2017). Anion concentrations (Cl−, SO2−

4 , NO−
3 , F

−) were
determined in unacidified river water samples by Dr. Susan
Welch via ion chromatography (Dionex DX-3000) at Ohio State

University, following the approach of Welch et al. (1996). The
temperature, dissolved oxygen concentrations, turbidity, and
salinity of the Mississippi River estuary samples were determined
on-site using a Seabird SBE 19+ v2 multi-meter, whereas pH was
measured using a waterproof double junction pHTestr R© 30 pH
electrode.

Mississippi River and estuary waters were analyzed for REE
using pre-established methods (e.g., Johannesson et al., 2011,
2017; Chevis et al., 2015). Aliquots (30mL) of the filtered and
acidified water samples were loaded onto Bio-Rad R© Poly-Prep
columns packed with∼2mL of Bio-Rad R© AG 50W-X8 (200–400
mesh, hydrogen form) cation exchange resin. Prior to loading,
the columns were pre-cleaned using alternating 10mL rinses of
6M ultra-pure hydrochloric acid (HCl) and Millipore-Q water
(18.2 M� cm). After loading the samples on the columns, Fe
and Ba were sequentially eluted from the columns by rinsing,
first with 3mL of 1.75M ultra-pure HCl, followed by 3mL of
2M ultra-pure HNO3 (Greaves et al., 1989). The REE were
then eluted from the columns using 10mL of 8M ultrapure
HNO3, and collected into pre-cleaned Teflon R© beakers. The
REE eluents were subsequently evaporated to near dryness
and then re-dissolved in 10mL of 1% (v/v) ultrapure HNO3

solution. Aliquots (30mL) of the National Research Council
Canada (Ottawa, Canada) Standard Reference Material (SRM)
for estuarine waters (SLEW-3) were also loaded onto identical
columns, as were 30mL aliquots of Millipore-Q water, which
acted as analytical blanks (e.g., Johannesson et al., 2017). The
column separation converted the original 30mL sample aliquot
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TABLE 1 | Field parameters characterizing the Mississippi River and estuary water samples, with individual sampling location and collection depth.

Sampling point no.U Latitude Longitude Sample Depth (m) Temp (◦C) Salinty DO (mmol kg−1) Turbidity (NTU) pH

MR 29◦21.463′N 89◦26.461′W ∼1 – 0 – – 7.8

0 28◦58.156′N 89◦25.820′W 1.3 28.0 8.2 0.26 54.5 8.1

2 28◦59.104′N 89◦30.211′W 1.3 29.8 22.8 0.22 1.1 8.3

3 29◦00.668′N 89◦33.842′W 1.1 29.6 22.6 0.22 28.7 8.4

4 29◦03.164′N 89◦37.448′W 1.2 29.6 20.9 0.21 39.9 8.4

5 29◦05.951′N 89◦46.504′W 1.4 29.3 21.4 0.21 50.0 8.4

6a 29◦08.564′N 89◦46.462′W 17.5 24.4 36.0 0.05 7.5 7.8

6b 29◦08.564′N 89◦46.462′W 6.2 28.1 31.4 0.16 40.3 8.1

6c 29◦08.564′N 89◦46.462′W 0.8 29.2 19.8 0.22 44.6 8.4

8 28◦56.470′N 89◦54.109′W 1.2 30.1 22.4 0.21 83.5 8.5

9 28◦53.162′N 90◦05.988′W 1.3 30.2 23.1 0.22 39.8 8.5

10a 28◦52.284′N 90◦29.326′W 16.8 23.6 35.7 0.04 5.7 7.8

10b 28◦52.284′N 90◦29.326′W 11.1 24.9 34.4 0.11 18.4 8.0

10c 28◦52.284′N 90◦29.326′W 1.5 29.5 27.5 0.21 36.3 8.3

UNumbers correspond to those given on Figure 1.

to a final volume of 10mL, producing a 3-fold increase in REE
concentrations in the solutions introduced to the HR-ICP-MS,
which in effect lowered the detection limit by a factor of ∼3 for
each REE.

Prior to analysis, each 10mL concentrated aliquot was
spiked with 115In (at 1 µg kg−1), as an internal standard.
To minimize various polyatomic, oxide/hydroxide, and other
mass interferences, multiple resolution configurations were used
on the HR-ICP-MS (Chevis et al., 2015). The REE isotopes
monitored at various resolutions are as follows: 139La, 140Ce,
141Pr, 143Nd, 145Nd, 146Nd, 147Sm, 149Sm, 151Eu, 153Eu, 155Gd,
157Gd, 158Gd, 159Tb, 161Dy, 163Dy, 165Ho, 166Er, 167Er, 169Tm,
172Yb, 173Yb, and 175Lu, at low and high-resolution modes; 139La,
140Ce, 141Pr, 143Nd, and 145Nd, at low and medium-resolution
modes. We also monitored 151Eu, 153Eu, and the HREE in
high-resolution mode to resolve interferences from BaO+ and
LREEO+ species formed in the plasma stream on the two Eu
isotopes, and other REEO+ species on the HREE. A series of
REE calibration standard solutions with concentrations 5, 10, 20,
100, 500, and 1,000 ng kg−1 were prepared from NIST traceable
High Purity Standards (Charleston, SC). As an additional check
of accuracy, we compared our measured values of the REE for
SLEW-3 with those reported by Lawrence and Kamber (2006).
The relative standard deviations (RSD) were better than 5% for
the determination of REE in the water samples.

Neodymium isotopic compositions of the Mississippi River
water samples (labeled “MR”; Figure 1), as well as acid leachates
of the SPM collected on the 0.45µm filters, used for filtering
these water samples 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, εNd(0).
Epsilon notation is defined as:

εNd(0) =

[
(

143Nd/144Nd
)

measured
(

143Nd/144Nd
)

CHUR

− 1

]

× 104, (1)

in which (143Nd/144Nd)measured is the isotopes ratio measured
in the sample and (143Nd/144Nd)CHUR is the present day
Nd isotopes ratio (0.512638) for CHUR (Chondritic Uniform
Reservoir; Jacobsen and Wasserburg, 1980).

Before transfer to the University of Florida, the freshwater
samples (3 L each) were evaporated to near dryness and then
diluted to 30mL with 2% HNO3. The filters were leached to
obtain the REE concentrations and Nd isotopic composition
of the combined acid leachable fractions (carbonate and/or
Fe/Mn oxide/oxyhydroxide minerals) following the procedure
of Landing and Lewis (1991). Briefly, the filters were leached at
room temperature for 4 h each, first with 20mL of 25% acetic
acid, followed by 20mL (1:1; volume) mixture of 2M HCl/1M
HNO3. The leachates were then combined, evaporated to near
dryness, and diluted to 30mL with 2% HNO3, prior to analysis
for REE concentrations and Nd isotopic composition.

At the University of Florida, the 30mL samples were again
evaporated to near dryness, and then diluted with 1M HNO3,
before passing through TruSpec resins to isolate REE, followed
by LnSpec resin to isolate Nd, as modified from Pin and
Zalduegui (1997). Procedural blanks of 14 pg Nd, or minimum
three orders of magnitude lower than sample abundances were
monitored. Samples of isolated Nd were diluted with 2%
HNO3 to achieve 143Nd monitor peak values of 2–5V. All
samples were analyzed 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 146NdO/144NdO = 0.7219. 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-1value of 0.512115 (Tanaka et al.,
2000). Long-term external reproducibility of replicate runs of
JNdi-1 is ±0.000014 (2 sigma), which is equivalent to ±0.3 εNd
units. This external uncertainty is typically larger than internal
uncertainties, and the larger of the two errors is assigned to all
samples.
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The REE concentrations in different operationally defined
fractions of Mississippi riverbank sediment were investigated
using the sequential extraction procedure of Tessier et al. (1979)
and detailed in Willis and Johannesson (2011). Briefly, this
procedure consisted of five duplicate sequential leaches of the
sediment, with each duplicate step targeting the REE composition
of an operationally defined fraction of the sediment. The
sediment residue following each step served as input for leaching
of the subsequent fraction. The sediment residue was separated
from the leachate by centrifugation, and rinsed with Millipore-
Q water, before the next leaching step. Fraction 1 represents
the easily exchangeable fraction, referring to REE sorbed onto
the surface of the sediment. Fraction 2 represents the acid labile
fraction, referring to the REE content of the carbonate minerals
in the sediment. Fraction 3 represents the reducible fraction,
referring to the REE content of the Fe/Mn oxides/oxyhydroxides
within the sediment. Fraction 4 represents the oxidizable fraction,
referring to the REE content of the organic matter and/or sulfide
minerals in the sediment. Lastly, fraction 5 represents the residual
fraction, referring to the REE content of silicates and framework
minerals in the sediment.

Solution Complexation Model
Solution complexation modeling of the REE concentrations in
Mississippi River water was performed using the Windermere
Humic Aqueous Model VII (WHAM VII), which includes the
latest version of the Humic Ion Binding Model VII (Tipping,
1994; Tipping et al., 2011). WHAM VII was chosen for the
REE speciation modeling because: (1) it is able to model REE
complexation with both organic and inorganic ligands; (2) the
model predictions agree well with the results of ultrafiltration
experiments; and (3) sensitivity analysis indicates that the model
correctly predicts the impact of changing ionic strength and
competing cations (i.e., Fe3+, Al3+) on REE complexation with
natural organic ligands (Tang and Johannesson, 2003; Pourret
et al., 2007; Marsac et al., 2017).

For REE complexation with inorganic ligands, the infinite
dilution stability constants for the bicarbonate, carbonato, and
dicarbonato lanthanide complexes in the WHAM VII default
database were replaced with those from Luo and Byrne (2004).
In addition, we replaced the following default database stability
constants: hydroxyl complexes with those from Klungness and
Byrne (2000); sulfate complexes with those from Schijf and Byrne
(2004); chloride complexes with those from Luo and Byrne
(2001); and fluoride complexes with those from Luo and Byrne
(2000). Furthermore, for REE complexation with humic matter
(i.e., humic and fulvic acids), we modified the default database
of WHAM VII by replacing the average intrinsic equilibrium
constants (KMA), with the corresponding values determined by
Pourret et al. (2007).

We evaluated REE complexation with dissolved organic and
inorganic ligands in the Mississippi River, and for comparison,
the Amazon River, the world’s largest river, which has been the
focus of extensive studies of the REE (e.g., Rousseau et al., 2015
and references therein). The major ions concentrations used for
REE complexation modeling (Table 2) in the Mississippi River
water are those measured in this study, whereas both major ions,

TABLE 2 | Summary of input parameters used for the WHAM VII geochemical

modeling.

Major

ions*

Miss. River Amazon River REE* Miss. River Amazon River

mmol kg−1 mmol kg−1 pmol kg−1 pmol kg−1

HCO3 0.94 0.28 La 150 763

Na 0.44 0.07 Ce 239 1,556

Mg 0.51 0.03 Pr 41 220

Ca 0.40 0.09 Nd 184 943

K 0.10 0.02 Sm 42 232

F 0.01 – Eu 11 68

Cl 0.65 0.03 Gd 52 226

NO3 0.03 – Tb 7 27

SO4 0.41 0.02 Dy 41 205

Ho 9 39

DOC=P 0.29 0.42 Er 27 108

pH* 7.80 6.89 Tm 4 20

Yb 24 92

Lu 4 13

*Mississippi River data are from river water sample in this study, whereas Amazon River

data are from Gaillardet et al. (1997).
=PDissolved organic carbon (DOC) in mmol kg−1, data from Thurman (1985).

and REE concentrations used for the Amazon River are from
the “Amazon 20 after Santarem” location from Gaillardet et al.
(1997). Dissolved organic carbon (DOC) concentrations used for
modeling of the Mississippi and Amazon Rivers are 290 µmol
kg−1 and 417 µmol kg−1 respectively, obtained from Thurman
(1985). Following the approach of Tang and Johannesson (2010),
we assumed that fulvic acid is the sole organic phase in the
organic matter and that it constitutes 80% of the reported DOC
concentrations.

RESULTS

General Geochemistry and Major Ions in
the Mississippi River Water
Field parameters that characterize the Mississippi River and
estuary water samples are presented in Table 1, along with
information detailing the specific sample locations (i.e., latitude
and longitude), and collection depth. The pH of the waters range
from 7.8 in the Mississippi River to 8.5 in the Louisiana Bight.
Also, the salinities range from 0 in the Mississippi River to 36
in the Louisiana Bight. Major ions concentrations, including
bicarbonate alkalinity of 0.94 mmol kg−1 measured in the
Mississippi river water, as input for geochemical modeling are
presented in Table 2, along with data for the Amazon River from
Gaillardet et al. (1997).

REE Concentrations of Mississippi River
Estuary Waters
The REE concentrations in the water samples are presented
in Table 3, and the Post Archean Australian Shale (PAAS;
McLennan, 1989) normalized REE fractionation patterns are
shown in Figure 2. Shale-normalized REE patterns of Mississippi
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TABLE 3 | The REE concentrations, relative standard deviation (i.e., instrumental precision), and computed Ce and Gd anomalies of samples from the Mississippi River

and Louisiana Shelf.

Sampling Point No. Concentrations (pmol kg−1) ± RSD.

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ce/Ce* Gd/Gd*

MR-channel 150 239 41 184 42 11 52 6.9 41 9.0 27 3.7 24 4.0 0.70 1.34

1.6 0.6 0.9 2.7 0.5 0.9 3.8 0.2 0.3 0.1 0.1 0.2 0.5 0.1

MR-crevasse 133 210 37 168 38 10 46 6.4 39 8.5 25 3.5 23 3.8 0.69 1.28

1.5 0.9 0.4 1.7 0.9 1.6 4.2 0.1 0.5 0.0 0.2 0.1 0.1 0.1

0 78 70 25 97 21 5 35 6.6 52 7.2 25 3.2 22 3.2 0.36 1.07

2.4 0.7 1.1 6.6 0.3 0.7 3.5 0.7 2.1 0.7 1.2 0.1 0.8 0.1

2 98 80 23 104 23 7 33 5.0 35 8.3 26 3.7 22 3.5 0.39 1.24

2.4 0.1 0.2 2.9 0.7 2.5 1.1 0.2 2.1 0.1 0.8 0.1 1.3 0.1

3 102 80 22 95 21 5 29 4.6 32 7.7 24 3.5 19 3.3 0.39 1.20

0.9 2.3 0.7 1.2 0.9 1.8 0.9 0.2 0.6 0.2 0.3 0.1 0.1 0.2

4 95 71 22 104 23 7 34 5.1 37 9.0 28 4.1 23 3.9 0.36 1.26

1.1 0.4 0.1 4.5 0.7 0.8 1.1 0.1 0.5 0.1 0.9 0.1 0.3 0.2

5 155 141 31 138 30 8 41 6.0 46 10.7 35 5.1 30 4.9 0.47 1.27

2.8 0.5 0.4 1.5 1.2 3.0 0.4 0.1 1.9 0.4 1.4 0.1 0.4 0.1

6a 94 32 15 71 15 5 23 4.2 34 7.6 25 3.4 21 3.3 0.19 1.10

0.9 0.4 0.2 1.3 0.3 1.9 0.7 0.1 1.5 0.1 0.6 0.1 0.9 0.1

6b 75 52 15 68 15 6 21 3.2 26 5.7 19 2.8 16 2.5 0.35 1.21

1.1 0.8 0.2 2.7 0.7 0.8 0.7 0.1 0.6 0.2 0.8 0.1 0.7 0.2

6c 85 58 19 90 23 6 31 4.7 36 8.3 28 4.0 25 4.0 0.33 1.20

1.1 0.1 0.3 1.2 1.3 2.7 1.0 0.1 0.6 0.2 1.1 0.1 0.4 0.1

8 77 42 17 83 20 5 29 4.1 34 7.6 25 3.6 21 3.5 0.27 1.32

0.6 0.6 0.3 1.8 0.3 0.9 0.9 0.1 1.7 0.1 0.3 0.1 0.9 0.1

9 87 69 19 88 22 6 32 4.6 35 8.2 26 3.6 22 3.6 0.39 1.29

1.0 0.8 0.5 1.8 0.6 2.6 1.6 0.1 1.4 0.2 0.9 0.2 0.8 0.1

10a 65 28 11 51 12 4 18 3.0 26 5.9 20 2.8 18 2.8 0.24 1.15

1.0 0.1 0.2 2.4 0.8 1.1 1.0 0.1 0.6 0.1 0.4 0.1 0.6 0.1

10b 62 37 14 59 12 4 20 3.0 28 5.7 20 2.9 16 2.5 0.30 1.26

0.2 0.5 0.2 2.3 0.8 1.6 0.4 0.1 0.3 0.2 0.4 0.1 0.3 0.1

10c 58 42 15 66 15 5 24 3.9 33 6.8 24 3.5 20 3.4 0.33 1.23

1.0 1.0 0.3 1.9 1.6 1.8 0.6 0.2 0.6 0.3 0.9 0.1 0.8 0.1

Anomalies: Ce/Ce* = 2[Ce]n/([La]n+[Pr]n); Gd/Gd* = [Gd]n/(0.33[Sm]n+0.67[Tb]n), where n refers to shale-normalized values.

FIGURE 2 | (A) PAAS-normalized REE patterns for water samples collected from the Mississippi River and Louisiana Bight. (B) A comparison of Mississippi River

water sample (salinity ≈ 0) from this study with previous studies. The data from Shiller (2002) are discharge-weighted mean values.
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River and estuarine waters are heavy REE (HREE) enriched
(Figure 2A), which is consistent with results from previous
studies (Goldstein and Jacobsen, 1988a,b; Sholkovitz, 1995;
Shiller, 2002; Figure 2B). Light REE (LREE) concentrations
reported here for the Mississippi River are higher than many
of the previous analyses, whereas the HREE concentrations
fall within the same range. For example, we measured a Nd
concentration of 184 pmol kg−1 (sample MR in Table 3), which
is 2.3 times higher than the Nd concentration (80 pmol kg−1)
reported by Sholkovitz (1995), 1.8-fold higher than the discharge-
weighted mean (103 pmol kg−1) of Shiller (2002), and a factor of
1.4 higher than the value of 138 pmol kg−1 reported by Goldstein
and Jacobsen (1988b). However, our La value (150 pmol kg−1)
compares well with the value (142 pmol kg−1) reported by
Goldstein and Jacobsen (1988b). In contrast, our measured Yb
concentration of 24 pmol kg−1 is identical to those determined
by Sholkovitz (1995) and Shiller (2002), who reported 25.3
pmol kg−1 and 24 pmol kg−1respectively, and lower than the
Yb concentration of 35 pmol kg−1 reported by Goldstein and
Jacobsen (1988b).

All the Mississippi River estuary samples show negative Ce
anomalies, with the more saline waters of the Louisiana Bight
commonly exhibiting more pronounced negative Ce anomalies
compared to the fresh river water (Table 3; Figure 2). Specifically,
the river water has a Ce anomaly of 0.7, whereas the mean ± 1σ
of waters from the Louisiana Bight is 0.34 ± 0.07. The estuarine
samples also have small, positive Gd anomalies, which initially
decrease from ∼1.32 in the fresh river water to ∼1.05 in the
low salinity sample (S = 8), before increasing to values between
∼1.2 and 1.3 within the Louisiana Bight. The mean ± 1σ of Gd
anomalies for waters from the Louisiana Bight is 1.22± 0.07.

Concentrations of selected LREE, middle REE (MREE),
and HREE are shown in Figures 3A–C as a function of
salinity within the Mississippi River estuary. The LREE show a
pronounced decrease in concentration with increasing salinity in
the Mississippi River estuary, which is not obvious for MREE or
HREE. For example, the Nd concentration of the surface waters
decrease from 184 pmol kg−1 in the fresh river water (sample
MR) to 65.8 pmol kg−1 in the most saline water sample collected
from the Louisiana Bight (sample 10c, S = 27.5; Figure 3A). In

FIGURE 3 | Concentrations of selected (A) LREE (La, Ce, Nd), (B) MREE (Sm, Gd, Dy), and (C) HREE (Er, Yb, Lu) as a function of salinity in the Mississippi River

estuary. (D–F) River normalized concentrations of the same selected LREE, MREE, and HREE as a function of salinity in the Mississippi River estuary.
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contrast, the Lu concentration decreases from 3.96 pmol kg−1 to
3.45 pmol kg−1 for these same samples (Figure 3C). A notable
feature of the Mississippi River estuary is the “spike” in REE
concentrations in the mid to high salinity region (i.e., 20 ≤ S
≤ 25), which affects all the REE (Figure 3). For example, Nd
increases from 90.4 to 138.2 pmol kg−1 between salinities 19.8
and 21.3, before decreasing to 103.8 pmol kg−1 at salinity 22.7.
The data indicate that Tm concentrations in this region of the
estuary are as much as 40% greater than in the Mississippi River,
and Dy values are roughly 27% higher (Figure 3E).

Rare earth elements concentrations of the estuary waters are
normalized to the fresh river water sample, and plotted as a
function of salinity in Figures 3D–F. These plots reveal that
within the low salinity region of the estuary (i.e., S ≤ 8), the river
water-normalized REE concentrations decrease by as much as
71% for Ce and 48% for Nd (Figure 3D), and as little as 5 and 7%
for Er and Yb, respectively (Figure 3F). River water-normalized
Nd concentrations for theMississippi River estuary are compared
in Figure 4, to data for the majority of other estuaries studied to
date. The outstanding feature of these data is that Nd removal in
the Mississippi River estuary is substantially less than observed
in these other estuaries. For example, Nd only decreases by ca.
50% in the Mississippi River estuary, compared to ca. 90% in the
Amazon River estuary over the same salinity range. The most
saline surface water sample from theMississippi River estuary has
a Nd concentration that is ca. 38% of the river water endmember,
which translates to an overall removal of 62% for river sourced
Nd across the estuary.

Complexation Model Results
Results of the solution complexation modeling are presented
in Figure 5 for the Mississippi River and Amazon River for
comparison. In the Mississippi River water, the model predicts
that >95% of each REE occurs complexed with humic matter
(Figure 5A). For the inorganic complexes, the model predicts
e.g., Carbonato complexes, LnCO+

3 , to account for at most ∼1%
of Ce in solution, with the dicarbonato complexes, Ln(CO3)

−
2 ,

accounting for at most 0.1% of Ce (Figure 5A). Speciation
modeling predictions for the Amazon River are similar to those
for the Mississippi River, with >90% of each REE predicted
as organic matter complexes (Figure 5B). However, the model
predicts that greater amounts of the LREE will occur in Amazon
River waters as carbonato complexes (e.g., 6–7% for Ce) and
as free metal ions (e.g., ∼1% for La; compare Figures 5A,B).
The predicted dominance of organic REE complexes in both
the Mississippi and Amazon Rivers is consistent with previous
studies, that REE are carried in most major world rivers as
organic matter complexes (e.g., Tang and Johannesson, 2003;
Pourret et al., 2007).

REE Content of Mississippi River Sediment
The REE content of the operationally defined fractions of
the Mississippi River bank sediment are presented in Table 4.
Percentage distribution of the REE in each fraction, and the
shale-normalized REE patterns are shown in Figure 6. The
REE concentrations increase with successive leaching as follows:
exchangeable < acid leachable < reducible < oxidizable <

residual. The total bulk sediment, sum of all five sequential
extractions, and the residual fraction of the sediment have
flat shale-normalized patterns. The oxidizable, reducible and
acid leachable fractions have MREE enriched shale-normalized
patterns, whereas the readily exchangeable fraction is depleted in
the LREE. The differences in shale-normalized REE patterns of
the various leached fractions are also reflected in their Sm/Nd
ratios. For example, the highest Sm/Nd ratio (0.58) is observed
for the exchangeable fraction, which is strongly depleted in the
LREE, whereas the residual fraction has the lowest Sm/Nd ratio
(0.18). The computed MREE enrichments (i.e., MREE/MREE∗;
Haley et al., 2004) range from a low of 1.06 for the residual
silicates, to a high of 2.05 for the acid leachable.

Mississippi River Water and SPM εNd(0)
Neodymium isotope values [i.e., εNd(0)] for Mississippi River
water samples, and the labile fraction of the associated SPM
analyzed in this study are presented in Table 5. In addition, all
known Nd isotope data for the Mississippi River system from the
literature are reproduced in Table 5. These data include variously
filtered river waters and associated SPM from different locations
along the river, as well as sediment samples. The Nd isotope
composition of the two Mississippi River waters sampled are
identical, within analytical error (i.e., 2σ), exhibiting εNd(0) values
of−10.5 (Table 5). In contrast, εNd(0) values for the acid leachable
fraction of SPM from the MR site in the lower Mississippi River
are more radiogenic than the river water from the same location
[i.e., mean εNd(0) ca.−9.9; Table 5].

DISCUSSION

Controls on REE in the Mississippi River
Estuary
The REE concentrations measured in the Mississippi River water
in this study are in general agreement with previous studies,
and the difference in LREE concentrations shown in Figure 2B

likely reflects seasonal variations. For example, Shiller (2002)
reported a Nd concentration of 163 pmol kg−1 in January
1992, which is higher than his discharge-weighted mean Nd
concentration, and closer to the Nd concentration (184 pmol
kg−1) we measured in this study, which was also sampled in
January. Shiller (2002) noted that seasonal variability is more
pronounced for the LREE relative to the HREE in Mississippi
River water, with the LREE exhibiting a 5-fold variation between
winter and summer. Another possible factor that could explain
our higher LREE concentrations may be related to sampling
locations. All previous samplings of the Mississippi River were
upstream of Baton Rouge, Louisiana, whereas we sampled the
river near its mouth (Figure 1).

Shale-normalized REE patterns in this study show both Ce
and Gd anomalies in all the water samples (Table 3; Figure 2A).
The observed negative Ce anomaly becomes greater as the “fresh”
water from the Mississippi River (Ce anomaly = 0.7) mixes with
the more saline water in the Louisiana Bight (mean ± 1σ; 0.34
± 0.07). These negative Ce anomalies are attributable to the
higher particle reactivity of Ce owing to its redox sensitivity,
relative to its neighboring REE. This higher particle reactivity of
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FIGURE 4 | River water-normalized Nd concentrations through the Mississippi River (MR) estuary (locations from Figure 1; this study) compared to other

river/estuarine systems. (A) Compares the MR estuary to estuarine systems reviewed in Rousseau et al. (2015). (B) Compares the MR estuary’s “conservative mixing”

with station 182-1 in Osborne et al. (2015) to river/estuarine systems of the Laptev Sea (Figure 8a in Laukert et al., 2017), and the Amazon River estuary (Rousseau

et al., 2015).

FIGURE 5 | Solution complexation modeling (WHAM VII) results for (A) the Mississippi River water, and (B) the Amazon River water, where Ln represents individual

REE, and HM represents humic material. Note that the ordinate scales are logarithmic.

Ce becomes amplified during salt induced coagulation of colloids
in the estuary, which is responsible for the increase in the negative
Ce anomaly with increasing salinity (Elderfield et al., 1990;
Sholkovitz, 1995; Shiller, 2002). For Gd anomalies, we recognize
that anthropogenic Gd from the use of gadopentetic acid in
magnetic resonance imaging may contribute to the positive Gd

anomalies observed in Mississippi River water (1.34) and waters
from the Louisiana Bight (mean± 1σ; 1.22± 0.07). In which case
we assume that dilution effect due to the size of the Mississippi
River results in the small magnitude of these values. On the
other hand, the positive Gd anomalies found in all the water
samples in this study are within the range typical of unpolluted
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TABLE 4 | The REE concentrations of the sequentially extracted operationally defined fractions of Mississippi River sediment, and computed Sm/Nd ratios and MREE

enrichment.

– Fractions –

Exchangeable - F1 Acid leachable - F2 Reducible - F3 Oxidizable - F4 Residual - F5 Sum of

extractions

Total digestion

µg kg−1
± µg kg−1

± µg kg−1
± µg kg−1

± µg kg−1
µg kg−1

µg kg−1

La 9 1 567 45 2,697 211 5,285 124 16,928 25,486 35,503

Ce 37 4 1,192 121 6,997 804 12,120 193 32,660 53,007 68,785

Pr 6 1 182 13 895 78 1,462 53 3,945 6,491 8,358

Nd 47 6 898 62 3,824 279 5,612 181 13,895 24,276 30,810

Sm 27 1 259 20 949 40 1,256 51 2,525 5,017 6,133

Eu 13 1 81 3 255 11 305 5 608 1,262 1,403

Gd 27 2 333 26 1,097 71 1,512 39 2,567 5,536 6,472

Tb nd – 33 3 127 8 189 13 277 626 750

Dy 23 2 227 17 778 61 1,123 48 1,647 3,797 4,400

Ho 7 0 49 4 157 7 226 8 354 792 907

Er 24 2 124 6 425 26 603 13 1,070 2,247 2,664

Tm nd – 13 0 52 3 77 4 157 299 382

Yb 24 2 90 6 344 23 479 3 1,121 2,058 2,637

Lu 3 0 14 0 50 5 67 2 176 309 393

Sm/Nd 0.58 0.29 0.25 0.22 0.18 0.21 0.20

147Sm/144Nd 0.35 0.18 0.15 0.13 0.11 0.13 0.12

MREE/MREE* 1.56 2.05 1.69 1.52 1.06 1.19

nd, below detection limit. *MREE enrichments (Haley et al., 2004).

FIGURE 6 | (A) PAAS-normalized REE patterns of different operationally defined fractions from sequential extractions of Mississippi River sediment, and comparison

of the sum of extractions to a single total digestion of sample aliquot. (B) Percentage distribution of the REE between the operationally defined fractions.

natural waters, including seawater, and much less than the values
(≥4) reported for most waters affected by anthropogenic Gd
input (e.g., Kim et al., 1991; Bau and Dulski, 1996). Hence,
the positive Gd anomalies observed here may be analogous to
naturally occurring positive Gd anomalies, which are attributed
to ionic radius independent fractionation due to Gd’s half-filled
4-f electron shell, which affects both the solution and surface
complexation behavior of Gd compared to Eu and Tb (Kim et al.,
1991; Bau and Dulski, 2003).

Two observations have been extensively reported regarding
REE concentrations in estuaries: removal in the low salinity

region and release in the mid to high salinity region. For
example, such behavior has been described for the estuary of
the world’s largest river, the Amazon River (e.g., Rousseau et al.,
2015 and references therein). Rare earth elements concentrations
also decrease as Mississippi River water first mixes with Gulf
of Mexico water on the Louisiana Shelf (Figure 3). These
observations are consistent with change in water chemistry
(e.g., ionic strength) with increase in salinity, which nullifies
the repulsive energy barrier between colloidal particles, bringing
about flocculation and settling out of colloids (Edzwald et al.,
1974). In this study, the removal by this mechanism follows the
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TABLE 5 | Neodymium concentrations and isotopic compositions, εNd(0) values,

of Mississippi River water, suspended particulate matter (SPM), and sediment.

Sample type Filter (µm) Nd εNd(0) Location

Watera 0.1 32.6 pmol kg−1 −12.1 ± 0.5 Pilotstown, LA

Waterb 0.2 318 pmol kg−1 −19.5 Jackson, MN

Waterb 0.2 165 pmol kg−1 −8.6 Chester, IL

Watera 0.4 81.1 pmol kg−1 −10.5 ± 0.5 Pilotstown, LA

Watera 0.4 76.3 pmol kg−1 −12.1 ± 0.5 Venice, LA

Waterc (River

channel)

0.45 184 pmol kg−1 −10.55 ± 0.29 Near Venice, LA

Water-2c (Breton

Sound)

0.45 168 pmol kg−1 −10.53 ± 0.33 Near Venice, LA

SPMd >0.2 30.4 ppm −19.4 Jackson, MN

SPMd >0.2 40.8 ppm −10.1 Chester, IL

SPMc (Acid

leachable)

0.45 0.12 ppm −9.95 ± 0.20 Near Venice, LA

SPM-2c (Acid

leachable)

0.45 0.15 ppm −9.77 ± 0.23 Near Venice, LA

Sedimente 32.6 ppm −10.9 Near Venice, LA

Sedimentf (clays) 39.8 ppm −10.8 Delta front

Sedimentf (silts) 30.3 ppm −12.3 Delta front

aStordal and Wasserburg (1986); bGoldstein and Jacobsen (1987); cThis study (location

MR in Figure 1); dGoldstein and Jacobsen (1988a); eGoldstein et al. (1984); fBayon et al.

(2015).

general order LREE > MREE > HREE (Figure 3), likely because
of the higher particle reactivity of the LREE. Also because the
HREE, and to a lesser extent, the MREE, form stronger solution
complexes than the LREE (Sholkovitz, 1995; Nozaki et al., 2000;
Sholkovitz and Szymczak, 2000).

The global average removal of Nd in estuaries has been
estimated to be roughly 70% of the river borne Nd concentration
(Goldstein and Jacobsen, 1987), although many estuaries exhibit
greater amounts of Nd removal (e.g., > 90% for the Amazon;
Figure 4A). Many, but not all estuaries also exhibit release of REE
back to the water column at mid to high salinities (Figure 4A).
Others, including the Connecticut River estuary, the Chao Phraya
River estuary (Thailand), and Elimbah Creek (Australia) exhibit
concentration “spikes” over relatively narrow salinity ranges at
various salinities (Figure 4A). These concentration “spikes,” such
as observed on the Louisiana Shelf are commonly attributed to
sediment resuspension, remineralization of estuary sediments,
and/or desorption of REE from SPM (Nozaki et al., 2000;
Lawrence and Kamber, 2006).

An outstanding feature of theMississippi River estuary is what
appears to be lower amounts of REE removal in the low salinity
region of the estuary when compared to the majority of other
estuaries investigated (Figures 3, 4). For example, 97% of the
Nd in the Amazon River is estimated to be removed in the low
salinity region of its estuary, compared to only ca. 50% in the
Mississippi River estuary (Figure 4). More specifically, our data
suggest that slightly more than 62% of the river borne Nd in
the Mississippi River is removed from solution by salinity ca. 30
compared to between 94 and 99% removal of river borne Nd in
the Amazon River estuary at the same salinity (Figure 4). This

relative stability of REE in theMississippi River estuary compared
to most other estuaries is intriguing and requires explanation.

There are a number of possibilities that could explain this
apparent stability of the REE in the Mississippi River estuary.
First, the high pH of the Mississippi River water (∼8.0) may
in part be responsible for the relatively lower REE removal
during estuarine mixing compared to other estuaries, such as the
Amazon estuary, which has a lower pH of 6.9 (Rousseau et al.,
2015). The higher pH of the Mississippi River water translates
to lower REE concentrations compared to the Amazon River.
For example, we measured a Nd concentration of 184 pmol
kg−1 in the Mississippi River, whereas a Nd concentration of
942 pmol kg−1 was reported for the Amazon River (Amazon
20) by Gaillardet et al. (1997), and Rousseau et al. (2015)
reported a Nd concentration of 852 pmol kg−1. Lower amounts
of REE available for removal during flocculation follows similar
argument advanced to explain the relatively low Fe removal
in the Mississippi River estuary (Shiller and Boyle, 1991). In
addition, the high pH of Mississippi River water suggests that
greater proportions of each REE will occur in solution as stable
aqueous complexes with organic ligands and carbonate ions
(Figure 5). A previous study of the Mississippi River estuary also
attributed low Fe removal, in part, to formation of strong aqueous
complexes with dissolved natural organic ligands (Powell and
Wilson-Finelli, 2003).

Although broadly similar, the aqueous complexation model
predicts that REE complexes with natural organic matter account
for more of each REE in Mississippi River water compared to the
Amazon River (Figure 5), despite the latter having higher DOC
concentration (i.e., 417 µmol kg−1 compared to 290 µmol kg−1

in the Mississippi River; Thurman, 1985). Specifically, the model
predicts that 99.4% of Nd in the Mississippi River, compared to
97.9% of Nd in the Amazon River is complexed with natural
organic matter. Conversely, 0.02% free Nd ions [Nd3+] is in
solution in the Mississippi River, compared to approximately an
order of magnitude greater, 0.12% as Nd3+ in the Amazon River.
Because the free metal ion species, Ln3+, is the most chemically
reactive form of the REE in solution, the higher proportion
of Ln3+ in the Amazon River indicates that it has relatively
more REE available for binding onto the surface of colloids
than the Mississippi River. These arguments are consistent with
recent field and experimental studies of estuaries, where it was
shown that river waters dominated by organic nanoparticles
and colloids (NPCs) exhibited markedly less removal of REE
from solution when mixed with seawater compared to rivers
with predominantly inorganic NPCs (Tepe and Bau, 2016;
Merschel et al., 2017). These studies employed various filtration
techniques including ultrafiltration to investigate colloidal and
“truly” dissolved fractions of the REE, and the organic matter
phase in WHAMVII is defined as colloidal (Tipping et al., 2011).

Another possible explanation for the apparent stability of the
REE across the salinity gradient in theMississippi River estuary is
that REE contributions from sediment sources on the Louisiana
Shelf mask the true amount of estuarine removal. Shallow
estuaries associated with large rivers discharging along coasts
with extensive continental shelf regions exhibit pronounced
release of REE from the shelf sediments, owing to intense
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sediment-water interactions (Sholkovitz and Szymczak, 2000).
Processes such as disaggregation, desorption, mineralization,
and bioturbation may influence the REE content of both
particulate and dissolved phases in shallow estuaries (McKee
et al., 2004; Abbott et al., 2015). The Louisiana Bight is such
a setting, with an average depth of ∼20m, possibly explaining
the “spike” in REE concentrations in the MRP for salinities
between 20 and 25 (Figure 3). Also, a conservative mixing
line appears to be generated (Figure 4B), by plotting the river
water-normalized REE concentrations of the Mississippi River
estuary waters from this study with seawater samples from station
182-1 (Osborne et al., 2015) located approximately 130 km
due east of the birdfoot delta, see Figure 8. This observation
parallels conservative mixing lines for the Amazon River estuary
and estuaries from the Laptev Sea (Figure 4B). This parallel
relationship further suggests that dissolution of labile mineral
phases from sediment resuspension impacts the distribution of
the REE in the estuary. Nonetheless, it is not known whether the
observed REE concentrations “spikes” are a common feature of
the Mississippi River estuary or are spatially and/or temporally
limited.

Dissolution of the labile mineral phases of river sourced
sediments in coastal regions is recognized as an important
flux of trace elements to the ocean (e.g., Pearce et al., 2013;
Jeandel and Oelkers, 2015). Because of the substantial sediment
load of the Mississippi River, which covers large regions of
the Gulf of Mexico, the river sediments likely exert important
controls on REE concentrations and Nd isotope composition
of the Gulf (Trefry and Shokes, 1981; Figure 8). A previous
study demonstrated that Mississippi River sediments play an
important role in the Sr isotope systematics of the Gulf of
Mexico (Xu and Marcantonio, 2004). More specifically, Xu and
Marcantonio (2004) showed, using the sequential extraction
procedure of Tessier et al. (1979) that the sediment’s residual
fraction is the chief reservoir (70–87%) of Sr, and further, that Sr
isotope ratios become more radiogenic with successive leaching
from the exchangeable to the residual fraction. Nevertheless,
it is well known that sequential extraction techniques are
subject to artifacts that result from incomplete dissolution,
re-adsorption, and non-selectivity of the extractant solutions,
prompting caution when interpreting the results (Sholkovitz,
1989).

Although only one sediment sample was analyzed in this
study, the results from Xu and Marcantonio (2004) showed
consistency in the distribution of Sr and Fe between the
different operationally defined fractions for all three samples
they analyzed, which suggests consistency in REE distribution.
Similar to Sr, majority of the REE (43–66%) are contained within
the non-labile, residual silicate mineral phases of the Mississippi
River sediment. These likely include secondary clay minerals
(e.g., kaolinite) and resistant accessory minerals like zircon
(Armstrong-Altrin et al., 2015; Armstrong-Altrin and Machain-
Castillo, 2016), as well as primary minerals like muscovite and
feldspars. In contrast to Sr, Sm/Nd ratios decrease with successive
leaching from the exchangeable to the residual fraction (Table 4;
Figure 6), which suggests that 143Nd/144Nd ratios become less
radiogenic with successive leaching. The sediment’s labile REE

fractions (34–57%)may becomemobilized by changes in solution
ionic strength, pH, and redox conditions, all of which are
characteristic of estuaries. For example, although the readily
exchangeable fraction accounts for much less than 1% by weight
of the total REE content of each REE (e.g., 326 nmol kg−1 for
Nd) in the Mississippi riverbank sediment (Table 4), this fraction
has Nd concentration nearly 1800 times higher than that of
the Mississippi River water (184 pmol kg−1 for Nd). Hence,
REE release from labile fractions of the river sediments and/or
SPM at the estuary will likely substantially influence the REE
geochemistry of the Gulf of Mexico.

Water column profiles at two sampling locations on the
Louisiana Shelf (i.e., locations 6 and 10 in Figure 1) show that
REE concentrations generally decrease from surface waters to
mid depths (∼6–10m), before increasing near the sea bottom
(Figure 7). The HREE exhibit greater decreases to these mid
depths, as well as greater relative increases from mid depths to
the sea bottom, compared to the LREE. For example, at sampling
location 6, Lu shows a ca. 35% decrease in concentration (4.0–
2.5 pmol kg−1) at mid depth, before a ca. 29% increase in
concentration near the bottom (2.5–3.3 pmol kg−1), whereas
Nd shows a ca. 25% decrease (90–68 pmol kg−1) at mid depth,
and only a ca. 5% increase (68–71 pmol kg−1) near the bottom.
The generally higher dissolved REE concentrations in the deep
samples may be attributed to dissolution of the labile mineral
phases within the resuspended sediments, or possibly a benthic
REE flux into the water column (Nozaki et al., 2000; Haley et al.,
2004; Lawrence and Kamber, 2006; Abbott et al., 2015).

To summarize, a combination of factors (i.e., higher pH, lower
REE concentrations, and solution complexation; Figure 5) may
be responsible for the apparent lower REE removal in the low
salinity region of the Mississippi River estuary, as compared to
other major estuaries (Figure 4A). However, without additional
data we cannot unequivocally rule out the possibility that
this apparent stability of REE across the salinity gradient is
a complex response to secondary REE source(s) within the
shallow Louisiana Shelf (Figure 4B). Although we acknowledge
the spatial and temporal limitations of the sampling in our study,
which introduce some uncertainties in our interpretations, our
data present an important finding about REE stability in the
Mississippi River estuary. This study begins the process to better
understand the influence of the Mississippi River estuary on the
REE systematics of the Gulf of Mexico. Hence, we suggest that
detailed investigations of REE in the Mississippi River estuary
and estuaries of other high pHmajor rivers (e.g., Changjiang, pH
7.8; Huanghe, pH 8.3; Ganges, pH 7.7; Indus, pH 7.8; Mackenzie,
pH 8.1; St. Lawrence, pH 8; Gaillardet et al., 2003) should be
undertaken, to investigate whether REE stability in the estuaries
of alkaline rivers is a feature common to these systems or an
anomaly characteristic of the Mississippi River.

Impact of Mississippi River on Nd Isotopes
in the Gulf of Mexico
A remarkable feature of the new εNd(0) data for the Mississippi
River in this study (Table 5) is that they are identical to the
Nd isotope composition of similarly filtered river water (0.4 vs.
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FIGURE 7 | Depth profiles of REE concentrations for samples No. 6 and 10 in the Louisiana Bight (details in Table 1) for selected REE, (A,C) LREE: La, Ce, Nd, and

(B,D) HREE: Ho, Tm, Lu.

0.45µm filters in this study) collected and analyzed more than
30 years ago from the same location (Stordal and Wasserburg,
1986). An identically filtered river water sample from Venice,
Louisiana exhibited a less radiogenic εNd(0) value (i.e., −12.1 ±

0.5), and a river water sample that was filtered through a smaller
pore size filter (0.1µm) also had an εNd(0) value of −12.1 ± 0.5
(Stordal and Wasserburg, 1986). The εNd(0) of the acid leachable
fraction of SPM from the lower Mississippi River (i.e., mean ca.
−9.9) is also more radiogenic than εNd(0) of bulk river sediment
collected nearby (−10.9; Goldstein et al., 1984), as well as the silt
and clay fraction of sediment collected at the river mouth (−12.8
and −10.8, respectively; Bayon et al., 2015). The other published
εNd(0) analyses of SPM from the Mississippi River are from near
the river’s headwaters in Minnesota [εNd(0) = −19.4], and from
the river in Illinois [εNd(0) = −10.1]. The εNd(0) values of SPM
from the river inMinnesota and Illinois clearly reflect the age and
Nd isotope composition of the underlying rocks in each region
(Goldstein and Jacobsen, 1988a,b).

Figure 8 shows the locations of water column profiles within
the Gulf of Mexico where Osborne et al. (2014, 2015) measured
Nd isotope compositions and REE concentrations (REE only for
St. 182-1). To the best of our knowledge, water column εNd(0)
and REE concentrations data for other locations in the Gulf
are not available in peer-reviewed literature. From the mean
and standard error of the εNd(0) measured in the water column
(Osborne et al., 2014), the seawater appears to become slightly
more radiogenic between the Yucatan Straits (−9.37 ± 0.69; n
= 4; St. 166-1), the eastern Gulf (−8.92 ± 0.38; n = 6; St. 194-
13), and the Florida Straits (−9.08 ± 0.27; n = 10; St. 200-2) as
it moves through the Gulf of Mexico (Figure 9). Both the mean
and standard error were weighted by the inverse of measurement
standard deviations. Gulf of Mexico waters, and in particular,
shallow waters from the eastern Gulf (Stations 194-13 and 200-2),
are more radiogenic than Mississippi River water (−10.5, up to 3
εNd units), as well as SPM and sediments from the river (Table 5;
Figure 9). Hence, the relatively radiogenic surface waters of the
eastern Gulf cannot be chiefly composed of Mississippi River
water.

Furthermore, despite substantial portions of the Gulf being
covered with clastic sediments sourced from the Mississippi
River (Figure 8; Trefry and Shokes, 1981), the limited εNd(0)
data for Mississippi River sediments (e.g., Goldstein et al., 1984;
Bayon et al., 2015) indicate that these materials are likely to
be substantially less radiogenic (as much as 5 εNd units) than
easternGulf, as well asMississippi River waters (Table 5; Osborne
et al., 2014). Although, the εNd(0) (±2σ) values for some of the
deep waters overlap with the εNd(0) value reported for Mississippi
River clay (Table 5; Figure 9; Bayon et al., 2015). Hence, the Nd
isotopic composition of waters in the Gulf are likely impacted
by contributions from radiogenic source(s) associated with the
Florida peninsula (Figure A1 in Osborne et al., 2014). Other
potential radiogenic sources include materials from young mafic
and intermediate volcanic rocks in the vicinity of Veracruz,
Mexico, which make up substantial portions of the continental
shelf and deep sea sediments in the southwestern Gulf of Mexico
(Armstrong-Altrin et al., 2015; Armstrong-Altrin and Machain-
Castillo, 2016).

The labile fraction of SPM collected in this study exhibits
the most radiogenic εNd(0) values (i.e., −9.95 ± 0.1, −9.77
± 0.23) reported for the lower Mississippi River, and these
values are distinct (±2σ) from Mississippi River waters (Table 5;
Figure 9). Furthermore, we note that the Sm/Nd ratios of
Mississippi riverbank sediment are highly variable, ranging
from 0.18 for the residual fraction to a high of 0.5 for
the readily exchangeable fraction (Table 4). Recasting these
Sm/Nd ratios as approximate 147Sm/144Nd ratios using the
conversion 147Sm/144Nd = 0.6049 × weight ratio of Sm/Nd
(Goldstein et al., 1984; DePaolo, 1988), leads to estimates of
147Sm/144Nd that range from 0.11 for the residual fraction
to 0.35 for the exchangeable fraction (Table 4). The estimated
147Sm/144Nd values of the different fractions of Mississippi
riverbank sediment are consistent with the notion that the
labile portions of the riverbank sediment are more radiogenic
than the bulk sediment. These observations are also consistent
with the measured εNd(0) values of the labile fraction of the
SPM.
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FIGURE 8 | Map of the Gulf of Mexico showing the locations of water column profiles (red circles) for REE and εNd(0) from Osborne et al. (2014, 2015), the Gulf region

subject to deposition of Mississippi River sediment (brown dashed line; Trefry and Shokes, 1981), and generalized track of the Loop Current (thick white arrow). The

study area (black rectangle around the MR delta) is shown in more details in Figure 1. The mean and standard error (see text for details) of the εNd(0) measured in the

water column in the Yucatan Straits, the eastern Gulf, and the Florida Straits (Osborne et al., 2014).

It was recently argued, that rapid exchange of Nd between
river waters and SPM leads to isotope equilibration, between
the dissolved and sorbed fractions in the Amazon River estuary
(Rousseau et al., 2015). A comparison of the Mississippi River
waters and bulk sediments to the more radiogenic labile fraction
of its SPM (Table 5), indicates that isotope equilibration between
dissolved and sorbed fractions does not describe Nd behavior
in the lower Mississippi River. Rousseau et al. (2015) argued
that dissolution of relatively non-radiogenic Amazon River
SPM, and/or sediments, occurred within the estuary, which was
responsible for lowering the εNd(0) values of the dissolved phase
by about 2 εNd units to Nd isotope values more similar to the
river sediments. Although our dataset is currently insufficient
to unequivocally evaluate whether similar processes might also
occur within the Mississippi River estuary, the existing data
suggest that the labile Nd fraction of SPM in the Mississippi
River is more radiogenic than the dissolved fraction (Table 5).
Hence, exchange of Nd between Mississippi River water and
SPM should lead to higher εNd(0) values in the estuary waters,
and not a decrease in εNd(0) values as reported for the Amazon
River estuary. Such exchange of more radiogenic Nd from SPM
to the dissolved phase may help to explain the generally more
radiogenic values of the Gulf of Mexico waters.

Ideally, it would be beneficial to develop a mass balance
model for Nd in the Gulf of Mexico to quantitatively assess the
importance of the Mississippi River on the εNd(0) composition
of the Gulf. However, considering the paucity of Nd isotope

data that currently exists for the Gulf of Mexico, it seems
unlikely that forward or inverse modeling (e.g., Singh et al.,
2012) could provide meaningful information to help identify
sources or sinks of Nd in the Gulf. Besides the Mississippi River
system, the Nd budget of the Gulf of Mexico is also likely
impacted by other rivers that discharge to the Gulf (e.g., >40
major estuarine systems occur within the Gulf; Wen et al., 1999),
benthic porewater fluxes, submarine groundwater discharge
(SGD), and/or atmospheric deposition. Although Johannesson
et al. (2011) and Chevis et al. (2015) demonstrated that SGD is
an important source of REE to Florida’s Atlantic coastal waters,
to the best of our knowledge no studies have examined REE or
Nd isotopes in SGD entering the Gulf. Hence, the possibility of
ascertaining the potential importance of SGD fluxes of REE and
Nd isotope to the Gulf of Mexico awaits future study. Similar
arguments can be made for the research gap on REE fluxes
from the other rivers discharging to the Gulf, as well as benthic
porewater fluxes. Hence, more sampling of the Gulf of Mexico is
necessary to address the possible contributions of these and other
sources.

CONCLUSIONS

Two outstanding features of the Mississippi River estuary are
apparent lower REE removal at low salinity, compared to
other major estuaries studied to date, and the “spike” in REE
concentrations at mid to high salinity on the Louisiana Shelf.
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FIGURE 9 | Neodymium concentrations (blue squares) and εNd(0) (red circles) for water column samples from stations 166-1, 194-13, and 200-2 shown in Figure 8

(data from Osborne et al., 2014, 2015). Green triangles in (B) are Nd concentrations for station 182-1 (Figure 8; Osborne et al., 2015). Yellow inverted triangles and

gray diamonds plotted above 0m depth in each panel are εNd(0) ± 2σ for Mississippi River (MR) water and the labile fraction of the associated SPM, respectively,

measured in this study (Table 5). The open circle and purple hexagon show εNd(0) values for the silt and clay fractions of sediments at the mouth of the MR (Bayon

et al., 2015).

Only ca. 50% of river borne Nd is removed from solution in the
Mississippi River estuary compared to ca. 97% in the Amazon
estuary, and 70% for many other estuaries. Rare earth elements
removal is attributed to flocculation, followed by settling out of
colloids as the fresh river water and the more saline Gulf of
Mexico water mix. Strong aqueous complexation of REE with
natural organic ligands and carbonate ions in the alkaline (pH
∼8) Mississippi River water may explain the diminished removal
of the REE. Alternatively, low REE concentrations, which is a
consequence of the river’s alkaline pH, may also play a role. The
mechanism(s) responsible for REE “spike” at mid to high salinity
in the estuary remains unclear at this point, but may be related to
sediment resuspension on the shallow Louisiana Shelf.

Mississippi River water from near the river’s mouth is
less radiogenic than Gulf of Mexico water [εNd(0) = −10.5
compared to −9.0, respectively]. The river water exhibits Nd
isotope compositions that are similar to or more radiogenic than
bulk Mississippi River sediments. The Nd isotope composition
values of the labile fraction of SPM collected from the river
waters are the most radiogenic values reported for the lower
Mississippi River [i.e., εNd(0) = −9.9]. Sequential leaching of
Mississippi River sediment reveals that Sm/Nd ratios decrease
with successive leaching from the highly labile, exchangeable
fraction, to the residual, chiefly silicate mineral fraction. These

observations suggest that labile fractions of Mississippi River
sediment are likely more radiogenic than the bulk sediment.
This assertion is supported by the εNd(0) values of the labile
fraction of river borne SPM. Consequently, if the Mississippi
River system impacts the Nd isotope composition of the Gulf of
Mexico, it must do so by geochemical reactions between Gulf
water and the more labile fractions of the Mississippi River
sediments (or SPM). Additional studies focused on the evolution
of the Nd isotope signatures as the waters mix will help to better
understand how Mississippi River water and its sediments/SPM
influence the REE and Nd isotope compositions of the Gulf of
Mexico.
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