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Abstract The Mississippi River drainage basin in-
cludes the Illinois, Missouri, Ohio, Tennessee, and Ar-
kansas rivers. These rivers drain areas with different
physiography, population centers, and land use, with
each contributing a different suites of metals and waste-
water contaminants that can affect water quality. In
July 2012, we determined 18 elements (Be, Rb, Sr,
Cd, Cs, Ba, Tl, Pb, Mg, Al, V, Cr, Mn, Fe, Co, Ni, Cu,
Zn) and chlorophyll-a (Chl-a) in the five major tribu-
taries and in the Upper Mississippi River. The following
summer, we determined both trace elements and 25
trace organic compounds at 10 sites in a longitudinal
study of the main stem of the Mississippi River from
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Grafton, Illinois to Natchez, Mississippi. We detected
wastewater contaminants, including pharmaceuticals
and endocrine disrupting compounds, throughout the
river system, with the highest concentrations occurring
near urban centers (St. Louis and Memphis). Concen-
trations were highest for atrazine (673 ng L"), DEET
(540 ng L"), TCPP (231 ng L"), and caffeine
(202 ng Lfl). The Illinois, Missouri, and Yazoo rivers,
which drain areas with intense agriculture, had relatively
high concentrations of Chl-a and atrazine. However, the
Ohio River delivered higher loads of contaminants to
the Mississippi River, including an estimated
177 kg day ' of atrazine, due to higher flow volumes.
Concentrations of heavy metals (Ni, V, Co, Cu, Cd, and
Zn) were relatively high in the Illinois River and low in
the Ohio River, although dissolved metal concentrations
were below US EPA maximum contaminant levels for
surface water. Multivariate analysis demonstrated that
the rivers can be distinguished based on elemental and
contaminant profiles.

Keywords Mississippi River - Trace elements - Trace
organic compounds - Chlorophyll-a - Atrazine

Introduction

Surface runoff, including wastewater discharges from
municipalities and industry, from much of the central
USA flows through the Mississippi River to the Gulf of
Mexico. The Mississippi River Basin (MRB)
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encompasses area from 31 states and two Canadian
provinces and is the fourth largest watershed in the
world (Brown et al. 2005). There are six major Missis-
sippi River sub-basins: the Upper Mississippi, Ohio,
Missouri, Tennessee, Arkansas-Red-White, and the
Lower Mississippi. Each of these watersheds varies
substantially in physiography, population density, and
land use/cover. For example, within the Missouri and
Lower Mississippi River sub-basins, there is intensive
agriculture, whereas in the Ohio River sub-basin, there
is more industry. Consequently, the tributaries have
different physical-chemical characteristics and could
be expected to have disparate chemical profiles
(Jackson et al. 2014; Millar et al. 2015). For instance,
the Missouri watershed yields the highest load of
suspended sediments, whereas the Upper Mississippi
has the largest total nitrogen load and yield (Turner
and Rabalais 2003). The runoff from these watersheds
can affect water quality, not only in the Mississippi
River but also at its terminus in the Gulf of Mexico, an
infamous example being the zone of hypoxia that occurs
annually near the mouth of the Mississippi River due to
an influx of nutrients (Rabalais et al. 2002). Poor water
quality not only impacts fish and wildlife but also can
have major economic impacts for residents of the Gulf
Coast (Rabalais et al. 2002; Rabotyagov et al. 2014).
Linkages between land use/cover and water quality in
the MRB have generally been well documented; how-
ever, there is surprisingly little information on trace
elements and anthropogenic trace organic compounds.
Concentrations of trace metals in rivers can provide
information on the state of the environment and devel-
opment over large areas (Garbarino et al. 1996). Data for
trace elements in large river basins is also needed to
evaluate the impact of changing climate and land use;
however, data over broad spatial scales is often lacking
(Huser et al. 2011). Trace elements can also be used as
indicators of anthropogenic impacts. For example, U,
Co, and Cu have been found to be elevated in ground-
water underneath agricultural areas (Levins and Gosk
2008). Moreover, while certain trace elements, such as
B, Cu, Fe, Mn, Mo, and Zn, are essential for plants and
animals (Lindsay 1984; Loomis and Durst 1992),
others, such as As, Cr, Se, and Pb, have the potential
to be toxic to animals even at low concentrations
(Garbarino et al. 1996). Despite the importance of mon-
itoring trace elements in aquatic systems, current infor-
mation in the Mississippi River system is limited, with
measurements for the last large-scale spatial studies
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occurring nearly a quarter of a century ago (Garbarino
et al. 1996; Shiller 1997). For the Mississippi River,
Shiller (1997) observed that for a number of elements,
there was a seasonal pattern, particulate trace element
concentrations tended to follow suspended matter con-
centrations, and, except for Mo and U, particulate con-
centrations were generally greater than dissolved
concentrations.

Trace organic compounds (TOrCs) are another im-
portant class of pollutants for which there is little infor-
mation in the Mississippi River system, particularly on a
broad spatial scale. TOrCs cover a diverse range of
substances including pharmaceuticals and personal care
products (PPCPs) and endocrine disrupting compounds
(EDCs). Ever increasing numbers and types of TOrCs
are being discovered in water, in large part due to
improved analytical methods (Daughton and Ternes
1999; Snyder et al. 2003; Richardson et al. 2005;
Snyder 2014). Concentrations of PPCPs in natural wa-
ters tend to be high near wastewater treatment plant
(WWTP) discharges because these facilities were gen-
erally not designed to handle PPCPs (Ternes et al.
2004). Although many of the compounds have a rela-
tively short half-life in the environment, their near con-
tinual discharge replenishes them and effectively in-
creases their impact (Busetti and Heitz 2011). PPCPs
pose multiple risks to both the aquatic biotic community
and humans that depend on these sources of water
(Hernando et al. 2006). Fish communities can be femi-
nized by EDCs, such as 173-estradiol (a natural estro-
gen present in urine) and ethinylestradiol (an ingredient
in birth control pills), at concentrations as low as several
nanograms per liter (Purdom et al. 1994; Desbrow et al.
1998). The PPCPs ciprofloxacin (an antibiotic), triclo-
san (an anti-microbial agent), and tergitol NP 10 (a
surfactant) have also been found to shift the community
structure of natural freshwater algae assemblages
(Wilson et al. 2003). Other concerns about the presence
of PPCPs in natural waters include bacteria becoming
resistant to anti-microbial drugs, especially in a
waterbody used for drinking water (Koczura et al.
2012; Michael et al. 2013). Some TOrCs can be trans-
formed in the natural environment to either more toxic
forms or even regenerating the original parent structure
(Cwiertny et al. 2014).

Similar to the sparse data for trace elements, informa-
tion on TOrCs in the Mississippi River is quite limited.
Boyd et al. (2004) examined nine different PPCPs and
EDCs in stormwater canals of New Orleans, Louisiana,
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as well as in surrounding bayou waters and found
measureable concentrations of naproxen, ibuprofen, tri-
closan, and bisphenol A in two stormwater canals and
detectable concentrations of naproxen and bisphenol A in
bayou waters. However, there has been no large-scale
spatial study of TOrCs in the Mississippi River system,
and the last major study involving mass transport of
pesticides and herbicides in the system was conducted
in the 1990s by the US Geological Survey (USGS)
(Pereira et al. 1995). That study found that the Upper
Mississippi River Basin contributed just 22% of water to
the total Mississippi River drainage basin but contributed
40% of the total atrazine, and 50% or more of many other
pesticides were found in the Mississippi River (Pereira
et al. 1995). The study also found that while lowa and
[llinois are the sources for much of the agricultural
chemicals transported by the Lower Mississippi River,
the Ohio River Basin was the source of >50% of the
simazine, and the Missouri River Basin was the predom-
inate source of trifluralin (Pereira et al. 1995).

Given that toxic metals and anthropogenic organ-
ic compounds can cause water quality deterioration
and affect wildlife and human health, we sought to
assess the concentrations and spatial distribution of
a wide range of metals and TOrCs, including
PPCPs, hormones, and pesticides, along a large
transect of the Mississippi River and in its major
tributaries. There are a few limitations of this study
that should be acknowledged. The study was not
designed to track temporal changes in concentra-
tions and loadings of elements and TOrCs in these
rivers. Whereas samples were collected from a wide
geographic area, for logistical reasons, the sampling
frequency was limited. During the summer of 2012,
we focused on major tributaries of the Mississippi
River, and the following summer on a longitudinal
study of the main stem of the Mississippi River.
Thus, this work represents “snapshots” of the sys-
tem during the summer low flow period. That said,
there are two important findings from this research:
(1) major rivers of the Mississippi River Basin can
be distinguished from each other based on trace
metal and contaminant profiles, likely reflecting dif-
ferent industry, land use, and soil characteristics
within the sub-basins, and (2) a variety of anthropo-
genic TOrCs, including PPCPs and EDCs, are pres-
ent in the river system, with the highest concentra-
tions occurring near urban centers. Moreover, the
data from this report can serve as a baseline for

future studies and for assessing potential remedial
action in the MRB.

Materials and methods
Sampling the Mississippi River and its tributaries

Our general sampling approach was described in detail
in a previous report (Jackson et al. 2014). Briefly, we
collected sub-surface water samples during a 2-week
sampling campaign in July 2012 from a total of 18 sites
from six major tributaries of the Lower Mississippi
River (i.e., Upper Mississippi, Illinois, Missouri, Ohio,
Tennessee, and Arkansas rivers) (Table 1). The volume
of water in the Mississippi River approximately doubles
at the confluence of the Ohio and Mississippi Rivers, a
location that is also generally accepted as the dividing
line between the Upper and Lower Mississippi River. A
second sampling campaign was conducted in July 2013
along a ~1250 km longitudinal transect in the Lower
Mississippi River from Grafton, Illinois to Natchez,
Mississippi (Fig. 1). Along this longitudinal transect,
we also included samples at the mouth of five major
tributaries (Illinois, Missouri, Ohio, Arkansas, Yazoo
rivers). Concentrations of metals and contaminants in
the Mississippi River depend on several factors includ-
ing water level and season (Shiller and Boyle 1987;
Shiller 1997). We collected grab samples mid-channel
~0.5 m below the surface during summer low (base
level) flow, when weather conditions were stable with
no major storm events the prior 10 days. Depth profiles
of temperature and oxygen revealed no evidence of
vertical stratification in these large and generally turbu-
lent rivers.

In July 2012, we sampled three sites in each of the
Arkansas, Missouri, Ohio, and Upper Mississippi rivers;
two sites in the lower portion of the Illinois River; and
four sites on the Tennessee River: two in Kentucky
Lake, a large (469 km?) open reservoir just before the
river merges with the Ohio River, and two in the more
upstream region. The most downstream sample sites
were 25 to 50 km upstream of the confluence of the
river with the larger system, and other sample sites were
progressively 50-80 km upstream of that. In July 2013,
samples were collected daily approximately every
120 river km, roughly corresponding to the mean flow
of the Mississippi River per day during the summer, in a
downstream direction starting from near Grafton,
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Table 1 Sampling location on the Mississippi River and major tributaries

Year 2012 Year 2013

Nearest city River Latitude Longitude Site no. Nearest city River Latitude Longitude
Louisiana, MO Upper Mississippi 39.45  —91.045 1 Grafton, IL Illinois 38.965 —90.496
Hamburg, IL 39.229  -90.724 2 Grafton, IL Upper Mississippi 38.946  —90.475
Golden Eagle, IL 38.865 —90.568 3 Hartford, IL 38.828  —90.111
Hardin, IL Illinois 39.169 —90.614 4 Hartford, IL Missouri 38.826 —90.134
Grafton, IL 38.966 —90.495 5 Ste. Genevieve, MO  Upper Mississippi  38.003  —90.047
New Haven, MO Missouri 38.6 91.2 6 Cape Girardeau, MO 37335 —89.483
Washington, MO 38.583 —91.029 7 Cairo, IL 37.027 —89.217
Defiance, MO 38.657 —90.735 8 Cairo, IL Ohio 37.026 —89.176
Uniontown, KY Ohio 37.799 —87916 9 New Madrid, MO Lower Mississippi  36.579  —89.522
Sturgis, KY 37.534 —88.07 10 Blytheville, AR 35886  —89.768
Burna, KY 37215 —-88.447 11 Memphis, TN 35224  -90.075
Adamsville, TN Tennessee 35.149 —88.316 12 North Tunica, MS 34743  —90.45
Clifton, TN 35386 —88.006 13 Rosedale, MS 33817 —91.048
New Concord, KY 36.625 —88.055 14 Rosedale, MS Arkansas 33.810 —91.109
Hardin, KY 36.802 —88.132 15 Mayersville, MS Lower Mississippi  32.900 —91.066
Moscow, AR Arkansas 34.169 —91.739 16 Vicksburg, MS 32.347  —90.963
Dumas, AR 33988 91363 17 Vicksburg, MS Yazoo 32.389 90916
Watson, AR 33954 -91.21 18 Natchez, MS Lower Mississippi  31.561  —91.41

Cities are provided solely for reference to location. 2013 sites are listed north to south

[linois to near Natchez, Mississippi, ~1250 km to the
south. Samples were also collected from five major
tributaries (Illinois, Missouri, Ohio, Arkansas, and Yaz-
oo rivers) a few kilometers upstream from their conflu-
ence with the Mississippi River.

For trace elements and other water quality parame-
ters, water was collected into acid-washed polyethylene
bottles. Water pH and temperature were measured in the
field using a YSI professional plus water quality meter.
Water samples for trace metals were filtered through
0.45-um filters and preserved to 2% acid (v/v) with
high-purity concentrated HNO; (Optima grade; Fisher
Scientific). For organic analytes, samples were collected
into 4-L amber bottles and adjusted to a pH<2 by
addition of concentrated HCI (Optima grade). Samples
were placed in a cooler containing ice and transported
back to the laboratory where they were stored at ~5 °C.

Determination of trace elements
Trace metal samples were determined by sector field

inductively coupled plasma mass spectrometry
(SF-ICPMS) using a Thermo Fisher Element-XR. The
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instrument utilizes reverse Nier-Johnson geometry that
is capable of high resolving power (m/Am ~ 10,000).
Sample introduction utilized a glass concentric nebuliz-
er with a cyclonic spray chamber. The instrument was
tuned prior to analysis for sensitivity and stability. Data
acquisition parameters are given in Table 2.

Typically, we achieved ~1 million counts s™' for
1 ng g' of "In in low-resolution mode and <4%
relative standard deviation (RSD). External calibration
was used to quantify the elements. Rhodium was added
as an internal standard in-line using a mixing chamber
(Trident, Glass Expansion). In 2012, we determined 18
elements (Be, Rb, Sr, Cd, Cs, Ba, Tl, Pb, Mg, Al, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn) in the five major tributaries and
in the Upper Mississippi River. In 2013, the same ele-
ments, along with Li, Na, Ca, Ga, Ag, and U, were
determined at 18 sites in a longitudinal study of the main
stem of the Mississippi River from Grafton, Illinois to
Natchez, Mississippi. Mean values for NIST SRM
1643¢ (trace elements in natural water) were within
+20% of certified values, except for Na, Sr, Mg, and
Ca, which were within £30%. Precision of replicate
samples was <15% relative percent difference.
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New Orleans

0 200 400 km

Fig.1 Locations in the Mississippi River Basin that were sampled
in 2012 (open circles) and 2013 (dark circles). Major cities and
state boundaries are shown for reference

Table 2 ICP-MS instrumental settings

Plasma parameters

Cool gas flow 16 L min '
Aux. gas flow 0.9 L min '
Sample gas flow 1.19 L min '
RF power 1280 W

Data acquisition parameters

Low resolution  °Be, >*Na, 5°Rb, 8Sr, 107Ag, Mg, 13¢s,
(LR) 137, 205T] 208pp,_ 2385

Medium 24Mg, 27A1, 44Ca, 51V, 52Cr, 55Mr1, 56Fe,
resolution 3Co, ONi, ©Cu, *Zn, ®Ga
(MR)

20% LR; 150% MR; 200% for HR
Points per peak 50 for LR; 20 for MR

Scan type E-scan

Mass window

Integration time 10 ms

Passes and runs 3 and 2

Determination of chlorophyll-a

Chlorophyll-a (Chl-a) was determined with a Beckman
DU 530 Life Science UV/Vis spectrophotometer using
standard methods (Wetzel and Likens 2000). Briefly,
250 mL of river water was filtered through Whatman
GF/F filters, which were subsequently extracted using
90% NH4OH-buffered acetone. The absorbance of re-
leased Chl-a in the extract was measured at 655 and
750 nm.

Determination of trace organic compounds

TOrCs in the water were determined by automated
online solid-phase extraction (SPE) coupled to liquid
chromatography-tandem mass spectrometry (Anumol
and Snyder 2015). The methodology was developed to
target a wide range of TOrCs based on literature reports
about the compounds occurrence, toxicological rele-
vance, and ability to pose as “indicators” of water
quality (Anumol and Snyder 2015). Information regard-
ing the target analytes and isotopic surrogates used in
the study are shown in Table 3.

Briefly, samples were filtered using 0.2-pm polyeth-
ylene styrene filter prior to analysis. Automated pre-
concentration of all samples was performed using an
Agilent FlexCube SPE module, which required only
1.7 mL of sample. During the elute phase, there is a
gradient elution of the target analytes onto the analytical
column. The liquid chromatography was conducted
using an Agilent 1290 UHPLC binary pump. An Agilent
Poroshell 120 EC C-18 (2.1 mm x 50 mm, 2.7 pum)
column was used for separation of analytes. Mass spec-
trometry was performed on an Agilent 6460 triple quad-
rupole mass spectrometer. The mass spectrometer was
run in dynamic multiple reaction mode and data acquisi-
tion, and analysis was performed on MassHunter soft-
ware (Ver. 06.01). Optimized parameters and retention
times are provided elsewhere (Anumol and Snyder
2015). Method reporting limits in ultrapure water range
from 0.1 to 15 ng L™'. Analytical standards were high
purity (>97%) and purchased from Sigma-Aldrich (St.
Louis, MO) or Alfa Aesar (Ward Hill, MA).

Statistical analysis
Analysis of variance (ANOVA) and Tukey’s HSD test

were used to test for differences among groups. Differ-
ences were deemed significant at the p < 0.05 level.
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Table 3 Class and use of TOrCs selected in this study with isotopes used for quantification

Compound Use Category Isotope

Atenolol {3-Blocker Pharmaceutical Atenolol-d7
Carbamazepine Anti-seizure Carbamazepine-d10
Clofibric acid Lipid regulator Bisphenol A-13C12
Diltiazem Anti-histamine Diltiazem-d3
Diphenhydramine Anti-arthythmic Diphenhydramine-d5
Fluoxetine Anti-depressant Fluoxetine-d5
Gemfibrozil Anti-cholesterol Gemfibrozil-d6
Ibuprofen Analgesic Ibuprofen-d3
Meprobamate Anti-anxiety Meprobamate-d7
Naproxen Analgesic Naproxen-13C1d3
Primidone Anti-convulsant Primidone-d5
Trimethoprim Antibiotic Trimethoprim-d3
Caffeine Stimulant Personal care product Caffeine-13C3
N,N-diethyl-m-toluamide (DEET) Insect repellant DEET-d6
Propylparaben Cosmetic preservative Propylparaben-d4
Triclocarban Antibiotic Triclocarban-13C6
Triclosan Anti-microbial Triclosan-13C12
Perfluorohexanoic acid (PFHxA) Surfactant Industry PFHxA-13C12
Perfluorooctanoic acid (PFOA) PFOA-13C4
Perfluorooctane sulfonate (PFOS) PFOS-13C4
Tris(2-chloropropyl)phosphate (TCPP) Flame retardant Industry TCPP-d12
Testosterone Androgen Hormone Testosterone-d3
Atrazine Herbicide Herbicide Atrazine-d3
Simazine Simazine-d3

Principal component analysis (PCA) was used to eval-
uate and interpret commonalities or differences in the
elemental data. PCA was not amenable to the TOrCs
data because of limited data and samples with target
compounds below the instrumental detection limit. Sta-
tistical analysis was done using JMP 11.0 (SAS Insti-
tute; Cary, NC).

Results and discussion
Chlorophyll-a

Chl-a is used as a water quality parameter to assess algal
abundance and biomass, and, in turn, algal abundance
and biomass can be used to evaluate nutrient loading to
aquatic systems (Gannon and Stemberger 1978; Buck
etal. 2000). Algal biomass is responsive to nitrogen and
phosphorus enrichment and thus is greatly impacted by
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runoff containing fertilizers (Harding and Perry 1997) or
animal manure (Edwards and Daniel 1993; Mozaffari
and Sims 1994; Edwards et al. 1996). The World Health
Organization gives a guideline level of
20,000 cyanobacteria cells mL™' (corresponding to
10 pg Chl-a under conditions of cyanobacterial domi-
nance) for protection from irritation or allergenic effects
of cyanobacterial compounds. A level of
100,000 cyanobacterial cells mL™! (equivalent to
~50 pg Chl-a L' if cyanobacteria dominate) is used
as a guideline value for a moderate health alert in recre-
ational waters.

In this study, the highest concentrations of Chl-a were
in the Illinois River (27.1 to 52.3 ug L") and the lowest
concentrations were in the Ohio River (10.6 to
26.6 ug LY (Fig. 2). The concentrations in the Illinois
River were similar to results reported a decade earlier
(Royer et al. 2008), suggesting that fertilizer use in this
corn-producing region remains high (Eghball and
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Fig. 2 Bar graphs representing mean concentrations of six metals
and Chl-a in major tributaries of the Lower Mississippi River for
the 2012 sampling trip. Concentrations are in micrograms per liter,
except for Mg (mg L™Y). Error bars represent 1 SD. Letters above
each bar indicate whether the levels are statistically different

Power 1999). According to the Illinois Department of
Agriculture, 4,282,890 t of fertilizer was distributed in
the state in 2012 and 3,875,739 t in 2013. The Yazoo,
Missouri, and Arkansas Rivers, which also drain inten-
sive agricultural areas, also had relatively high Chl-a
concentrations compared to the Ohio River and the main
stem of the Mississippi River (Fig. 3). Cyanobacteria
were a major component of the microbial community in
our samples (Jackson et al. 2014).

Trace elements

Metal and Chl-a concentrations for the 2012 study are
given in Table 4. pH values ranged from 7.4 to 8.2,
generally considered to be in the normal range and
similar to earlier studies (Shiller and Boyle 1987).

(p < 0.05) from one another within each plot; bars that do not
share a /letter are statistically different. Rivers are labeled as /L
[llinois, MO Missouri, MS upper Mississippi, OH Ohio, TN Ten-
nessee, and AR Arkansas

Within this pH range, many elements are not strongly
partitioned to the adsorbed phase (Shiller 1997). Each of
the elements measured were below maximum contami-
nant levels for drinking water established by the US
Environmental Protection Agency (Table 4). Six ele-
ments (Mg, Sr, Ba, Rb, V, and Ni) and Chl-a, in partic-
ular, exhibited relatively large differences in concentra-
tion between rivers (Fig. 2). For example, Vand Ni were
significantly higher in the Illinois and Missouri Rivers
compared to the Tennessee River. Dissolved metals in
the rivers stem from both natural and anthropogenic
sources. Trace elements like V and Ni are released to
the environment through weathering of rocks and ero-
sion of soil (Fischer et al. 2009). Metal concentrations in
the soil vary in the river sub-basins due to different
geology (Smith et al. 2014). Concentrations of V and
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Fig. 3 Metal and chlorophyll-a 1000
(Chl-a) concentrations Ilinois R. . Arkansas R.
(logarithmic scale) in a > ! MlSS(I.ll’l B ) !
longitudinal study of the 2 ok e Yazoo R.
Mississippi River from Grafton, & = 1
Illinois (site 1) to Natchez, %0 100
Mississippi (site 18) and some of 3
its major tributaries in 2013. For 8
clarity, not all elements are 2
shown; all data is provided in §
supplement Table 1. River = 10
symbols: /L Illinois, MS .
Mississippi, MO Missouri, OH o |~ § v
Ohio, AR Arkansas, YZ Yazoo R = L —
5 N T Nip——~ N\ [T
S 1
<
‘g 1 23 45 6 7 8 9 1011 12 13 14 15 16 17 18
§ Sample site from north (left) to south (right)
01 IL MS MS MO MS MS MS OH MS MS MS MS MS AR MS MS YZ MS

Ni in the soil of the Illinois and Missouri River basins
are generally higher than the Tennessee basin (Mast
et al. 1973). Anthropogenic sources of Vand Ni include
fossil fuel combustion and steel production (Henry and
Knapp 1980; Hope 1997). In 2008, the latest year for
which data was available, air emissions of Ni were
higher in Illinois (19,500 kg) compared to Tennessee
(14,800 kg) (Office of Air Quality and Standards 2008);
V data was not reported. While there are several
large-scale steel production facilities located just north
of Peoria along the Illinois River, Shiller (1997) con-
cluded that the weathering rate and type of source rock,
rather than solution chemistry or anthropogenic influ-
ences, are the most important factors determining fluvial
dissolved V concentrations. Like Shiller (1997), we
found a statistically significant correlation between V
and pH (r = 0.63), as well as between V and Chl-a
(r = 0.81). Others have shown that V can stimulate
chlorophyll production by algae (Wilhelm and Wild
1984).

Metal and Chl-a concentrations for the 2013
(longitudinal) study are shown in Fig. 3, with specific
values given in Supplemental Table 1. Concentrations
and patterns among the rivers were generally similar to
the prior year. The Illinois had relatively high concen-
trations of Pb, V, Ni, Co, Zn, Ca, Sr, and Mg, and the
Ohio had low concentrations of Mg, V, Pb, U, Ni, Ba,
Ca, and Chl-a. The Missouri River was elevated in Sr,
Li, V, Pb, and U. The Arkansas River showed distinct
features with higher concentrations of Fe, Sr, and Chl-a
and lower concentrations of Li, Mg, and U, relative to
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the Lower Mississippi River into which it drains. The
Yazoo River was high in Al, Fe, Mn, and Chl-a and low
in Li, Ca, and Mg compared to the Lower Mississippi
River.

The Ohio River, in particular, stands out in the
altering concentrations of metals in the Mississippi
River, as seen in Fig. 3, by the dip in the lines
representing metal concentrations in the Ohio River
and by the lower levels in the Mississippi River
downstream of the Ohio River compared to up-
stream. Indeed, mixing appears adequate to account
for the concentrations of some elements and Chl-a
downstream of where the Ohio River enters the
Mississippi River (Fig. 4). However, this interpreta-
tion should be made cautiously as many trace ele-
ments exhibit non-conservative behavior during trib-
utary mixing and in-stream processes may impact
concentrations (Shiller and Boyle 1985; Shiller
1997). The spread in the “Upper Mississippi” river
data cluster (Fig. 4) may stem from influence of the
Missouri and Illinois rivers which discharge up-
stream of these sampling points. V and Ni show a
strong correlation (» = 0.92) regardless of location,
suggesting similar sources and environmental be-
havior (Fig. 4d).

Trace organic compounds
Our results indicate the presence of a variety of

anthropogenic TOrCs throughout the Mississippi
River and its major tributaries (Table 5). Of the 25
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Fig. 4 Select relationships between trace elements and between chlorophyll-a (Chl-a) and Ba in the Mississippi and Ohio rivers. Bivariate
plots for a Li vs U, b Ba vs Chl-a, ¢ Ca vs Mg, and d Ni vs V; data from 2013

TOrCs targeted for analysis, 18 were detected above
the method reporting limits at one or more sites
within the Mississippi River system. Concentrations
were highest in the Illinois River and near urban
centers (e.g., Memphis, St. Louis) and lowest near
Natchez, Mississippi, the furthest downriver site,
likely reflecting dilution and losses from degrada-
tion and photolysis. PCA analysis of the combined
elemental and anthropogenic compound data shows
that the rivers can be distinguished based on their
different compositional patterns of metals and
TOrCs (Fig. 5). The score and loading plots show
that Chl-a and atrazine are positively correlated with
each other (arrows pointing in the same general
direction) and relatively high in concentration in
the Illinois, Missouri, and Yazoo rivers. This is not
surprising given that both fertilizers and herbicides
are commonly found in agricultural runoff. Others
have found that periphyton biomass (mg m > chlo-
rophyll-a) increased significantly along correlated
gradients of nitrate and atrazine at the watershed
scale (Dalton et al. 2015). The results for atrazine
are discussed further below. Samples from the upper
portion of the main stem of the Mississippi River

@ Springer

grouped together in the center of the plot, reflecting
similar concentrations (fingerprints). In contrast, the
Mississippi River near Memphis had relatively high
concentrations of several PPCPs, likely influenced
by the city’s WWTPs.

We estimated the mass loadings of TOrCs at select
sites in the Mississippi River system during the summer
of 2013 using measured concentrations and USGS
stream flow data (http://waterdata.usgs.gov/nwis/rt).
Loadings were calculated for compounds determined
above the limit of quantitation and when flow data
were available at or near the sampling sites. Whereas
the concentrations of TOrCs were relatively low in the
Ohio River, it delivered most TOrCs to the Mississippi
River because of its high flow volume (~7.1
x 10® m® day ') compared to the Illinois (~0.38
x 10% m® dayfl), Missouri (~1.2 x 10* m® dayfl), and
Upper Mississippi rivers (~3.7 x 10° m® day ). For
example, the concentration of atrazine in the Ohio River
was 250 ng L', second lowest among study sites, but its
177 kg day ' loading was the highest. The river site with
the highest overall load of TOrCs was at Natchez,
Mississippi where the flow was greatest (~2.4
x 10° m® day ). It should be noted that we did not
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account for any degradation or photolysis loss of these
TOrCs during the flow so these are conservative
estimates.

Perfluorinated compounds (PFCs) are widely used
industrial surfactants and lubricants that have been mea-
sured in surface waters around the world (Prevedouros
et al. 2006; Yang et al. 2011). PFCs are of concern
because they bioaccumulate and have adverse effects
on biota and humans (Nakata et al. 2006; Pan et al.
2010). We targeted perfluorooctanoic acid (PFOA),
perfluorooctane sulfonate (PFOS), and
perfluorohexanoic acid (PFHxA), three of the more
common PFCs detected in water. PFOA was detected
above the reporting limit at 8 of the 10 sampling sites,
while PFOS was detected above the reporting limit only
in the Mississippi River near Memphis (11 ng L™"), and
PFHxA was detected above the reporting limit only in
the Illinois River near Grafton (5 ng LY. The concen-
tration of PFOA was highest in the Ohio River
(13 ng L"). Concentrations of PFOA and PFOS were
slightly lower than surface waters in northeast Spain
(Flores et al. 2013), while the concentration of PFHXA
was comparable to the Pearl River in China (So et al.
2007). Overall, concentrations of PFOA and PFOS in
the Mississippi River system were below the US EPA
drinking water health advisory level of 70 ng L™ (US
EPA 2016).

@ Springer

Tris(2-chloropropyl) phosphate (TCPP) is a common
flame retardant that is a potential carcinogen (Malm
1998). Wastewater treatment plants are sources of TCPP
in surface waters (Fries and Piittmann 2001; Kolpin
et al. 2002). The highest concentration of TCPP in this
study was in the Illinois River downstream of Grafton,
Mlinois (231 ng L") and in the Mississippi River down-
stream of Memphis, Tennessee (169 ng LY. These
concentrations are similar to the Han River in Korea
and the Ruhr River in western Germany, both of which
have multiple WWTP discharges that flow into them
(Andresen et al. 2004). The concentrations of TCPP in
the Mississippi River near Memphis (<1 km down-
stream of a WWTP) were also comparable to concen-
trations reported for several wastewater effluent dis-
charge in the USA (Anumol et al. 2015).

Atrazine is a commonly used triazine herbicide that is
used to prevent pre- and post-emergence of broadleaf
weeds in crops. It was first registered in 1958 by Ciba-
Geigy and has since been used extensively for weed
control in the USA. It has also been identified as a
possible carcinogen and endocrine disruptor (Donna
et al. 1980; Ribaudo and Bouzaher 1994; Eldridge
etal. 1999; Rusiecki et al. 2004). The US Environmental
Protection Agency (EPA) maximum contaminant level
for atrazine is 3 pg L' in drinking water and
1500 pg L' for aquatic life criteria (US EPA 2003).
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We detected atrazine at all sample sites, with the highest
concentrations found in the Illinois and Yazoo rivers
(673 and 521 ng L', respectively). These concentra-
tions are similar to those found two decades earlier at
similar locations, suggesting that atrazine use in these
areas has not diminished (Pereira et al. 1995). Another
herbicide, simazine, was also detected at all sampling
locations but at lower concentrations ranging from 4 to
24 ng L. Like Pereira et al. (1995), we found that the
Ohio River Basin was the source of >50% of the sima-
zine in the Mississippi River.

N,N-diethyl-m-toluamide (DEET) is the most com-
mon active ingredient found in insect repellents and is
also used as a resin solvent and a surface plasticizer. Its
environmental release and ecological risk have been
reported elsewhere (Frances 2007; Aronson et al.
2012). In this study, DEET ranged from 7 ng L' near
Natchez, Mississippi, to 540 ng L™ near Memphis,
Tennessee. A previous study detected DEET in 26 of
30 samples (maximum 200 ng L") along the length of
the Mississippi River (Pereira et al. 1995); increased use
of DEET insecticides, particularly in developed areas,
could certainly have raised the upper level since that
prior study.

Caffeine has been used as an anthropogenic marker
for wastewater contamination (Buerge et al. 2003). We
detected it at all sample sites, with the highest concen-
trations near Memphis, Tennessee (202 ng L") and the
lowest near Natchez, Mississippi (8 ng L™"). The anal-
gesics ibuprofen and naproxen were highest near Mem-
phis (47 and 37 ng L', respectively), as was the phar-
maceutical gemfibrozil (16 ng L™"). The high concen-
trations at Memphis are likely due to the WWTP dis-
charges upstream of the sampling location.

Conclusions

Several major rivers in the MRB can be distinguished
from each other based on trace metal and organic con-
taminant profiles, reflecting different soil characteristics
and industry within the sub-basins, and the presence and
proximity of WWTPs. Generally, the Illinois River had
relatively high concentrations of heavy metals and the
Ohio River had low concentrations of these elements.
For those rivers with intense agriculture in their water-
sheds (Illinois, Missouri, Arkansas, and Yazoo), there
were relatively high concentrations of Chl-a and atra-
zine. Eighteen anthropogenic TOrCs were detected in

the water, including PPCPs and EDCs, with the highest
concentrations occurring near urban centers. The con-
centrations of TOrCs were generally similar or lower
than that reported for rivers in Europe and Asia. Deter-
mining the temporal variability of these chemicals with-
in the MRB and understanding their ecological impact
requires further monitoring and toxicological studies.
This study provides a baseline for trace metals and
organics in the MRB and can serve as a guideline for
monitoring and regulatory agencies in the region. Future
monitoring programs could focus on heavy metals and
anthropogenic TOrCs, including ratios of these contam-
inants to bulk parameters. This is particularly important
for the Lower Mississippi River which currently lacks
routine and long-term water quality monitoring.
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