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Abstract: Groundwater (GW) in the Mississippi Delta has some of the highest phosphorus (P)
concentrations measured in the U.S. Chemical data collected from GW and surface water (SW)
sites were compared to understand factors affecting P concentrations. Spatial instability in Delta
GWs indicates that P sources vary. High P measurements in shallow wells near rivers, in shallow
nested wells compared to deeper nested wells, and P fluctuations in wells over time suggest that the
land surface may be a greater source of P in shallow groundwater than natural geological deposits.
Widespread reducing conditions in shallow GW, long-term P applications to the land surface, and
shallow wells being proximal to streams are possible covarying explanatory variables. Potential SW
to GW pathways of P include leaching and preferential flow paths; however, GW interactions with
SW via irrigation, although unnatural, can result in P deposition on soils and later transport to SW
or GW. GW tracer data indicate that irrigation return flows can exceed natural baseflow discharge
to some streams in late summer. Studies are needed to confirm the degree that P is mobilized from
soils and bed sediment to shallow GW and to determine how declines in GW levels resulting from
irrigation affect ecological services in SW.

Keywords: phosphorus; reduced conditions; preferential flow paths; leaching; well depth; iron;
groundwater; surface water; turbidity

1. Introduction

Past water quality studies of phosphorus (P) in the Mississippi Delta, a 18,130 km2

area in northwestern Mississippi, have indicated that concentrations in groundwater (GW)
and surface water (SW) can be high relative to other parts of the United States [1–4].
Although the Mississippi River Valley alluvial aquifer (MRVA) which provides GW for the
Delta has some of the highest P concentrations among U.S. principal aquifers [3], median
total dissolved P (TDP) concentrations in GW samples from the Delta are well above the
background concentration of 0.02 milligram per liter (mg/L) for the entire MRVA [4,5].
Less is known regarding how P concentrations in Delta SWs compare to SWs in other parts
of the U.S. However, total phosphorus (TP) concentrations in streams in the Mississippi
Embayment (an approximate 128,980 km2 area in the six states of Arkansas, Kentucky,
Louisiana, Mississippi, Missouri, and Tennessee, which includes and has in common with
the Delta that land use is primarily for row crop agriculture) ranged from the 67th to 93rd
percentile relative to other streams in the U.S. [6], and the water quality in some Delta
waterbodies has been impaired because of nutrients [7,8].

The prominent direction of P movement and the degree of P transport between SW
and GW sources has been a common debate in the Delta [4]. More specifically, high
P concentrations in Delta GWs have resulted in hypotheses regarding the potential of
geological deposits in GW (i.e., likely via estuarine deposition, [8]) to be sources of P to
Delta SWs [4]. However, P is essential for agricultural production [9], and to sustain yields,
P must be added to all soils when they are cropped heavily for long periods [8]. While
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there is general agreement that agricultural activities in the Delta amplify the effect that
P has on SW quality [1], questions remain regarding the association between row crop
agriculture and P concentrations in Delta GWs. Consistent with most other areas [10], the
spatial distribution of P in GW (i.e., across depth or in relation to surface water exposure)
has not been thoroughly studied in the Delta.

1.1. Background

P transport between SW and GW is affected by processes and variables that influence
the degree of SW and GW interaction. Examples include the amount of P that naturally
occurs in soils or is applied as fertilizer, the amount and timing of storm runoff, soil drainage
and erosion characteristics, depth of confining units, irrigation practices [11,12], and the
degree that flooded fields, wetlands, and streams are connected to shallow groundwater
through preferential flow paths (e.g., coarse soils, fissures, or organic material in inundated
sediments in flooded fields or streams [13]).

P fertilizer applications for most Delta counties are near the 80th (0.85–1.38 metric tons
per km2) or 100th percentile (1.39–8.77 metric tons per km2) for the nation [14]. Variability
in interannual P application rates may be high, however, because the four major row crops
grown in the Delta—corn, cotton, rice, and soybeans—have different nutrient requirements
and are often rotated in the same fields in subsequent growing seasons. Soil testing can
indicate that P is not needed in a given field or year, but recommended P application rates
can vary from 33.6 kg/hectare for soybeans to 89.7 kg/hectare for corn [15]. P fertilization
has sometimes resulted in increased P content in agricultural soils in other locations [16],
but it is unclear how the general P content of Delta soils compares to that of the past.

Most of P loss from agricultural fields likely occurs when soils with sorbed P are
eroded, resulting in P being exported as particulate P in storm runoff [17,18]. The degree of
particulate P loss via erosion can be a function of many factors, including soil texture, mois-
ture, and pH; timing and extent of previous P applications; and vegetation coverage [11,12].
P loss from fields also can occur when dissolved P detected as either soluble reactive
phosphorus (SRP) or TDP is transported by water flowing over the soil surface and by
leaching through permeable soils [19].

Turbidity related to clay minerals can play a prominent role in P transport in Delta
SWs [8]. Dissolved P naturally sorbs to clay particles [8,20], and Delta streams are generally
more turbid than streams in other regions [21–23]. The close proximity of clay particles in
suspension in Delta streams often results in a colloidal situation and associated turbidity
that can persist for extended periods [22,24], especially following storms.

A dramatically changing hydraulic setting in the Delta could be affecting the degree
and direction of P exchange between SW and GW. Prior to agricultural development and
the onset of GW pumping for irrigation, GW flow direction in the MRVA was from older,
adjacent, and deeper underlying aquifers upward toward the MRVA [25]. However, in
some areas of the Mississippi Alluvial Plain Ecoregion (MAP), which includes the Delta [26],
GW flow directions have reversed in response to intensive pumping. Thus, SW discharge
to GW may be increasing while GW discharge to SW may be decreasing over time [27,28].
Although P concentrations have been associated to irrigation in some areas [29], the effects
that hydraulic changes in the Delta have had on water quality and P concentrations in GW
and SW are not well understood.

Geochemical processes that naturally occur in the Delta during SW/GW interactions
further complicate comparisons of P constituents in SW and GW. Upon exposure to SW and
dissolved oxygen at the land surface, much of the P dissolved as SRP or TDP in GW quickly
sorbs to surfaces of iron oxides/hydroxides or suspended sediment (effectively becoming
particulate P) and subsequently flocculates from the water column [30]. However, once
particulate P becomes exposed to reduced conditions which are common in stream bed
sediments and inundated soils in the Delta, it tends to be converted back to a dissolved
form (i.e., SRP or TDP). Related to these geochemical processes, concentrations of dissolved
P in SW can be very low even when there is a high degree of SW and GW interaction
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and when dissolved P concentrations in underlying GW are relatively high. Furthermore,
depending on how quickly samples are collected after atmospheric exposure, dissolved P
concentrations can be low, even when TP concentrations in SW are high.

1.2. Study Area Description

The Delta comprises about half of the Yazoo River Basin and includes the section of
the MAP that is east of the Mississippi River between Memphis and Vicksburg (Figure 1).
Related to the flat topography of the MAP ecoregion, Delta streams have an extremely
low elevational gradient. Prior to European settlement, the Mississippi River distributed
nutrient-rich sediment and organic matter across bottomland hardwood wetlands that
were native to the Delta, but an extensive levee system now largely prevents flooding in
the historic Mississippi River floodplain.

The combination of fertile alluvial soil, long growing season, and plentiful GW supply
has resulted in the Delta being ideal for row-crop agriculture. To promote agricultural poten-
tial, most Delta forests have been cleared, streams channelized, and wetlands drained [6].
Land use in the Delta is greater than 80 percent agriculture and supports much of the
statewide 3.1 billion (USD) agricultural economy in Mississippi [31]. Many row-crop fields
have been laser-leveled [2] to increase irrigation efficiency and the MRVA has the third
largest withdrawal of 66 large aquifers across the nation [32].

The Delta receives an average of 132 cm of rain annually, but only 28% of the annual
precipitation falls during the growing season (i.e., from May to August) [33]. Irrigation is
necessary to offset the difference in the amount of rainfall and amount of moisture needed
for optimal crop productivity. About two-thirds of row cropland is irrigated [20]. Of the
four major crops, corn and rice require more irrigation than cotton and soybeans [33], but
aquaculture also relies heavily on irrigation. Water use is highest in the peak of the growing
season, which extends from April to September.

The MRVA has been identified as one of the top three over-drafted aquifers in the
U.S. [34]. GW levels have declined more than 9 m in some areas, resulting in regional cones
of depression and the designation of critical groundwater areas [28,33,35]. GW use has
been associated with stream flow depletion in some areas [36–38].

Hydrogeology

The MRVA aquifer underlying the Delta is composed of Quaternary age clay, silt, sand,
and gravel deposited by the Mississippi River and its tributaries [27]. Average aquifer
thickness is about 42.7 m with coarse gravel at the base that fines upward into a layer of
silts and clays, eventually forming an upper confining unit that ranges in thickness from
less than 3 to 60.7 m thick; hydraulic conductivity values in the MRVA range from 39.6 to
121.9 m per day [27].

1.3. Purpose and Scope

The primary purpose of the study was to evaluate how P concentrations in Delta
GWs and SWs are affected by natural factors (possible geologic deposits in the MRVA
aquifer) and by anthropogenic activities on the land surface. However, because a better
understanding of the amount of P discharged from GW to SW via irrigation return flows is
needed [3,4], a secondary objective was to determine if water quality constituents measured
in GW and SW were useful for indicating the extent of GW and SW interactions throughout
the summer growing period.
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quality data evaluated for this study.
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Water quality data collected from selected GW (i.e., wells) and SW sites (i.e., standing
water in irrigated fields, drainage ditches, and small- and medium-sized rivers) in the Delta
were compared to better understand P transport. Three primary approaches were involved
in the evaluation process. Overall P concentrations measured by the U.S. Geological
Survey (USGS) from Delta GWs and SWs were compared as a means of assessing the
extent of P cycling and to potentially indicate sources and pathways of P. In addition, P
concentrations in GW were compared to well depth and to the distance of the well from SW
(i.e., streams or oxbow lakes). P concentrations were compared to well depth as a means of
assessing possible P gradients (between the land surface and GW and vice versa), while P
concentrations in wells were compared to the distance of the well from the nearest SW to
determine if SW interactions with GW were affecting P concentrations in GW.

To supplement historical data, the study included three data collection phases that
targeted different processes and questions related to dissolved P and TP concentrations
in GW and SW. For Phase 1, conducted in 2014 and 2015, water samples were collected
along an irrigation pathway to determine how water quality changed from (near) the well
head, the field edge (i.e., field drains), and drainage canals that receive irrigation return
water. The intent of Phase 2 was to determine how P concentrations varied by GW depth.
P concentrations were compared among five groups of clustered wells at different Delta
locations. Individual wells in each cluster had different depths; installation was completed
in 2016 and 2017. For Phase 3, conducted in 2017, samples were collected at 10 paired
well and stream sites to determine the degree of GW/SW interaction and, potentially, the
direction of nutrient transport.

2. Methods
2.1. Sample Collection and Processing

Most of the SW and GW data collected from 2014 to 2017 were collected during
summer and fall, which coincided with baseflow conditions. All samples (including
historic sampling efforts) were collected following established USGS protocols for SW [39]
and GW [40]. SW samples were collected from bridges or boats, or by wading. Depending
on the amount of streamflow, SW water samples were collected by dipping a sample bottle
into the stream or by equal width, depth-integration methods [39]. Field parameters were
measured with calibrated water quality monitors. Samples were processed according to
USGS protocols [41] and were stored on ice and shipped to the USGS National Water
Quality Laboratory in Lakewood, Colorado, for analysis. Descriptions of the methods used
to analyze water quality samples are provided in [42].

GW sample collection varied depending on well type and pumping status. Irrigation
wells that were actively pumping were sampled by filling sample bottles directly from the
irrigation well discharge. Irrigation wells that were not pumping and monitoring wells (not
used for irrigation) were sampled with low-volume sampling pumps. Prior to collecting
GW samples, three casing volumes were purged. Water quality samples for laboratory
analysis were collected after field parameters (i.e., water temperature, pH, dissolved oxygen,
and specific conductance) had stabilized. Field (parameter) measurements were recorded
using electrodes placed in a flow cell chamber once GW had been pumped to the surface.

2.2. Field Sampling Overview for the Three Study Phases

Water quality data for the three study phases included field parameters, alkalinity,
nutrient constituents, and major and minor ions (Table S1). Major and minor ions were
analyzed because of their potential for indicating P pathways (i.e., storm runoff, GW and
SW interactions) and P sources to streams (i.e., released irrigation water, storm runoff, or
geologic deposits). Sampling details for the three phases of study were as follows.

Phase 1: The intent of Phase 1 was to determine how P concentrations varied from the
well head to the receiving canal and how geochemical processes affected dissolved and
TP concentrations along that pathway. Water quality samples were collected from three
different points on the pathway: (1) the irrigation well (post-atmospheric exposure at the
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well discharge pipes), (2) slotted-board risers that served as field drains for irrigated rice
fields, and (3) in the SW canal downstream of irrigation return water. For the first round of
Phase 1 sampling in 2014, 9 sets of water quality samples were collected on 9 dates at one
well, the nearby field drain, and from an adjacent canal. For the second round of sampling
in 2015, three additional clusters—three irrigation wells (depth of ~30.5 m), associated field
drains, and receiving canals—were sampled on three occasions from July to August.

Phase 2: The intent of Phase 2 was to compare P concentrations across different GW
depths. In August 2016, 2–4 monitoring wells were installed (and sampled) at differ-
ent depths (Table 1) but near to each of three permanent irrigation wells. In May 2017,
2 additional monitoring wells of different depths (Table 1) were installed nearby two differ-
ent irrigation wells, and those two well clusters were sampled later that month. Sampling
was conducted on the same date for 2 of 5 well clusters, and within the same month for
2 of the 3 remaining well clusters. For all five well clusters, monitoring wells were 2.54 cm
(diameter) PVC pipes and screens were positioned at different depths below the land
surface using direct push methods.

Table 1. Soluble reactive phosphorus (SRP) and total phosphorus (TP) concentrations (in milligrams
per liter) along with TP:SRP ratios and well depth (meter) for individual wells belonging to five
well clusters sampled from August 2016 to May 2017. Results for each cluster are distinguished by
shading and are sorted by well depth. Median TP and SRP concentrations are calculated for each
well cluster.

USGS Station Identifier Sampling Date SRP Median SRP TP Median TP TP:SRP Ratio Well Depth
325816090464202 16-August-2016 0.87 1.11 1.3 8.8
325816090464203 16-August-2016 0.69 0.67 1.0 10.8
325816090464204 16-August-2016 0.41 0.69 0.35 0.67 0.8 20.3
330152090595602 15-August-2016 0.92 1.03 1.1 9.9
330152090595601 15-August-2016 0.38 0.49 1.3 10.5
330152090595603 15-August-2016 0.25 0.59 2.3 11.4
330152090595604 15-August-2016 0.15 0.77 5.0 13.7
330152090595605 15-August-2016 0.06 0.20 0.60 0.60 10.5 23.2
333250090323805 17-May-2017 0.47 1.34 2.9 18.3
333250090323803 17-May-2017 0.22 0.50 2.3 18.9
333250090323804 3-May-2017 0.19 0.22 0.41 0.50 2.2 28.7
333904090123801 24-August-2016 0.01 0.16 32.0 8.7
333904090123701 17-August-2016 0.14 0.29 2.1 10.1
333904090123702 17-August-2016 0.18 0.30 1.6 12.0
333904090123703 24-August-2016 0.02 0.22 11.6 13.3
333900090123703 17-August-2016 0.27 0.14 0.45 0.29 1.7 27.4
334955090402202 3-May-2017 1.64 1.88 1.1 19.5
335308090362102 3-May-2017 0.22 0.26 1.2 30.5
335308090362102 17-August-2016 0.08 0.22 0.22 0.26 2.8 30.5

Phase 3: Data collected in Phase 3 were gathered to evaluate the degree of exchange
between GW and SW sources. On four occasions from March to September 2017, 10 stream
and well pairs near each other were sampled on the same or subsequent days. In addition
to comparisons of nutrient concentrations, major and minor ion concentrations and specific
conductance values were compared at the 10 paired GW and SW locations to assess the
degree of GW influence on SW (i.e., GW tracers). Concentrations of potential GW tracers
identified with this process were compared to stream stage throughout the growing season
and summer baseflow periods as a means of evaluating the timing and relative degrees
of GW influence on SW, and, relatedly, the degree of P contributions from natural GW
discharge and irrigation return flows.

Although the limited amount of available P analyses for Delta GWs had focused
on TDP [4], TDP was inadvertently omitted from the nutrient analyses conducted on
GW samples in Phases 1 and 2. TDP also was omitted from the SW analysis for Phase 3.
Consequently, SRP was the primary dissolved P constituent evaluated for the 3 phases of
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study conducted between 2014 and 2017. TDP data were, however, available for historical
sampling efforts prior to 2014.

P mobility in soils and GW is influenced by reducing conditions perhaps more
than any other environmental condition [43–47]. Selected GW and SW water quality
data (i.e., dissolved oxygen, iron, and manganese) were evaluated for samples collected
for the three study phases conducted from 2014 and 2017 to indicate the prevalence of
reducing conditions.

2.3. Historical Data Evaluation

Past sampling conducted by USGS in the Delta for P has often been associated with
GW and SW studies not related specifically to P; thus, analysis conducted for TP, SRP, and
TDP has been sporadic in GW and SW. Consequently, P analysis for this study was limited
to times and locations where P data were available.

Phosphorus concentrations measured in 108 Delta wells sampled between 1998 and
2017 (including data collected for the three phases of study, Table S2) were included for the
GW analysis. Few Delta wells >36.6 m deep had P data, so analysis was limited to wells
which were ≤36.6 m deep. P has been sampled by USGS much less frequently in GW than
in SW. TP was measured in GW in only 46 samples, but analysis of SRP and TDP in GW
was more common—195 and 150 samples, respectively. Unfortunately, 10 of those 150 TDP
samples did not have associated depths.

TP, SRP, and TDP had been analyzed in 1672, 606, and 286 samples, respectively, at
the 8 SW sites sampled in the Delta from 1990 to 2020 (Table S3). Much of the P data from
Delta streams were collected during stormflow conditions (i.e., when P concentrations are
generally much higher than baseflow conditions). It was important that stormflow data be
adequately represented, however, because most of the annual load of P (and turbidity) is
transported when rainfall results in storm runoff and increasing discharge [48].

Concentrations of SRP, TDP, and TP measured in historic SW and GW were compared
to results of other water quality or ancillary variables to provide information regarding
the timing and mechanisms associated to P transport in GW and SW. In situ turbidity
data from the Bogue Phalia near Leland, Mississippi (a SW site in the Delta that USGS has
sampled the largest number of times and one of the few sites where turbidity was routinely
measured) between 2002 and 2020 were compared to TP concentrations in SW. Specific
conductance values and SRP concentrations were also compared for the Bogue Phalia site
between 2002 and 2020. Lastly, average monthly rainfall in Greenville, Mississippi from
1981 to 2010 and mean monthly discharge at the Bogue Phalia near Leland, Mississippi
from October 1996 to February 2020 were compared to selected water quality data collected
at the 8 SW monitoring sites.

Assessing Spatial and Temporal Variability of P in GW Samples

Two spatial aspects of this study involved comparing P concentrations to well (sample)
depth and to distance of the sampled well from the nearest waterbody. Distances from wells
to waterbodies were calculated using NHDPlus and the Near (Spatial Analysis) toolbox.
Verification that the most appropriate stream location was selected by this approach was
conducted using Google Earth.

A temporal assessment was conducted to evaluate TDP variability in individual wells
with multiple samples collected over time. P data collected sporadically from GW between
1998 and 2017 (i.e., with small numbers of wells sampled in 1998 and 2008 and larger
numbers of wells sampled in 2010, 2015–2017 (phases 1–3)) were used for this analysis.
However, a trend analysis of P concentrations in GW over the long term was not possible
because of the sporadic timing of sample collection.

2.4. Irrigation Return Flow Evaluation

Potential (conservative) groundwater tracers were evaluated in streams receiving
irrigation return water during the growing season to determine the extent that GW interac-



Water 2022, 14, 2925 8 of 29

tions influence P transport and how SW quality is affected by irrigation return water. This
evaluation required a detailed analysis of the timing and rates of irrigation return flows to
Delta streams (i.e., the discharge of irrigation water from flooded fields to streams) which
has not been previously conducted. In the absence of those data, in situ observations of
irrigation return rates and specific conductance measurements in streams and over time
in the MAP ecoregion (specifically for a wetland study involving irrigation return water
in Arkansas [49] but also for other ecological studies conducted in the MAP in Arkansas,
Louisiana, and Mississippi [23,50]) were used to provide a hypothetical curve for irrigation
returns for the growing season (see Figure 2).
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3. Results
3.1. Water Quality Variation along an Irrigation Pathway (Phase 1)

Specific conductance and bicarbonate data collected from mid-July to mid-August in
2014 and 2015 at the well, field edge, and in the receiving canal indicate how water quality
can vary over the irrigation path (Figure 3a,b). Concentrations for both constituents de-
clined slightly from the well to the stream, indicating their potential as groundwater tracers.
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Although interesting with regard to geochemical changes that occurred across the
irrigation path, data from Phase 1 were of little overall value for assessing P transport.
Consequently, remaining analyses from Phase 1 are summarized as supplemental material
(see Document S1, which contains Table S4a,b, and Figure S1a–d).

3.2. Clustered Well Depth Analysis 2016–2017 (Phase 2)

SRP and TP concentrations in the five well clusters sampled in 2016 and 2017 for
Phase 2 were relatively high, exhibited a high degree of variability across well depth, and
indicate that SRP can comprise a high percentage of TP in GW (Figure 4a,b). Maximum
SRP and TP concentrations were multiple times those of minimum concentrations for wells
in four of the five well clusters and generally decreased as depth increased. SRP and
TP concentrations for the one set of nested wells that did not increase with depth were
generally lower than for the four remaining well clusters.
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3.3. GW/SW Exchange 2017 (Phase 3)

Concentrations or values of several constituents, but particularly calcium (Ca), bi-
carbonate (HCO3

−), and specific conductance, were higher in GW than in SW. Medians
calculated for the three constituents from GW samples were 3 to 4 times higher and were sta-
tistically different than medians calculated for SW samples collected in 2017 (Figure 5a–c).
Additionally, the three constituents were much higher for SW samples collected in the
late July and early August timeframe when irrigation return rates were likely highest (see
hypothetical return rates in Figure 2), compared to samples collected during other baseflow
conditions (i.e., in late June and mid to late September) when less irrigation water would
have been returning to streams (Figures 6a–c and S2a–c).

SRP concentrations measured at the 10 wells sampled in 2017 were also higher than in
10 nearby streams (Figure 5d, Tables 2 and 3). Ranges of SRP concentrations for GW samples
(0.002–1.73 mg/L) were much wider than the range of concentrations for SW samples that
were generally collected during baseflow conditions (0.03–0.66 mg/L), and median concen-
trations for GW were almost 3 times those of SW samples (0.28 to 0.1.0 mg/L, respectively).
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values (c), and soluble reactive phosphorus (SRP, d) concentrations measured in GW (first box) and 
SW (second box) from June to September for 10 streams and 10 associated wells sampled in 2017. 
Mann–Whitney rank sum tests indicated that concentrations in GW and SW were statistically dif-
ferent (p < 0.05) for the first three constituents. Numbers represent the number of samples analyzed. 
(Bicarbonate concentrations are divided by 4 for scaling purposes. a A comparison of SRP and total 
dissolved phosphorus (TDP) concentrations in GW indicated that values for 11 SRP samples were 
compromised, so TDP concentrations were substituted. TDP was not analyzed in SW, so GW to SW 
comparisons were not possible.) 

 

Figure 6. (a–f). Plots of bicarbonate and calcium concentrations and specific conductance values 
for six surface water sites sampled during the general summer baseflow period in 2017. In all 
cases, the three constituents (groundwater tracers) were highest when highest amounts of irriga-
tion water would be expected to be returning from fields to the streams (also see Figure 2). Bicar-
bonate data are missing for the Bogue Phalia on 26 September 2017.

Figure 5. Paired box plots of calcium (a) and bicarbonate (b) concentrations, specific conductance
values (c), and soluble reactive phosphorus (SRP, d) concentrations measured in GW (first box)
and SW (second box) from June to September for 10 streams and 10 associated wells sampled in
2017. Mann–Whitney rank sum tests indicated that concentrations in GW and SW were statistically
different (p < 0.05) for the first three constituents. Numbers represent the number of samples analyzed.
(Bicarbonate concentrations are divided by 4 for scaling purposes. a A comparison of SRP and total
dissolved phosphorus (TDP) concentrations in GW indicated that values for 11 SRP samples were
compromised, so TDP concentrations were substituted. TDP was not analyzed in SW, so GW to SW
comparisons were not possible).
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Figure 6. (a–f). Plots of bicarbonate and calcium concentrations and specific conductance values for
six surface water sites sampled during the general summer baseflow period in 2017. In all cases,
the three constituents (groundwater tracers) were highest when highest amounts of irrigation water
would be expected to be returning from fields to the streams (also see Figure 2). Bicarbonate data are
missing for the Bogue Phalia on 26 September 2017.
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Table 2. Soluble reactive phosphorus (SRP), total dissolved phosphorus (TDP), and total phosphorus (TP) concentrations compared to concentrations of selected
other constituents (in milligrams per liter) and depth (meters) for 10 wells (or groups of nested wells in two instances) sampled on multiple dates in 2017. NA, data
are missing or were not collected; <, less than laboratory detection level; specific conductance is reported as microsiemens per centimeter at 25 degrees Celsius.

USGS Station
(Well) Identifier

Associated Surface Water Sampling
Location Sampling Date SRP TDP TP Nitrate Specific

Conductance Bicarbonate Bromide Calcium Hardness Iron Magnesium Depth

323047090484401 Big Sunflower Diversion Canal nr
Redwood, MS 19-April-2017 0.097 0.13 NA 0.95 808 511 0.04 110 428 568 37 8.1

323047090484401 Big Sunflower Diversion Canal nr
Redwood, MS 29-June-2017 0.194 0.18 NA 0.775 813 539 0.07 121 483 <5 44 8.1

323047090484401 Big Sunflower Diversion Canal nr
Redwood, MS 27-July-2017 0.198 0.18 NA 0.741 864 437 0.08 121 482 <5 44 8.1

323047090484401 Big Sunflower Diversion Canal nr
Redwood, MS 20-September-2017 0.177 0.17 NA 0.89 785 489 0.04 104 403 416 34 8.1

325728091002701 Steele Bayou at Hopedale, MS 19-April-2017 0.036 0.05 NA 0.045 790 505 0.56 NA 409 32.4 106 11.3

325728091002701 Steele Bayou at Hopedale, MS 29-June-2017 0.025 0.8 NA <0.040 NA 539 0.65 NA 414 36.6 108 11.3

325728091002701 Steele Bayou at Hopedale, MS 27-July-2017 0.673 0.89 NA <0.035 821 501 0.64 NA 392 37 102 11.3

325728091002701 Steele Bayou at Hopedale, MS 26-September-2017 0.263 0.89 NA <0.033 803 548 0.61 NA 388 36.6 100 11.3

325817090464202 Big Sunflower River nr Anguilla, MS 30-March-2017 0.045 0.89 NA <0.040 475 280 0.06 59.7 218 8460 17 4.8

325817090464202 Big Sunflower River nr Anguilla, MS 28-June-2017 0.163 1.21 NA <0.040 NA 226 0.04 45.2 165 8760 13 4.8

325817090464202 Big Sunflower River nr Anguilla, MS 2-August-2017 0.54 1.22 NA <0.038 488 250 0.05 46.8 177 7720 15 4.8

325817090464202 Big Sunflower River nr Anguilla, MS 26-September-2017 0.19 1.12 NA <0.040 491 254 0.03 50 187 7560 15 4.8

330152090595603 Steele Bayou nr Glen Allan, MS 29-March-2017 NA 1.19 NA NA 697 566 0.04 109 422 16,600 37 11.6

330152090595603 Steele Bayou nr Glen Allan, MS 14-July-2017 0.954 1.17 NA <0.031 833 579 0.05 112 426 16,700 35 11.6

330152090595603 Steele Bayou nr Glen Allan, MS 26-July-2017 0.962 1.19 NA <0.034 820 512 0.03 107 411 16,800 35 11.6

330152090595603 Steele Bayou nr Glen Allan, MS 26-September-2017 0.977 1.07 NA <0.036 831 565 0.01 108 413 17,100 35 11.6

332348090505301 Bogue Phalia near Leland, MS 28-March-2017 0.11 0.1 NA <0.040 603 490 0.02 118 406 2810 27 11.9

332348090505301 Bogue Phalia near Leland, MS 28-June-2017 0.149 0.13 NA <0.040 671 428 0.02 107 368 2810 25 11.9

332348090505301 Bogue Phalia near Leland, MS 26-July-2017 0.027 0.14 NA <0.040 729 479 0.02 113 393 3220 27 11.9

332348090505301 Bogue Phalia near Leland, MS 19-September-2017 0.11 0.13 NA <0.040 661 392 0.01 99.6 345 2890 23 11.9

333145090261901 Quiver River nr Sunflower, MS 29-March-2017 0.207 0.28 NA <0.035 937 485 0.21 130 464 16,100 34 19.5

333145090261901 Quiver River nr Sunflower, MS 27-June-2017 0.022 0.3 NA <0.039 1000 464 0.21 118 421 15,200 31 19.5

333145090261901 Quiver River nr Sunflower, MS 25-July-2017 0.12 0.3 NA <0.037 988 437 0.21 119 423 15,900 31 19.5

333145090261901 Quiver River nr Sunflower, MS 28-September-2017 0.088 0.28 NA <0.038 1020 471 0.10 119 425 17,200 31 19.5

333250090323803 Big Sunflower River at Sunflower, MS 17-May-2017 0.219 0.28 0.5 <0.037 694 381 0.05 87.5 317 9150 24 19.1

333250090323804 Big Sunflower River at Sunflower, MS 26-June-2017 0.203 0.33 NA <0.038 637 298 0.03 92.5 312 9090 20 28.7
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Table 2. Cont.

USGS Station
(Well) Identifier

Associated Surface Water Sampling
Location Sampling Date SRP TDP TP Nitrate Specific

Conductance Bicarbonate Bromide Calcium Hardness Iron Magnesium Depth

333250090323805 Big Sunflower River at Sunflower, MS 17-May-2017 0.469 0.49 1.34 <0.036 610 NA 0.07 67 252 8480 21 18.4

333904090123801 Tallahatchie River at Money, MS 29-March-2017 0.131 0.13 NA <0.040 196 117 0.06 25.4 89 3640 6 8.7

333904090123801 Tallahatchie River at Money, MS 27-June-2017 0.015 0.06 NA <0.040 233 125 0.06 25.2 87 7340 6 8.7

333904090123801 Tallahatchie River at Money, MS 25-July-2017 0.039 0.1 NA <0.040 232 131 0.07 23.8 84 9030 6 8.7

333904090123801 Tallahatchie River at Money, MS 28-September-2017 0.04 0.04 NA <0.040 232 126 0.05 22.7 80 9040 6 8.7

334955090402202 Big Sunflower River nr Merigold, MS 3-May-2017 1.64 1.65 1.88 0.166 205 130 0.21 NA 90 38.9 25 19.5

334956090402202 Big Sunflower River nr Merigold, MS 10-July-2017 1.32 1.3 NA <0.040 210 114 0.19 NA 90 38.2 25 14.9

334956090402202 Big Sunflower River nr Merigold, MS 24-July-2017 1.73 1.69 NA <0.040 196 105 0.19 NA 85 36.4 23 14.9

334956090402202 Big Sunflower River nr Merigold, MS 28-September-2017 0.647 1.19 NA <0.040 237 148 0.22 NA 100 39.7 26 14.9

341210090343701 Big Sunflower nr Clarksdale, MS 10-July-2017 0.017 3.12 NA 0.051 2010 1100 0.01 262 993 24,000 82 6.6

341210090343701 Big Sunflower nr Clarksdale, MS 2-August-2017 0.021 2.83 NA <0.038 2060 NA 0.01 299 1150 44,200 97 6.6

Table 3. Selected water quality data and total phosphorus:soluble reactive phosphorus (TP:SRP) ratios for 10 surface water sites monitored on multiple dates in 2017.
Shaded rows indicate when specific conductance exceeded 350 µS (µS per centimeter at 25 degrees Celsius), which also coincided with times when highest amounts
of irrigation water would be expected to be returning from fields to the streams (also see Figures 2 and 6a–c). All constituents except specific conductance and
TP:SRP ratios are reported in milligrams per liter; NA, data missing or not collected; µS, microsiemens; total dissolved phosphorus was not measured in surface
water samples.

Site Name USGS Station
Identifier Sampling Date

Soluble
Reactive

Phosphorus
Total

Phosphorus
Specific

Conductance Alkalinity Bicarbonate Bromide Calcium Hardness Magnesium
TP:SRP
(when

SC > 350 uS)

TP:SRP
(when

SC < 350 uS)

Big Sunflower River nr
Anguilla, MS 7288700 30-March-2017 0.079 0.48 168 50 61 0.028 18.7 70 5.67 6.1

Big Sunflower River nr
Anguilla, MS 7288700 28-June-2017 0.078 0.32 175 35 43 0.014 12.6 47 3.85 4.1

Big Sunflower River nr
Anguilla, MS 7288700 2-August-2017 0.135 0.28 538 105 127 0.085 60.3 230 19.3 2.1

Big Sunflower River nr
Anguilla, MS 7288700 26-September-2017 0.163 0.31 173 60 73 0.014 15.3 58 4.89 1.9

Big Sunflower River at
Clarksdale, MS 7288000 28-March-2017 0.048 0.2 211 194 236 0.053 25.4 90 6.49 4.2

Big Sunflower River at
Clarksdale, MS 7288000 10-July-2017 0.128 0.3 207 82 100 0.035 21.2 79 6.33 2.3

Big Sunflower River at
Clarksdale, MS 7288000 2-August-2017 0.133 0.23 430 208 252 0.062 50.4 191 15.8 1.7

Bogue Phalia near
Leland, MS 7288650 27-March-2017 0.046 0.2 206 99 116 0.027 24.4 89 6.86 4.3

Bogue Phalia near
Leland, MS 7288650 28-June-2017 0.05 0.17 281 96 116 0.033 30.3 112 8.76 3.4
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Table 3. Cont.

Site Name USGS Station
Identifier Sampling Date

Soluble
Reactive

Phosphorus
Total

Phosphorus
Specific

Conductance Alkalinity Bicarbonate Bromide Calcium Hardness Magnesium
TP:SRP
(when

SC > 350 uS)

TP:SRP
(when

SC < 350 uS)
Bogue Phalia near

Leland, MS 7288650 26-July-2017 0.098 0.2 678 260 310 NA 84 314 25.3 2.0

Bogue Phalia near
Leland, MS 7288650 19-September-2017 0.103 0.21 357 NA NA NA 39 144 11.3 2.0

Steele Bayou nr Glen
Allan, MS 7288847 29-March-2017 0.084 0.35 131 48 59 0.016 16.6 61 4.71 4.2

Steele Bayou nr Glen
Allan, MS 7288847 14-July-2017 0.079 0.18 NA 82 100 0.029 21.2 79 6.29 2.3

Steele Bayou nr Glen
Allan, MS 7288847 26-July-2017 0.065 0.17 421 136 165 0.068 44.2 167 13.7 2.6

Steele Bayou nr Glen
Allan, MS 7288847 26-September-2017 0.074 0.23 184 77 94 0.019 19.4 72 5.66 3.1

Steele Bayou at
Hopedale, MS 7288860 19-April-2017 0.062 0.28 210 106 128 0.019 25.5 93 7.16 4.5

Steele Bayou at
Hopedale, MS 7288860 29-June-2017 0.048 0.19 274 102 124 0.037 26.2 97 7.61 4.0

Steele Bayou at
Hopedale, MS 7288860 27-July-2017 0.09 0.22 355 116 141 0.058 36.5 137 11.2 2.4

Quiver River nr
Sunflower, MS 7288580 27-June-2017 0.103 0.3 181 56 69 0.023 14.7 58 5.15 2.9

Quiver River nr
Sunflower, MS 7288580 25-July-2017 0.124 0.2 504 176 213 0.094 54.1 210 18.1 1.6

Quiver River nr
Sunflower, MS 7288580 28-September-2017 0.16 0.29 207 67 82 0.049 17 68 6.27 1.8

Big Sunflower Diversion
Canal nr Redwood, MS 323045090484300 19-April-2017 0.104 0.35 109 37 45 0.014 10.4 39 3.11 3.4

Big Sunflower Diversion
Canal nr Redwood, MS 323045090484300 29-June-2017 0.08 0.26 NA 58 71 0.028 16.8 63 5.03 3.3

Big Sunflower Diversion
Canal nr Redwood, MS 323045090484300 27-July-2017 0.131 0.21 488 197 240 0.072 54.9 209 17.6 1.6

Big Sunflower Diversion
Canal nr Redwood, MS 323045090484300 20-September-2017 0.103 0.22 192 81 98 0.019 19.6 74 6.13 2.1

Big Sunflower River at
Sunflower, MS 7288500 17-May-2017 0.094 0.42 89 25 30 0.016 8.1 31 2.58 4.5

Big Sunflower River at
Sunflower, MS 7288500 26-June-2017 0.109 0.42 163 42 51 0.025 15.9 60 4.8 3.9

Big Sunflower River at
Sunflower, MS 7288500 27-July-2017 0.159 0.26 471 82 98 0.075 52.9 202 17 1.6

Peason correlation value
to TP 0.22 1.00 −0.56 −0.63 −0.63 −0.43 −0.50 −0.49 −0.47

Peason correlation value
to SRP 1.00 0.22 0.27 0.01 0.01 0.35 0.24 0.26 0.31
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SRP concentrations in SW were positively correlated to Ca and HCO3
− concentrations

and specific conductance values, while TP concentrations in SW were negatively correlated
to measures of the three constituents (see last two rows of Table 3). SRP generally comprised
half or more of TP (≤2:1 TP:SRP ratio) in SW in late July and early August when specific
conductance was >350 µS/cm but comprised half or less of TP at other times when specific
conductance was <350 µS/cm (Figure 7, Table 3). 
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Figure 7. Total phosphorus and soluble reactive phosphorus concentration ratios for samples col-
lected between March and September 2017 at 10 surface water monitoring sites. Solid and clear cir-
cles indicate when specific conductance was above or below 350 µS. 
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and unreduced environments) also differed between GW and SW samples. DO concen-
trations were generally <1.0 mg/L in GW samples but ranged above 5 mg/L in SW samples 
(Figure 8a). Iron and manganese, which have similar response times to reduced environ-
ments [30], were sometimes magnitudes higher in GW than in SW (Figure 8b,c). Relatedly, 
manganese concentrations in the larger MRVA have been found to be highest of 29 prin-
cipal aquifers in the U.S. [3]. 
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tions measured in GW (first box) and SW (second box) from 2014 to 2017. DO values in GW were 
often <1.0 mg/L, and one half (0.5 mg/L) of that value was used to make the box plot. Numbers 
represent the number of samples analyzed. Mann–Whitney rank sum tests indicated that concen-
trations in GW and SW were statistically different (p < 0.05) for the three constituents. 

3.4. Historical Water Quality Evaluation 
Median monthly TP concentrations calculated with data collected from the eight 

Delta streams from 1996 to 2020 were generally highest in the winter and spring and low-
est in late summer (Figure 9a). Seasonal fluctuations of turbidity were similar to those of 

Figure 7. Total phosphorus and soluble reactive phosphorus concentration ratios for samples collected
between March and September 2017 at 10 surface water monitoring sites. Solid and clear circles
indicate when specific conductance was above or below 350 µS.

Concentrations of constituents that typically vary by redox potential (i.e., in reduced
and unreduced environments) also differed between GW and SW samples. DO concentra-
tions were generally <1.0 mg/L in GW samples but ranged above 5 mg/L in SW samples
(Figure 8a). Iron and manganese, which have similar response times to reduced environ-
ments [30], were sometimes magnitudes higher in GW than in SW (Figure 8b,c). Relatedly,
manganese concentrations in the larger MRVA have been found to be highest of 29 principal
aquifers in the U.S. [3].

3.4. Historical Water Quality Evaluation

Median monthly TP concentrations calculated with data collected from the eight Delta
streams from 1996 to 2020 were generally highest in the winter and spring and lowest in
late summer (Figure 9a). Seasonal fluctuations of turbidity were similar to those of TP
(Figure 9a). A linear regression of turbidity and TP data collected from the Bogue Phalia
near Leland, Mississippi from 2002 to 2020 (Figure 9b) demonstrates that a strong relation
exists between the two constituents.

Unlike TP concentrations, median TDP and SRP concentrations and specific conduc-
tance values for the eight Delta streams were high in late summer compared to other times
(Figure 10a–c). In contrast to TP and turbidity concentrations, which had a positive relation
to rainfall and discharge (Figures 9a and 10d,e), SRP and TDP concentrations and specific
conductance values had a negative relation to average monthly rainfall and discharge
(Figure 10b–e). Because of the seasonality exhibited by TP and SRP, TP:SRP ratios at the
eight streams were highest in early spring and lowest in late summer (Figure 10f).
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Figures 8a-c. Paired box plots comparing dissolved oxygen (a), iron (b) and manganese (c) concentrations measured in GW (first box) and SW (second box) from 2014 
to 2017. (DO values in GW were often recorded as being <1.0 mg/L and one half (0.5 mg/L) of those values were used to make that box plot. Numbers represent the 
number of samples analyzed. 
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Figure 8. Paired box plots comparing dissolved oxygen (a), iron (b), and manganese (c) concentrations
measured in GW (first box) and SW (second box) from 2014 to 2017. DO values in GW were often
<1.0 mg/L, and one half (0.5 mg/L) of that value was used to make the box plot. Numbers represent
the number of samples analyzed. Mann–Whitney rank sum tests indicated that concentrations in GW
and SW were statistically different (p < 0.05) for the three constituents.
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centrations (a) and a linear regression plot comparing turbidity and total phosphorus concentrations
(b) measured at the Bogue Phalia near Leland, Mississippi from 2002 to 2020.

Comparison of Phosphorus Concentrations in GW and SW

TP concentrations at the eight SW sites were comparable to TDP concentrations in
GW but were much higher than SRP concentrations in GW (Figure 11). TP concentrations
in SW ranged from 0.01 to 3.66 mg/L, with a median concentration of 0.4 mg/L. TDP
concentrations in GW samples ranged from the laboratory reporting level (LRL) of 0.004 to
3.12 mg/L, with a median concentration of 0.28 mg/L. SRP concentrations in GW samples
had a lower range, from the LRL of 0.004 to 1.73 mg/L, with a median concentration of
0.08 mg/L.
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Figure 10. Median monthly total phosphorus (a) and soluble reactive phosphorus concentrations
(b), median monthly specific conductance values (c), and mean monthly TP:SRP ratios (d) for
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2021), and mean monthly discharge (f) at the Bogue Phalia near Leland, Mississippi (October
1996–February 2020).
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Figure 11. Ranges of total phosphorus (TP) concentrations in surface water samples collected from
8 streams in the Mississippi Delta from 1990 to 2020 compared to soluble reactive phosphorus (SRP)
and total dissolved phosphorus (TDP) concentrations measured in groundwater samples collected
from 62 and 83 wells, respectively, that were ≤36.6 m deep and sampled from 1998 to 2017. Numbers
in the plots represent the number of samples evaluated for each constituent.

SRP (the inorganic part of P) should comprise most of TDP (which includes both
inorganic and organic dissolved forms), so SRP and TDP concentrations should be similar.
A comparison of the 286 TDP samples analyzed in SW to paired SRP samples indicated a
strong relation existed between the two constituents in SW (Pearson’s R of 0.94; Figure 12a),
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but a similar analysis of 63 paired GW samples analyzed for SRP and TDP indicated that
the relation between the two constituents in GW was much weaker than in SW (Pearson’s
R of 0.60; Figure 12b). A more in-depth analysis of SRP and TDP concentrations in those
63 GW samples revealed that in 44 instances, SRP concentrations were <66% of TDP
concentrations. Because SRP concentrations measured in GW were sometimes erroneously
low (likely because of P sorption to high concentrations of precipitating iron in Delta GWs
and differences associated with sample processing methods, Jim Kingsbury, USGS, written
comm., 6 June 2022), interpretations involving SRP data from GW were limited to samples
that had the highest SRP concentrations and for times when TDP data were not available
and SRP data were supported by TP data (e.g., Figure 4a,b).
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for 286 surface water quality samples collected at 8 sites from 1996 to 2020 (a) and 63 groundwater
samples collected from 27 wells that were ≤36.6 m deep and sampled from 1998 to 2017 (b).

3.5. Spatial Variability of P in GW

Wells with the highest SRP and TDP concentrations generally fell into two classes:
relatively shallow (i.e., ≤15 m) wells that were located near small- to medium-sized rivers,
and relatively deep (>21 m) wells that were at greater distances from large, deep rivers or
their oxbow lakes (Figure 13a–d). Of the 38 well samples with TDP concentrations ≥75th
percentile (0.84 mg/L), 24 samples were collected from relatively shallow wells located near
small- to medium-sized streams. Fifteen of those twenty-four samples were collected from
six shallow wells that were short distances away from the Sunflower River (near the towns
of Sunflower, Merigold, Clarksdale, and Anguilla). Of the nine remaining samples, seven
were collected from shallow wells near Steele Bayou (which flows near the Mississippi
River and its oxbows), while two were collected near the Bogue Phalia (Table 4).

Four of the five wells with highest TDP concentrations measured were shallow (av-
erage depth of 10 m) and close (<50 m) to the Sunflower River (Figure 14). A well with
the three highest TDP concentrations measured (2.89–3.12 mg/L) was approximately 7 m
deep and only 7 m from the Sunflower River in the city of Clarksdale (Table 4). A well that
had the fifth highest TDP concentration of all wells sampled and the ninth highest overall
concentration (1.3 mg/L) was located 138 km (straight distance) from the Clarksdale well
near the town of Anguilla. The well near Anguilla was also on the Sunflower River and
adjacent to a golf course.
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Table 4. Details for 38 well samples collected from the Mississippi Delta having total dissolved phosphorus (TDP) concentrations≥75th percentile of 150 groundwater
samples. Samples are sorted in descending order by TDP concentration (also see Figure 13a,b). mg/L, milligram per liter; NA, well depth not available.

USGS Station
Number Sampling Date Latitude Longitude TDP Well Depth

Well Distance to
Nearest

Waterbody

General Well Classification (Based on
Depth and Distance to Stream) River or Stream

(mg/L) (meter) (meter)

341210090343701 10-July-2017 34.20278 −90.57694 3.12 6.6 7 Shallow well near small to medium river Sunflower
341210090343701 16-November-2010 34.20278 −90.57694 3.06 6.6 7 Shallow well near small to medium river Sunflower
341210090343701 2-August-2017 34.20278 −90.57694 2.83 6.6 7 Shallow well near small to medium river Sunflower
334956090402202 24-July-2017 33.83222 −90.67278 1.69 14.9 40 Shallow well near small to medium river Sunflower
334956090402202 3-May-2017 33.83222 −90.67278 1.65 14.9 40 Shallow well near small to medium river Sunflower
333251090323801 17-November-2010 33.54750 −90.54389 1.56 12.6 63 Shallow well near small to medium river Sunflower
333251090323801 22-February-2011 33.54750 −90.54389 1.52 12.6 63 Shallow well near small to medium river Sunflower
341210090343703 16-November-2010 34.20278 −90.57694 1.35 0.9 7 Shallow well near small to medium river Sunflower
334956090402202 10-July-2017 33.83222 −90.67278 1.30 14.9 40 Shallow well near small to medium river Sunflower
330142091000801 24_June-1998 33.02821 −91.00221 1.22 33.5 255 Deep well near a large river Mississippi
325817090464202 2-August-2017 32.97139 −90.77833 1.22 4.8 79 Shallow well near small to medium river Sunflower
325817090464202 28-June-2017 32.97139 −90.77833 1.21 4.8 79 Shallow well near small to medium river Sunflower
330152090595603 29-March-2017 33.03111 −90.99889 1.19 11.4 27 Shallow well near small to medium river Steele Bayou
330152090595603 26-July-2017 33.03111 −90.99889 1.19 11.4 27 Shallow well near small to medium river Steele Bayou
334956090402202 28-September-2017 33.83222 −90.67278 1.19 14.9 40 Shallow well near small to medium river Sunflower
335910090532901 30-June-2010 33.96278 −90.89139 1.17 36.6 147 Deep well near a large river Mississippi
330152090595603 14-July-2017 33.03111 −90.99889 1.17 10.1 27 Shallow well near small to medium river Steele Bayou
325817090464210 18-November-2010 32.97139 −90.77833 1.17 7.2 79 Shallow well near small to medium river Steele Bayou
335910090532901 26-June-2008 33.96278 −90.89139 1.15 36.6 147 Deep well near a large river Mississippi
341210090343701 23-February-2011 34.20278 −90.57694 1.14 6.6 7 Shallow well near small to medium river Sunflower
325817090464202 26-September-2017 32.97139 −90.77833 1.12 4.8 79 Shallow well near small to medium river Sunflower
330152090595601 26-September-2017 33.03111 −90.99889 1.07 11.4 27 Shallow well near small to medium river Steele Bayou
330159091061301 5-August-2010 33.03306 −91.10361 1.07 32.6 567 Deep well near a large river Mississippi
335910090532901 4-November-2008 33.96278 −90.89139 1.06 36.6 147 Deep well near a large river Mississippi
340413090340301 25-June-1998 34.07060 −90.56795 1.04 24.4 68 Deep well near small to medium river Sunflower
332440090502196 4-November-2008 33.41111 −90.83917 1.02 2.5 13 Shallow well near small to medium river Bogue Phalia
332242091030401 13-September-2010 33.37012 −91.05983 1.01 21.3 18270 Deep well near a large river Mississippi
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Table 4. Cont.

USGS Station
Number Sampling Date Latitude Longitude TDP Well Depth

Well Distance to
Nearest

Waterbody

General Well Classification (Based on
Depth and Distance to Stream) River or Stream

335910090532901 20-August-2008 33.96278 −90.89139 0.97 36.6 147 Deep well near a large river Mississippi
333615091041101 5-August-2010 33.60417 −91.06972 0.96 36.6 92 Deep well near a large river Mississippi
332440090502196 25-June-2008 33.41111 −90.83917 0.96 2.5 13 Shallow well near small to medium river Bogue Phalia
325917090230601 23-September-2010 32.98818 −90.38509 0.95 35.4 53 Deep well near a large river Yazoo
324358090335201 26-August-2010 32.73278 −90.56444 0.91 NA 1890 Deep well near a large river Yazoo
344727090232901 16-June-2010 34.79083 −90.39139 0.90 NA 525 Deep well near a large river Mississippi
325728091002701 26-September-2017 32.95778 −91.00750 0.89 11.3 17 Shallow well near small to medium river Steele Bayou
325728091002701 27-July-2017 32.95778 −91.00750 0.89 11.3 17 Shallow well near small to medium river Steele Bayou
325817090464202 30-March-2017 32.97139 −90.77833 0.89 4.8 79 Shallow well near small to medium river Sunflower
343322090292101 16-June-2010 34.55611 −90.48917 0.87 NA 1935 Deep well near a large river Mississippi
332530090211201 15-July-2010 33.42500 −90.35333 0.86 35.1 98 Deep well near a large river Yazoo
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Figure 13. Total dissolved and soluble reactive phosphorus concentrations compared to estimated 
distance of sampled wells to the nearest stream (a,c, respectively) and to well sampling depth (b,d, 
respectively). Horizontal dashed lines represent the 75th percentile concentrations for both constit-
uents. Gray boxes in the top left of each plot contain samples collected from shallow wells (<15 m) 
located near small- to medium-sized rivers. Boxes with diagonal lines on the right side of plots con-
tain samples collected from deep wells at greater distances from large rivers. SRP concentrations 
above the 75th percentile are shown to indicate GW samples where SRP concentrations were high-
est; lower concentrations are not shown because some results were compromised. 

Four of the five wells with highest TDP concentrations measured were shallow (av-
erage depth of 10 m) and close (<50 m) to the Sunflower River (Figure 14). A well with the 
three highest TDP concentrations measured (2.89–3.12 mg/L) was approximately 7 m deep 
and only 7 m from the Sunflower River in the city of Clarksdale (Table 4). A well that had 
the fifth highest TDP concentration of all wells sampled and the ninth highest overall con-
centration (1.3 mg/L) was located 138 km (straight distance) from the Clarksdale well near 
the town of Anguilla. The well near Anguilla was also on the Sunflower River and adja-
cent to a golf course. 

Figure 13. Total dissolved and soluble reactive phosphorus concentrations compared to estimated
distance of sampled wells to the nearest stream (a,c, respectively) and to well sampling depth
(b,d, respectively). Horizontal dashed lines represent the 75th percentile concentrations for both
constituents. Gray boxes in the top left of each plot contain samples collected from shallow wells
(<15 m) located near small- to medium-sized rivers. Boxes with diagonal lines on the right side of plots
contain samples collected from deep wells at greater distances from large rivers. SRP concentrations
above the 75th percentile are shown to indicate GW samples where SRP concentrations were highest;
lower concentrations are not shown because some results were compromised.

Of the thirteen samples with TDP concentrations ≥75th percentile collected from deep
wells and generally near to large rivers, ten samples were collected from seven wells along
the Mississippi River and three samples were collected from three different wells near the
Yazoo River. The remaining (38th) sample with TDP concentrations ≥75th percentile was
collected from a relatively deep well (>24 m) but near the Sunflower River in the upper
part of the watershed (340413090340301, also see Table 4).

3.6. Temporal Variability of P in GW

TDP concentrations were moderately to highly unstable in some wells with multiple
samples collected over time (Figure 15a–c) but were stable in other wells (Figure 15d–f).
Wells with high TDP concentrations (>0.8 mg/L) exhibited more instability (Figure 15a–c)
than wells with low TDP concentrations (Figure 15d), but instability was not evident in all
wells with high concentrations (Figure 15e,f).
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Figure 14. General proximity of 5 wells with total dissolved phosphorus concentrations that exceeded
1.2 mg/L to streams in the Mississippi Delta. Distances from wells to streams were calculated using
NHDPlus and the Near Spatial Analysis toolbox.

The well located in Clarksdale, Mississippi with the highest TDP concentrations
(341210090343701) is also an example of a shallow well (~7 m deep) which had unstable
TDP concentrations (Figure 15b). Three samples collected at this well from August 2010
to May 2011 ranged from 0.76 to 1.14 mg/L, but a sample collected between those three
samples in November 2010 had the second highest TDP concentration measured for this
study (3.06 mg/L). Furthermore, TDP concentrations measured in two samples collected in
July and August 2017 were comparable to the 3.06 mg/L value measured in 2010, with the
August sample having the highest concentration measured across all Delta wells evaluated
for this study (3.12 mg/L; Table 4).
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Figure 15. Examples of Delta wells with stable and unstable TDP concentrations across time (15-digit
numbers are USGS well identifiers). TDP concentrations measured at three shallow wells located
at different locations but adjacent to small- and medium-sized rivers varied over time (a–c). TDP
concentrations were more stable over time in four wells at various locations (d), one shallow well
located adjacent to a small river which was also near the Mississippi River (e), and a deep well located
near the Mississippi River (f).

In contrast to that high degree of temporal instability, TDP concentrations at four
wells that were 8.1–28.7 m deep had low TDP concentrations that were stable over time
(Figure 15d). Examples of deep wells with stable TDP concentrations include two wells
located near the Mississippi River (USGS well numbers 330152090595603 and 335910090532901).
The first of those wells had four samples collected between March 2017 and September 2017
that ranged from 1.07 to 1.19 mg/L (Figure 15e), while the second well had four samples
collected from June 2008 to June 2010 that ranged from 0.97 to 1.17 mg/L (Figure 15f).

4. Discussion
4.1. P Transport in SW

Consistent with other streams in the U.S. [48], P concentrations in SW are generally
highest during stormflows when discharge is also high. Consequently, most of the annual
P load in Delta streams is transported during winter and spring when storms are common.
TP concentrations are typically high in stormflow because of fine sediment eroding from
areas with legacy P [51] such as agriculture fields [18,19,52,53], previously deposited bed
sediment [54], or stream banks [55]. Moreover, P loss may be higher in the Delta because
soils are composed of large amounts of fine clays [52,56], resulting in Delta streams being
more turbid than streams in other regions [23]. Similar to other areas, the strong association
between TP and clay turbidity in this study suggests that turbidity could be used as a
surrogate for predicting P loads in Delta streams [57–59].

4.2. GW Tracers in SW Indicate An Irrigation Signature

Although the majority of P is transported in Delta streams during stormflow condi-
tions, P availability can be an environmental concern during low-flow summer conditions
when most aquatic plant production occurs [60–62]. In streams in most areas, particularly
those with little or no irrigation, natural baseflow contributions to SW normally increase
through summer and into fall because GW comprises larger amounts of streamflow as
discharge declines [63,64]. Consequently, baseflow contributions from GW have previ-
ously been considered the primary source of dissolved P to Delta streams during low-flow
summer conditions [3,4].
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Some water quality data collected in late summer for this study indicate, however,
that in terms of P and other water quality constituents, irrigation return flows near the end
of the growing season can be more ecologically significant than natural baseflow discharge.
Higher concentrations of GW tracers were consistently measured in late July and early
August when irrigation return rates are highest rather than in September when natural
baseflow contributions to streamflow should be equally high or higher (Figure 6a–e). This
observation is also supported by water quality data collected at two other times in this
study. Rather than increasing upon field exposure, specific conductance and bicarbonate
data collected at the well, field edge, and in receiving streams from mid-July to mid-
August in 2014 and 2015 declined subtly across the irrigation path (i.e., from the time
GW was exposed to the atmosphere to the time irrigation return water entered the stream,
Figure 3a,b). Moreover, even though stream discharge for Delta streams and average rainfall
are comparable in August and September (Figure 10d,e), median specific conductance
values of all historic SW measurements evaluated were higher in August than in September
(Figure 10c). Consequently, the data evaluated indicate that for the altered hydraulic
setting common to the Delta during late summer conditions, P contributions from GW via
irrigation return water exceed P contributions from natural baseflow contributions.

4.3. Effect of Reduced Conditions on P Transport

The general gradient of P concentrations across well depth in Phase 2 of this study
suggests that the land surface may be a source of P and that leaching is occurring between
Delta soils (including bed sediment) and shallow GW in some locations. Although previous
studies indicate that reduced conditions increase P mobilization [46,47], another factor
affecting P transport could be P availability on the land surface. Subsurface transport of P
by leaching can exceed surface runoff where soil P content is high [53,65,66]. Although P
transport is generally considered to be greater in porous rather than dense soils [65,67,68],
P transport in some clay soils can exceed rates in coarse-textured sandy soils [68,69].

High degrees of irrigation in the Delta also may affect rates of P leaching and loss.
Because of the geochemical reactions that occur when soils are flooded [30], Delta soils
inundated with irrigation water for extended periods (e.g., rice field) would be expected to
develop reduced conditions similar to those of natural wetlands. Draining and subsequent
rewetting of enriched organic soils seem to increase soluble P flux [69]. P losses after flood
irrigation can increase proportional to the P application rate [70], and P can be unavailable
for plant uptake for several months after fields are drained [15]. Transport of dissolved P
through flooded sediments over time can result in available sorption sites being saturated,
which limits the sorption capacity of sediments and results in additional P loss [45,71].

In addition to diffuse movement by vertical leaching through shallow soils, some data
evaluated indicate that lateral flow from rivers through preferential flow paths could be
an important mode of P transport from SW to GW [13]. Furthermore, it seems that the
highest P concentrations, which were measured in shallow wells, may be associated with P
previously deposited or released on or near the land surface. Examples of related potential
pathways and sources of P exposure via leaching and lateral riverine connections include P
transport resulting from (1) P leaching through soils after heavy P applications or P storage
(as fertilizer or litter), (2) municipal or rural septic influence (i.e., especially for wells in or
near residential areas), and (3) deposition of P-laden sediments in streams and adjacent to
preferential flow paths (i.e., coarse alluvial sands). It is also important to consider, however,
that a possible alternative explanation for the occurrence of high P concentrations in GW
near the land surface and shallow rivers could involve the presence of geologic P deposits
in unexpected, shallow locations near small- and medium-sized Delta rivers, particularly
the Sunflower River.
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4.4. Well Depths and Proximity to Streams Provide Possible Covarying Explanations for P
Instability in Delta GWs

Other than the geochemical processes involved in P transport into shallow GW
through wet soils or stream bed sediments described above, the degree of hydraulic
connection that wells have to rivers or remnant channels [35,72] may be the best ex-
planation for why wells in close proximity to rivers seem to have variable P concen-
trations. Because rivers have (1) naturally cut channels through the MRVA confining layer
in some locations, (2) historically meandered across natural floodplains, and (3) that larger
alluvial soils (i.e., less clay) are deposited on and near river banks than at farther dis-
tances from streams [73,74], SW discharge to GW from rivers and oxbows can be laterally
extensive [75–77]. Multiple GW modeling approaches have demonstrated the potential
for GW recharge to be highest near geomorphic features that are coarser in grain size
and near rivers [78]. Furthermore, recent resistivity and hydraulic conductance surveys
conducted by USGS demonstrate that Delta river sections can have varying degrees of
GW connection [79] [in press] (Figure S3), which would result in horizontal and vertical
conduits from the stream bed having different abilities to function as preferential flow paths
for SW discharge to GW. Consequently, wells near to streams might be expected to have not
only different degrees of hydraulic connections to SW but also variable P concentrations.

A point of emphasis relative to GW recharge is that SW discharge is highest during
stormflow events. While P is much less conservative (i.e., persistent) in GW than many other
chemical constituents (e.g., chlorides), when the contact time between percolating water
and the soil particles is short or missing (as might be the case during storms and in some
preferential flow paths [77]), P sorption capacity of soils can be reduced or nonexistent [16].

For the few deep wells where data were available across time, P concentrations seemed
to be more stable compared to shallow wells. This observation can be interpreted in different
ways. Given their greater depths and increased lateral discharge over smaller, shallower
rivers, large, deep rivers are capable of transporting P to greater depths and distances than
smaller rivers [80]. However, it is also possible that deep wells that were several kilometers
from large rivers might be expected to have less hydraulic connection to SW compared to
shallow wells near to shallow rivers. Thus, consistent P concentrations observed at some
deep wells might imply a more consistent if not constant P source, such as would be the
case if a geological deposit were nearby.

5. Study Implications and Directions of Future Research

Consistent with most areas, large amounts of P are transported in Delta streams
during stormflows. Similar ranges of P constituent concentrations in GW and SW, however,
suggest that a strong interaction (i.e., a high degree of P cycling) occurs between GW and
SW in the Delta.

Recent conceptual models regarding P transport in the Delta have assumed that P
sourced from GW is deposited on the land surface through the process of irrigation and is
eventually transported to SW (James Rigby, USGS, written communication, 24 February 2022).
Even so, the role of discharged surplus irrigation water (remaining in the field after evapora-
tion, transpiration, and infiltration) to adjacent SWs does not seem to have been previously
considered in regard to the P cycle. While the data evaluated obviously indicate that some
P cycling occurs between SW and GW because of irrigation and suggest that irrigation
return flows may be more ecologically significant than natural baseflow discharge in late
summer, the high degree of spatial and temporal variability of P constituent concentrations
measured across wells in the Delta also indicate that Delta GWs have different degrees and
different pathways of P exposure.

Because it is generally accepted that shallow GWs are younger than deeper GWs [3], it
was anticipated that if GW was the predominant source of P to SW, P concentrations would
be higher in deep, older waters (where geological deposits might be likely to occur) than in
shallower, younger waters. The data analyzed, however, suggest that P concentrations in
shallow GW in the Delta are related more to SW sources than to deep geological deposits.
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More specifically, (1) measurements of highest P concentrations occurred in shallow wells
located near shallow rivers, (2) measurements of SRP and TP concentrations in shallow
nested wells were generally higher than in deeper nested wells, and (3) P concentrations
fluctuated in some shallow wells over time (possibly because of hydrological variation of
adjacent SWs).

Although P concentrations in SW can be influenced by GW head pressure and SW prox-
imity to GW [81] and multiple studies have found GW to be a source of P to SW [2,80,82–84],
SW has rarely been considered to be a source of P to GW [85]. Thus, the finding that GW
concentrations proximal to Delta streams can be influenced by SW is atypical, and more
data are needed to confirm this analysis. Explanations for these rather unique observations
regarding P cycling from SW to GW may be related to distinct characteristics inherent to
the Delta, namely, widespread reducing conditions, long-term and spatially variable P
exposure to the land surface, and that shallow wells are frequently located next to streams.

While there is substantial literature documenting the conditions that have facilitated P
leaching and transport in other areas, mechanisms for how P is transported from SW to
GW in the Delta are poorly understood. Studies are needed that facilitate determinations
for the degree of dissolved P mobilization upon its release from field soils or bed sediment
under reducing conditions, when soils contain large amounts of clay, in areas of low and
high conductive resistivity (i.e., varying preferential flow paths) near streams, and under
different hydrological conditions. Given that most of the dissolved P and TP are transported
in Delta streams during the winter and spring, frequent sampling of P in shallow GW could
indicate how hydrology affects P transport.

Although the threat to future water availability has often been considered for the
Delta and for the MAP [86], the ramifications of GW use on stream water quality has been
considered much less frequently. Studies are needed in the Delta and throughout the MRVA
to determine how irrigation practices and associated declines in GW levels are affecting
streamflow, water quality, and associated ecological services.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14182925/s1, Document S1: Phase 1, Irrigation pathway study,
2014–2015. Figure S1: . Soluble reactive phosphorus (SRP) concentrations measured in well, field,
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for each group of wells, field drains, and receiving canals sampled on three occasions in 2015 (b);
total phosphorus (TP) concentrations measured in well, field, and canal samples collected on three
occasions in the 2015 irrigation season (c); and TP concentrations measured for each group of wells,
fields, and canals sampled in 2015 (d). Figure S2: Streambed hydraulic resistivity measurements
in the Mississippi Delta (modified from [79]). Table S1: Constituents analyzed in groundwater and
surface water samples evaluated from the Mississippi Delta. Table S2: Station identifiers and number
of soluble reactive and total dissolved phosphorus samples collected from 108 wells located in the
Mississippi Delta from 1998 to 2017 and analyzed for this study. Table S3: Information for surface
water quality sites where sampling occurred and with historic data evaluated in this study. Table
S4: Soluble reactive phosphorus (SRP) and total phosphorus (TP) concentrations (in milligrams
per liter) for samples collected from four irrigation clusters, each containing an irrigation well,
associated field drain, and receiving canal site in 2014 (a) and 2015 (b). Reference [30] are cited in the
supplementary materials.
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