Water Air Soil Pollut (2015) 226:417
DOI 10.1007/s11270-015-2684-z

Effects of Annual Precipitation on Heavy Metals in Runoff
from Soils in the US Great Plains
Moustafa A. Elrashidi & Cathy A. Seybold &
Doug A. Wysocki

Received: 28 September 2015 / Accepted: 6 November 2015
# Springer International Publishing Switzerland (outside the USA) 2015

Abstract Deterioration of natural water resources due to
runoff from agricultural land is a major problem in the US
Great Plains. Changes in earth climate can create heavy
storms and alter precipitation patterns which would affect
the element concentrations in runoff. A 2-year study (dry
and wet years) was conducted to assess the impact of
annual precipitation on element concentrations in runoff
from soils and element loadings to Salt Creek in the Roca
watershed, NE. Both dissolved and sediment-associated
forms of five elements (Al, Fe, Mn, Cu, and Zn) were
determined in runoff. The amount of dissolved element in
runoff during the wet year was greater than the dry year.
Except for Zn, the total amount of element associated with
sediment was greater than that found in dissolved form.
The Mehlich3 extraction was applied to determine the
reactive fraction of element in sediment. A small fraction
of element associated with sediment was in reactive form,
ranging from 1 to 33 % of the total element content. The
sum of both the reactive fraction of element in sediment
and amount of element dissolved in water were used to
calculate the total bioactive element concentration (BEC)
in runoff. During the dry year, the total BEC in runoff was
424, 349, 387, 5.2, and 26.8 μg/L for Al, Fe, Mn, Cu, and
Zn, respectively. The corresponding total BEC during the
wet year was 622, 479, 114, 3.7, and 19.8 μg/L for Al, Fe,
Mn, Cu, and Zn, respectively. Further, the bioactive element loading (BEL) into Salt Creek was greater during the

wet year than the dry year. Aluminum, Fe, and Mn contributed to the greatest BEL into the surface water body
while Zn and Cu had the least contribution. We concluded
that greater precipitation during the wet year would increase the negative impact of runoff from soils and BEL to
surface water systems in the US Great Plains.
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Abbreviations
TSS Total suspended solids
BEC Bioactive element concentration
BEL Bioactive element loading
OC
Organic carbon
CEC Cation exchange capacity
Max Maximum
Min Minimum
Al
Aluminum
Fe
Iron
Mn
Manganese
Cu
Copper
Zn
Zinc
SD
Standard deviation

Climate change has resulted in changing patterns of
precipitation in the globally observed data (Dore
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2005). These changing precipitation patterns would affect runoff and soil moisture (Trenberth 2011) and thus
could affect the quality of surface waters. Understanding
the transport of elements from agricultural land to surface water bodies as affected by climate change is important for adaptation. Moreover, the knowledge of
dissolved and sediment-associated forms of elements
and their effects on water quality could improve land
management practices and minimize the impact on water resources.
Elements such as Al, Fe, Mn, Cu, and Zn are present
in several chemical forms in soil, which are water soluble, adsorbed on colloidal inorganic surfaces, complexed with organic materials, and associated with inorganic minerals (i.e., oxides, hydroxides, carbonates, and
aluminosilicates) (Lindsay 1979). At high concentrations, most of these elements have detrimental effects
on living organisms. The bioavailability and environmental impact is dependent upon the amount of element
dissolved in soil solution, which is controlled by soil
properties.
High-intensity rainfalls can generate runoff events
that transport dissolved soil elements and sediment from
agricultural watersheds to surface water bodies (nonpoint source of contamination). Most elements have
natural inputs to streams, rivers, and lakes from
weathering and dissolution of oxides, carbonate, and
silicate minerals in soils. However, anthropogenic activities can contribute greater amounts of elements to soils
and natural waters. The anthropogenic inputs that can
increase their concentrations in the environment include
the application of commercial fertilizers, liming materials, sewage sludge, manure, animal wastes, and soil
amendments. Losses of elements by runoff from agricultural land have received little attention from agronomists and soil scientists. However, from both an animal/
human health perspective and environmental water
quality viewpoint, element concentration and its form,
as well as total quantity lost from nonpoint sources, are
important concerns for both agricultural management
and subsequent water users.
The USEPA (2002) recommended two criteria to
determine the quality of freshwater: (i) the criterion
maximum concentration (CMC), which is an estimate
of the highest concentration of a material in surface
water to which an aquatic community can be exposed
briefly without resulting in an unacceptable effect; (ii)
the criterion continuous concentration (CCC), which is
an estimate of the highest concentration of a material in
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surface water to which an aquatic community can be
exposed indefinitely without resulting in an unacceptable effect.
The recommended CMC and CCC for Al is 750 and
87 μg/L, respectively (USEPA 2002). Large amounts of Fe
are undesirable in water because it can cause taste problems and forms a red oxy-hydroxide precipitate that stains
laundry and plumbing fixtures (Hem 1992). The USEPA
(2002) recommended an Fe concentration of 1000 μg/L
for CCC while no concentration was recommended for
CMC. With respect to Mn, no concentration was recommended for CMC or CCC. The USEPA (2002) recommended a drinking water standard of 300 μg/L for Fe and
50 μg/L for Mn while no regulation was established for Al.
The toxicity of Cu to aquatic organisms is dependent on
the alkalinity of the water. Copper is much more toxic to
organisms found in waters with low alkalinity than in
waters with high alkalinity (USEPA 1976). The USEPA
(2002) recommended Cu concentrations of 13 μg/L for
CMC and 9.0 μg/L for CCC. The recommended Cu
concentration for drinking water is 1300 μg/L (USEPA
2002). Zinc is an essential element for plants, animals, and
human nutrition. However, a high Zn concentration in
water can be harmful for aquatic life and poses a risk to
human health (Berman 1980). The USEPA (2002) has
recommended Zn concentration of 120 μg/L for both
CMC and CCC and established a limit of 7.4 mg/L of
Zn for drinking water supplies.
The goal of this 2-year project was to study the
effects of annual precipitation on the concentration of
elements in surface runoff entering natural water systems in the Platte River basin, Nebraska which is located
in the north central region of the US Great Plains. The
Roca watershed (Platte River basin) was selected for this
study, and five elements were investigated (Al, Fe, Mn,
Cu, and Zn). The specific objectives were to assess the
effects of annual precipitation on the following: (i) the
dissolved and sediment-associated forms of elements in
runoff water, (ii) elements loss by runoff from watershed
soils, and (iii) the impact of element loading to Salt
Creek from runoff.

2 Materials and Methods
2.1 Study Area
The Roca watershed is located in the southeastern section
of the Platte river basin in Lancaster County, NE (Fig. 1).
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The drainage area encompasses 43,286 ha (106,880 acres)
of agricultural land in the southern part of Lancaster County. Most of the area (about 70 %) is cultivated with crops
such as soybean (Glycine willd), corn (Zea mays L.), wheat
(Triticum aestivum L.), sunflower (Helianthus annuus),
and alfalfa (Medicago sativa L.). The rest of the Roca
watershed (about 30 %) consists of grassland and small
areas of forestland, wetland, and urban development. Further details about the study area can be found in Elrashidi
et al. (2013).
The main stream through the Roca watershed is Salt
Creek, which runs through the town of Roca just before
exiting the watershed. Salt Creek then flows west and
north through the city of Lincoln, and eventually to the
Platte River near Ashland, NE. At the town of Roca, the
US Geological Survey (USGS) maintains a stream flow
gauging station (in Salt Creek), which monitors stream
flow and water quality coming from the watershed. The
gauge in Salt Creek (USGS gauge no. 06803000, hydrologic unit 10200203, Lancaster County, NE) has
been recording hydrologic data since 1951 (USGS
2001), which includes average daily water flow rates.
The major soil series and phases in the Roca watershed were summarized from the Soil Survey Geographic (SSURGO) database for Lancaster County, NE
(USDA-NRCS 1999). Eleven soil series (Burchard,
Crete, Judson, Kennebec, Mayberry, Morrall, Nodaway,
Pawnee, Shelby, Steinauer, and Wymore) accounted for
92 % of the agricultural land and are the soils that will be
used in this study. Most of the watershed (59 %)
consisted of the Wymore and Pawnee soil series, and
their widely distributed map unit phases consisted of the
Wymore-WtB, Wymore-WtC2, Wymore-WtD3, Pawnee-PaC2, and Pawnee-PaD2. In total, there were 14
soil map units that were designated to be used for this
study, which includes the three phases of the Wymore
series and two phases of the Pawnee series.
The historic record shows a mean annual precipitation of 729 mm (28.7 in.) for Lancaster County where
the Roca watershed is located (NWCC 2011). In the
present study, the 2009 annual precipitation was below
average at 586 mm (23.08 in.) and above average for
2010 at 874 mm (34.42 in.). The two years make up the
two precipitation treatments (a dry year and a wet year).
2.2 Soil and Stream Water Sampling
Soil samples were collected in cropland and grassland
from each of the 14 soil map units and analyzed as
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described by Elrashidi et al. (2013) and is summarized
here. Six representative soil samples were taken from
soils under crop and six under grass within each of the
14 soil map units for a total of 168 samples (Fig. 1). The
sampling locations were randomly selected within the
designated soil area. At each sampling location, three
cores to a depth of 30-cm were taken and mixed thoroughly in a stainless steel tray, and then packed in a
plastic sealable bag. Sampling was completed during
April prior to fertilizer application for the summer crop.
During the period from March through November for
both 2009 and 2010, 35 weekly stream water samples
were collected from Salt Creek next to the Roca USGS
monitoring station (Fig. 1). This is the period when most
of the runoff occurs and is used to represent the entire
year since freezing conditions dominant the three winter
months (Dec., Jan., and Feb.). Water samples were
collected in mid-stream, by using two 1-L polyethylene
bottles that have been rinsed twice with stream water
prior to sample collection. Water samples were stored at
4 °C and analyzed within a week. Daily stream flow
records were used to calculate the weekly runoff
volumes.
2.3 Soil, Sediment, and Water Analysis
Soil samples were air-dried and passed through a 2-mm
sieve. Samples were analyzed by methods described in
Soil Survey Investigations Report (SSIR) No. 42
(USDA-NRCS 2004) and are represented by alphanumeric codes in parentheses next to each method in this
section. Particle-size analysis was performed by sieve
and pipette method (3A1). Cation exchange capacity
(CEC) was conducted by NH4OAc buffered at pH 7.0
(5A8b). Total carbon (C) content was determined by dry
combustion (6A2f) (Vario EL III, Elementar Americanas, Inc., Mt. Laurel, NJ), and CaCO3 equivalent
was estimated by electronic manometer method
(6E1g). Organic C in soil was estimated from both the
total-C and CaCO3-C. Soil pH was measured in a 1:1
soil/water suspension (8C1f). Dissolved elements in
soils were determined by the equilibrium water extraction method (4D2b1). In this method, the soil/water
suspension (20 g of soil and 100 mL of d.w.) was
allowed to equilibrate at room temperature for 23 h.
The suspension was then shaken for 1 h and filtered
through a 0.45-μm nylon filter. Concentrations of Al,
Fe, Mn, Cu, and Zn in the filtrate were determined by
the inductively coupled plasma-mass spectrometry
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Lakes and Ponds

Fig. 1 Soil (dots) and water (star) sampling locations and the 43,286-ha drainage area in Roca watershed, Lancaster County, NE

(ICP-Ms) (Agilent Technologies 7500 Series, Santa
Clara, CA) (1B2b). Taxonomic classifications and selected properties for the 14 soils under crop and grass in
the Roca watershed, Lancaster County, NE, is presented
in Table 1.
To separate the suspended solids, the stream water
samples were filtered by using a glass syringe equipped
with Whatman 25-mm GD/X nylon filter media
(0.45-μm pore size). The total suspended solids (TSS)
in the stream water samples (mg/L) were determined by
applying a jet of distilled water to quantitatively remove
the solid particles (>0.45 μm) from the filter. The solid
particle samples were dried at 105 °C until a constant
weight had been attained. These suspended solids were
referred to as sediment throughout this report. The concentration of the reactive form of elements in the sediment sample was determined by the Mehlich3 extraction method (Mehlich 1984). The total content of elements was determined according to the acids (HF +
HNO3 + HCl) digestion method (4H1b), as described
in USDA-NRCS (2004).
In the stream water filtrate (<0.45 μm), the dissolved
species of Al, Fe, Mn, Cu, and Zn along with other
elements were determined by the ICP-MS (Agilent
Technologies 7500 Series, Santa Clara, CA) (1B2b).
Complete analysis (of all cations and anions) of the
filtrate was necessary in order to run the geochemical

speciation model (input data). The dissolved anions in
filtrate were determined by the high-pressure ion chromatography (HPIC, Dionex Corp.) (6M1c). The pH in
water was measured with a combination electrode and
digital pH/ion meter (Model 950, Fisher Scientific)
(8C1a), and the conductivity bridge was applied to
measure the electrical conductivity (EC) and soluble
salts (4F1a1). We used the USEPA geochemical equilibrium speciation model (MINTEQ 2006) to calculate
the concentration/activity of dissolved chemical species
related to the five elements (Al, Fe, Mn, Cu, and Zn) in
the stream water. All methods are described in USDANRCS (2004).

3 Results and Discussion
3.1 Water Flow and Suspended Sediment
Results for the weekly water flow (m3) and suspended
sediment (t) in Salt Creek at Roca town (USGS gauge
no. 06803000) during the dry 2009 and wet 2010 year in
the watershed are presented and discussed by Elrashidi
et al. (2013). In summary, there was an annual water
flow into the Salt Creek (Roca town) of 10.1 and 46.1
million m3 for the dry and wet years, respectively. For
the dry 2009 year, the weekly sediment loading into Salt
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Table 1 Classification and some properties (mean±standard deviation) for the 14 major soils under crop and grass covers in the Roca
watershed, Lancaster County, NE
Soil

Classification

Land over

Clay (%)

OC (%)

CEC (cmol/kg)

pH-water

Burchard

Fine-loamy, mixed, mesic
Typic Argiudolls

Crop

24.75±5.79

2.47±0.27

19.55±3.72

6.43±1.08

Crete

Fine, montmorillonitic,
mesic Pachic
Argiustolls

Judson

Fine-silty, mixed, mesic
Cumulic Hapludolls

Kennebec

Fine-silty, mixed, mesic
Cumulic Hapludolls

Mayberry

Fine, montmorillonitic,
mesic Aquic
Argiudolls

Morrill

Fine-loamy, mixed, mesic
Typic Argiudolls

Nodaway

Fine-silty, mixed,
nonacid, mesic Mollic
Udifluvents

Pawnee-PaC2

Fine, montmorillonitic,
mesic Aquic
Argiudolls

Pawnee-PaD2

Fine, montmorillonitic,
mesic Aquic
Argiudolls

Shelby

Fine-loamy, mixed, mesic
Typic Argiudolls

Steinauer

Fine-loamy, mixed
(calcareous), mesic
Typic Udorthents

Wymore-WtB

Fine, montmorillonitic,
mesic Aquic
Argiudolls

Wymore-WtC2

Fine, montmorillonitic,
mesic Aquic
Argiudolls

Wymore-WtD3

Fine, montmorillonitic,
mesic Aquic
Argiudolls

Grass

24.75±2.34

2.47±0.48

19.55±1.31

6.43±0.79

Crop

27.13±3.93

2.07±0.21

21.00±3.19

5.95±0.80

Grass

29.47±3.78

2.89±0.82

24.87±4.73

6.05±0.27

Crop

27.80±4.12

2.13±0.58

20.45±3.37

6.40±1.10

Grass

27.07±2.24

1.92±0.43

20.90±1.12

6.15±0.69

Crop

25.00±4.33

1.96±0.24

19.98±3.10

5.97±1.03

Grass

25.08±2.36

2.45±0.36

22.12±1.12

6.20±0.69

Crop

28.58±6.80

1.57±0.50

20.23±4.52

5.97±1.24

Grass

32.80±3.88

2.04±0.66

25.53±2.17

6.33±0.58

Crop

32.97±5.76

1.75±0.35

21.47±3.36

5.12±0.56

Grass

29.98±7.29

2.23±0.56

22.47±3.84

6.22±0.34

Crop

25.35±1.62

2.21±0.71

20.60±2.45

5.42±0.90

Grass

27.30±7.24

2.21±1.01

22.88±7.90

6.38±0.89

Crop

33.42±5.55

1.73±0.08

24.23±5.31

5.68±0.97

Grass

30.03±5.45

2.18±0.62

23.07±3.97

5.93±0.25

Crop

33.68±4.89

1.64±0.35

23.48±3.05

5.50±0.47

Grass

29.45±4.78

2.26±0.53

22.82±3.66

6.20±0.31

Crop

30.07±6.03

1.52±0.38

21.88±3.75

5.93±0.64

Grass

26.62±5.05

1.74±0.41

20.13±3.24

6.88±0.86

Crop

32.68±4.40

1.39±0.36

23.12±2.16

6.78±0.87

Grass

23.03±8.53

2.27±0.54

18.58±5.47

6.75±0.80

Crop

35.50±4.16

2.30±0.48

25.83±1.67

5.65±0.80

Grass

33.72±3.53

2.82±1.21

26.68±4.67

6.22±0.82

Crop

36.62±3.50

1.98±0.16

26.07±3.44

5.35±0.52

Grass

36.97±4.78

1.86±0.27

27.48±3.58

6.33±0.68

Crop

38.73±3.88

1.80±0.18

27.45±3.30

5.43±0.77

Grass

37.82±5.17

2.02±0.75

27.72±4.10

6.32±0.74
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Creek ranged from 0.01 to 729 t, with an annual average
of 47.t/week. The wet year values gave an annual loading of 8933 t which was more than five times the amount
of sediment measured during the dry year. The wet year
sediment loading was equivalent to an annual loss from
soils of 206 kg/ha in the watershed. The 2-year average
of sediment loss from soils in the Roca watershed was
122 kg/ha/year.

Table 2 The annual amount (kg) of different forms of aluminum,
iron, manganese, copper, and zinc (mean±standard deviation) in
runoff generated from Roca watershed during the dry 2009 and
wet 2010 years
Element

Form

Aluminum (Al)

Sediment

83,516±6669 478,692±37,569

Reactive

585±50

Dissolved 3691±369

3.2 Predicted Runoff
Results for the predicted annual loss of water from soil
by runoff during the dry 2009 and wet 2010 year in the
Roca watershed are presented and discussed by
Elrashidi et al. (2013). In summary, the predicted average runoff from soil during the dry year was 268 m3/ha/
year, which produced an annual runoff of 10.7 million
m3 for all soils in the watershed. The corresponding
predicted average runoff from soil for the wet year was
greater at 1300 m3/ha/year, which generated an annual
runoff of 51.8 million m3 for the entire watershed.

2009
(kg)

Dissolved 2881±284
Iron (Fe)

2010

25,131±1870
3555±293
18,301±1371

Sediment

27,347±2162 167,781±13,704

Reactive

643±52

Dissolved 3603±63

3792±296
3912±255

Manganese (Mn) Sediment

912±72

4893±369

Reactive

298±24

1350±94

Copper (Cu)

Zinc (Zn)

Dissolved 47.7±2.06

145.7±7.0

Sediment

19.7±1.50

146.1±11.3

Reactive

4.9±0.42

24.1±2.0

Dissolved 263.0±5.24

887.0±70.8

Sediment

86.4±6.50

535.0±42.5

Reactive

6.8±0.62

27.0±1.9

3.3 Elements in Salt Creek Water
Dissolved and sediment-associated forms of the five
elements (Al, Fe, Mn, Cu, and Zn) were measured
weekly (kg) in Salt Creek at the Roca monitoring station
during the dry 2009 and wet 2010 years. Table 2 shows
the annual amount (kg) of different forms of the five
elements in runoff generated from Roca watershed during the dry and wet years. In general, both dissolved and
sediment-associated element forms were greater for the
wet than the dry year. Also, most of elements were
found in water during and after storm events. Hubbard
et al. (1982) reported that most of elements loss in runoff
occurs from a few high-intensity rainstorms, and the
concentrations of chemicals in runoff can be high during
those events.
3.4 Aluminum
Figure 2 shows the Al amount (kg) in dissolved (Fig. 2a)
and sediment-associated forms (Fig. 2b) measured from
weekly water samples in Salt Creek during the dry 2009
and wet 2010 years. The amount of dissolved Al measured in Salt Creek during the dry year had a large range
between a minimum of 0.1 kg/week and a maximum of
1767 kg/week with an average of 105 kg/week and
produced an annual amount of 3691 kg. The

corresponding amount of dissolved Al in water for the
wet year was greater than the dry year. It ranged from a
minimum of 1.27 kg/week to a maximum of 8097 kg/
week with an average of 718 kg/week which gave an
annual amount of 25,131 kg. The wet year had almost
seven times the amount of dissolved Al than that found
in Salt Creek water during the dry year. Almost all of the
dissolved Al in water was in the form of single Al
hydroxide species: Al(OH)4[−1], accounted for 99.3
and 98.9 % of the total dissolved Al for the dry and
wet years, respectively.
The amount of Al associated with suspended sediment in water was much greater than that found in
dissolved form for both the dry and wet years. In a study
on runoff from soils in Arkansas, water-soluble Al only
accounted for a small fraction of the total, indicating that
most of the Al in runoff was associated with particulates
which could not pass through 0.45-μm membrane filters
(Moore et al. 1998). For the dry year in our study, Al
associated with sediment suspended in water had a very
broad range between 0.8 and 36,313 kg/week with an
average of 2386 kg/week and produced an annual
amount of 83,516 kg. The corresponding amount of Al
for the wet year ranged from a minimum of 25.2 kg/
week to a maximum of 200,280 kg/week, with an
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Fig. 2 Aluminum amount in
dissolved (a) and sedimentassociated form (b), measured
from weekly water samples in
Salt Creek during the dry 2009
and wet 2010 years in the Roca
watershed, Lancaster County, NE

average of 13,677 kg/week which generated an annual
amount of 478,692 kg. This amount was almost six
times the amount that was measured during the dry year.
We used the Mehlich3 extraction method to determine the reactive form of the elements in suspended
sediment. In this present study, most of Al in sediment
was measured in an unreactive form. The reactive Al
fraction was as low as 0.70 and 0.74 % of the total
amount of Al in sediment for the dry and wet years,
respectively. These data accounted for an annual amount
of 585 and 3542 kg of reactive Al in the sediment
samples collected from Salt Creek during the dry and
wet years, respectively.
3.5 Iron
Figure 3 shows the Fe amount (kg) in dissolved (Fig. 3a)
and sediment-associated forms (Fig. 3b), which has
been measured weekly in Salt Creek water samples
during the dry 2009 and wet 2010 years. The amount
of dissolved Fe measured in Salt Creek during the dry
year ranged between 0.4 and 1423 kg/week with an
average of 82.3 kg/week and produced an annual
amount of 2881 kg. The corresponding Fe amount for

the wet year ranged from a minimum of 2.0 kg/week to a
maximum of 6319 kg/week with an average of 523 kg/
week which gave a yearly amount of 18,301 kg. For the
dry year, most of the dissolved Fe in water consisted of
three Fe hydroxide species: Fe(OH)2[+1], Fe(OH)3[aq],
and Fe(OH)4[−1], which accounted for 49.5 and 45.7,
and 4.8 % of the total dissolved Fe, respectively. The
corresponding values for the wet year were 57.3, 39.7,
and 2.9 % of the total dissolved Fe, respectively.
Similar to Al, the amount of Fe associated with
suspended sediment was greater than that detected in
the dissolved form. Similar results were reported by
Moore et al. (1998) in their study on heavy metals runoff
from soils in Arkansas. They concluded that Fe was one
of elements in runoff where the dissolved concentrations
did not comprise the dominant fraction of the total. For
the dry year in this study, the amount of Fe associated
with sediment ranged between 0.3 and 11,930 kg/week,
with an average of 781 kg/week and produced an annual
amount of 27,347 kg. The corresponding Fe amount for
the wet year ranged from a minimum of 9.1kg/week to a
maximum of 76,008 kg/week, with an average of
4794 kg/week and an accumulated annual amount of
167,781 kg. Most of the Fe in sediment was measured in
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Fig. 3 Iron amount in dissolved
(a) and sediment-associated form
(b), measured from weekly water
samples in Salt Creek during the
dry 2009 and wet 2010 years in
the Roca watershed, Lancaster
County, NE

an unreactive form. The reactive Fe fraction was 2.35
and 2.26 % of the total amount in sediment for the dry
and wet years, respectively. These data accounted for an
annual amount of 643 and 3792 kg of reactive Fe in
suspended sediment samples collected from Salt Creek
during the dry and wet years, respectively
3.6 Manganese
Figure 4 shows the Mn amount (kg) in dissolved
(Fig. 4a) and sediment-associated forms (Fig. 4b) that
were measured weekly in Salt Creek during 2009 (dry)
and 2010 (wet) years. The amount of dissolved Mn was
greater for the wet than the dry year. But, the difference
between the wet and dry years was not as great as that
found for Al and Fe. The amount of dissolved Mn
measured in Salt Creek during the dry year ranged
between 16.2 and 235 kg/week with an average of
103 kg/week and produced an annual amount of
3603 kg. The corresponding Mn amount for the wet
year ranged from a minimum of 0.3 kg/week to a
maximum of 1335 kg/week with an average of 112 kg/
week which gave an annual amount of 3912 kg. For the

dry year, most of the dissolved Mn in water was in three
species: Mn+2, MnSO4[aq], and MnHCO3[+1], which
accounted for 87.0, 7.2, and 5.2 % of the total dissolved
Mn, respectively. The corresponding values for the wet
year were 91.3, 3.2, and 5.3 % of the total dissolved Mn,
respectively.
The amount of Mn associated with suspended
sediment was greater than that found in dissolved
form during the wet year but an opposite trend
was observed for the dry year. For the dry year,
sediment-associated Mn ranged between 0.01 and
394 kg/week, averaging 26.1 kg/week and produced an annual amount of 912 kg. The amount
of sediment-associated Mn determined for the wet
year fluctuated from a minimum of 0.2 to a maximum of 1967 kg/week, with an average of
140 kg/week that accumulated to a yearly amount
of 4893 kg. Contrary to Al and Fe, a relatively
greater percentage of reactive Mn was detected in
suspended sediment. The reactive Mn fraction
accounted for 32.7 and 27.6 % of the total amount
for the dry and wet years, respectively. These
values accounted for an annual amount of 298
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Fig. 4 Manganese amount in
dissolved (a) and sedimentassociated form (b), measured
from weekly water samples in
Salt Creek during the dry 2009
and wet 2010 years in the Roca
watershed, Lancaster County, NE

and 1350 kg of reactive Mn in suspended sediment samples collected from Salt Creek during the
dry and wet years, respectively.
3.7 Copper
Figure 5 shows the Cu amount (kg) in dissolved
(Fig. 5a) and sediment-associated forms (Fig. 5b) that
was measured weekly in Salt Creek during 2009 (dry)
and 2010 (wet) years. The amount of dissolved Cu
measured in Salt Creek during the dry year fluctuated
between no detection and 10.8 kg/week with an average
of 1.4 kg/week and produced an annual amount of
47.7 kg. The corresponding amount of dissolved Cu
for the wet year ranged from a minimum of 0.3 kg/week
to a maximum of 38.1 kg/week with an average of
4.2 kg/week which gave an annual amount of
145.7 kg. During the dry year, most of the dissolved
Cu in water was in the CuCO3[aq] species, which comprised 87.3 % of the total dissolved Cu. Meanwhile,
three other species: {namely: Cu(CO3)2[−2], CuOH[+
1], and Cu+2} were present in relatively lower concentrations at 8.1, 2.6, and 1.2 %, respectively. The

corresponding concentration for the wet year was
89.9 % for the dominant CuCO3[aq] species, while the
three other species were present at 4.7, 2.9, and 1.7 %,
respectively.
Similar to Mn, the amount of Cu associated with
suspended sediment was slightly higher than that found
in dissolved form during the wet year. But, an opposite
trend was observed for the dry year where dissolved Cu
was greater than sediment-associated form. Similarly,
Moore et al. (1998) found that approximately 95 % of
the total Cu in runoff from Arkansas soils was in the
water-soluble form, indicating that there was very little
particulate Cu in runoff.
In the current study, the amount of Cu associated with
sediment ranged from 0.0 to 8.5 kg/week with an average of 0.6 kg/week and produced an annual amount of
19.7 kg. For the wet year, the corresponding Cu associated with sediment ranged from no detection to a maximum of 61.3 kg/week, with an average of 4.2 kg/week
and accumulated annual amount of 146.1 kg. Similar to
Mn, a relatively greater percentage of reactive Cu was
associated with the suspended sediment. The reactive
Cu fraction was 24.7 and 16.5 % of the total amount of
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Fig. 5 Copper amount in
dissolved (a) and sedimentassociated form (b), measured
from weekly water samples in
Salt Creek during the dry 2009
and wet 2010 years in the Roca
watershed, Lancaster County, NE

Cu in sediment for the dry and wet years, respectively.
These values accounted for an annual amount of 4.9 and
24.0 kg for suspended sediment samples collected from
Salt Creek during the dry and wet years, respectively.
3.8 Zinc
Figure 6 shows the Zn amount (Kg) in dissolved
(Fig. 6a) and sediment-associated form (Fig. 6b), which
has been determined weekly in Salt Creek during the dry
2009 and wet 2010 years. The amount of dissolved Zn
measured in Salt Creek during the dry year ranged
between 0.6 and 19.6 kg/week with an average of
7.5 kg/week and produced an annual amount of
263 kg. The corresponding amount of dissolved Zn for
the wet year ranged from a minimum of 0.2 kg/week to a
maximum of 337 kg/week with an average of 25.3 kg/
week, which gave an annual amount of 887 kg Zn. For
the dry year, 50.4 % of the dissolved Zn species in water

was in Zn+2 and 34.8 % was in ZnCO3[aq]. Three other
species present were ZnSO4[aq], ZnHCO3[+1], and
ZnOH[+1] in low concentrations of 5.2, 4.8, and
3.4 %, respectively. The corresponding values for the
wet year were 58.7 and 29.8 % for the two major species
{Zn+2 and ZnCO3[aq]}, respectively. The concentrations of the three other species were 2.5 % for
ZnSO4[aq], 5.4 % for ZnHCO3[+1], and 3.1 % for
ZnOH[+1].
Contrary to other elements, the amount of Zn associated with suspended sediment was smaller than that
found in the dissolved form for both the dry and wet
years. This was in agreement with the findings of Moore
et al. (1998) for Zn in runoff from Arkansas soils. They
found that most of the total Zn in runoff was in the
dissolved form with very little particulate Zn.
For the dry year, in this study, the amount of Zn
associated with sediment ranged between 0.0 and
36.4 kg/week, with an average of 2.5 kg/week and
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Fig. 6 Zinc amount in dissolved
(a) and sediment-associated form
(b), measured from weekly water
samples in Salt Creek during the
dry 2009 and wet 2010 years in
the Roca watershed, Lancaster
County, NE

produced an annual amount of 86.4 kg Zn. The corresponding amount of sediment-Zn for the wet year
ranged from a minimum of 0.0 to a maximum of
236 kg/week, with an average of 15.3 kg/week and an
accumulated yearly amount of 535 kg. Similar to other
elements, most of the Zn associated with the suspended
sediment was found in an unreactive form. The reactive
Zn fraction was 7.86 and 5.05 % for the dry and wet
years, respectively. These results accounted for an annual amount of 6.8 and 27.0 kg of reactive Zn in the
suspended sediment samples collected from Salt Creek
during the dry and wet years, respectively.
3.9 Element Loss by Runoff
We assumed that dissolved and sediment-associated
elements found in Salt Creek have been lost from soils
through runoff from the 43,286-ha Roca watershed,
which eventually discharged into the surface water
body. We understand that subsurface leaching in soils

might also contribute to increased element concentrations in surface waters. But, bio-physicochemical reactions of dissolved ions with colloidal organic and inorganic constituents in subsurface environments could
limit to a great extent element concentrations in water
discharging into Salt Creek through that path way.
The data reported above for element concentrations
in Salt Creek water indicated that the Al loss by runoff
from soils during the dry year was equivalent to 85.3 g/
ha for the dissolved form and 1930 g/ha for the
sediment-associated form. The corresponding annual
Al loss was greater for the wet year at 581 and
11,100 g/ha for dissolved and sediment-associated
forms, respectively. Iron loss by runoff from soils was
relatively lower than that observed for Al during both
the dry and wet years. For the dry year, Fe loss from
soils was equivalent to 66.6 and 632 g/ha for the dissolved and sediment-associated forms, respectively. The
wet year had greater values at 423 g/ha for the dissolved
form and 3880 g/ha for sediment-associated form. In
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their study in Florida, He et al. (2004) found the annual
loads of dissolved Fe in runoff from soils in vegetable
and citrus fields to range from 3.56 to 2421 g/ha. They
did not investigate elements associated with suspended
sediment in runoff.
The data indicated that the amount of Mn lost by
runoff from soils was relatively lower than that measured for Al and Fe. An amount of 83.2 g Mn/ha was
lost during the dry year in dissolved form and 21.1 g
Mn/ha in sediment-associated form. Relatively greater
loss was measured for the wet year at 90.4 and 113.0 g/
ha for dissolved and sediment-associated forms, respectively. He et al. (2004) found that annual loads of dissolved Mn in runoff from Florida soils ranged between
1.79 and 210 g/ha.
The results showed low Cu and Zn concentrations in
the weekly samples collected from Salt Creek water and
indicated a small loss from soils through runoff in the
watershed. With respect to Cu, a loss equivalent to 1.1
and 0.5 g/ha for dissolved and sediment-associated Cu
was measured for the dry year. A relatively greater loss
of 3.37 and 3.38 g/ha for dissolved and sediment forms,
respectively, was generated during the wet year. He et al.
(2004) monitored over a 2-year period the dissolved Cu
concentrations in surface runoff at 11 sites consisting of
vegetable farms and citrus groves in Florida. They found
that total dissolved Cu loads in runoff ranged from 3.45
to 657 g/ha during the first year and from 5.33 to 336 g/
ha in the second year. The authors attributed the high
concentrations of Cu in runoff to applications of fertilizers and Cu-containing pesticides and fungicides.
With respect to Zn, a loss equivalent to 6.1 and 2.0 g/
ha for dissolved and sediment-associated Zn was measured for the dry year. A relatively greater loss of 20.5
and 12.4 g/ha for dissolved and sediment-bound Zn,
respectively, was reported during the wet year. Unexpectedly, the Zn loss in dissolved form was greater than
that associated with sediment during the wet year. In a 2year study on Florida soils, He et al. (2004) reported a
dissolved Zn load in runoff to range from 12.9 to 249
and from 1.46 to 74.3 g/ha, for the first and second
years, respectively. The authors also attributed the high
concentrations of Zn in runoff to applications of fertilizers and Zn-containing pesticides and fungicides.
3.10 Bioactive Element Loading
We used the sum of both the dissolved form of element
in water and reactive form in suspended sediment to
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calculate the annual bioactive element loading (BEL)
into Salt Creek. The BEL-Al into Salt Creek during the
dry 2009 year included 3691 kg of dissolved Al and
585 kg of reactive sediment-associated Al. These values
produced an annual BEL-Al of 4276 kg into Salt Creek
for the dry year. Much greater amounts of annual BELAl (28,673 kg) were calculated for the wet 2010 year,
which was over six times the annual BEL-Al for the dry
year. This large difference in the annual BEL-Al between the dry and wet years was a direct result of the
change in precipitation and its environmental impact on
water quality in Salt Creek. The total bioactive Al concentrations in Salt Creek increased from 424 to
622 μg/L. This increase may have consequential impacts on human health and aquatic life.
The BEL-Fe into Salt Creek during the dry 2009 year
included 2881 kg of dissolved Fe and 643 kg of reactive
sediment-associated Fe, which gave an annual BEL-Fe
of 3524 kg into Salt Creek. Considerably greater annual
BEL-Fe (22,093 kg) was found for the wet 2010 year,
which was about six times the annual BEL-Fe for the
dry year. This change in the annual BEL-Fe resulted in
increasing the total bioactive Fe concentration in Salt
Creek from 439 μg/L during the dry year to 479 μg/L
for the wet year.
The BEL-Mn into Salt Creek during the 2009 dry
year included 3603 kg of dissolved Mn and 298 kg of
reactive sediment-associated forms and produced an
annual BEL-Mn of 3901 kg into Salt Creek. Relatively
greater amounts of annual BEL-Mn (5262 kg) was
shown for the wet 2010 year and included 3912 and
1350 kg of dissolved and sediment-associated Mn, respectively. Contrary to that for Al and Fe, the change in
annual BEL-Mn decreased the total bioactive Mn concentrations in Salt Creek from 387 μg/L during the dry
year to 114 μg/L for the wet year. The decrease in total
bioactive Mn concentrations during the wet year could
be attributed to the modest increase in the annual BELMn value (1.3 times) when compared to the considerable increase in precipitation and runoff water. As mentioned above, both the BEL-Al and BEL-Fe have increased considerably (six times) during the wet year,
which resulted in increasing the total bioactive concentration of both elements in Salt Creek.
The magnitude of annual BEL of Al, Fe, and Mn into
Salt Creek was much greater than that of Cu and Zn. The
BEL-Cu into Salt Creek during the dry 2009 year had
47.7 kg of dissolved Cu and 4.87 kg of reactive
sediment-associated form, which gave an annual BEL-
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Cu of 52.6 kg into Salt Creek. Relatively greater (three
times) BEL-Cu (170 kg) was determined for the wet
2010 year, which included 146 and 24 kg of dissolved
and sediment-associated forms, respectively. Consequently, the total bioactive Cu concentration in Salt
Creek decreased from 5.21 μg/L during the dry year to
3.68 μg/L for the wet year. Similar to Mn, the increase in
BEL-Cu during the wet year was not large enough to
offset the considerable effect of precipitation on runoff
water.
During the dry 2009 year, an amount of 263 kg of
dissolved Zn and 6.8 kg of reactive sediment-associated
Zn have been discharged into Salt Creek, which produced an annual BEL-Zn of about 270 kg. A greater
amount of BEL-Zn (914 kg) was determined for the wet
2010 year, and it was more than three times the value of
BEL-Zn during the dry year. Similar to both Mn and Cu,
the total bioactive Zn concentration in water decreased
from 26.8 μg/L for the dry year to 19.8 μg/L during the
wet year.
3.11 Environmental impact
The total bioactive element concentration in Salt Creek
during the dry year was 424, 349, 387, 5.21, and
26.8 μg/L for Al, Fe, Mn, Cu, and Zn, respectively.
The corresponding total bioactive element concentration
during the wet year was 622, 479, 114, 3.68, and
19.8 μg/L for Al, Fe, Mn, Cu, and Zn, respectively.
The bioactive Cu and Zn concentrations found in Salt
Creek for both the dry and wet years were lower than the
value of Cu (15 μg/L) and Zn (64 μg/L) concentrations
in natural surface waters of the USA (Manahan 1991).
The maximum permissible limit for Fe, Mn, Cu, and Zn
in US drinking water is 300, 50, 1300, and 7400 μg/L,
respectively, while no limit has been recommended for
Al (USEPA 2002). The bioactive element concentrations found in Salt Creek were much lower than the
maximum permissible value for Cu and Zn in US drinking water. However, it appears that both bioactive Fe
and Mn concentrations in Salt Creek have exceeded the
permissible limit for US drinking water during the
2 years.
With respect to aquatic life, the USEPA (2002)
recommended two criteria to determine the quality
of freshwater: (i) the CMC and (ii) the CCC. The
bioactive Al concentration in Salt Creek for both
the dry and wet years has exceeded the USEPArecommended CCC for the quality of freshwater.
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But, the Al concentrations found in Salt Creek
were below the recommended CMC. These data
indicated that Al concentration determined in Salt
Creek during the 2-year study (424 to 622 μg/L)
could adversely affect the aquatic life from longterm exposure. On the other hand, none of the
other four elements investigated (Fe, Mn, Cu, and
Zn) has exceeded the recommended USEPA
criteria for surface freshwater bodies.

4 Conclusions
A 2-year study (dry and wet years) was conducted to
assess the impact of annual precipitation on loss of five
elements from soils through runoff to Salt Creek in the
Roca watershed, NE, part of the US Great Plains. Both
dissolved and sediment-associated forms of five elements (Al, Fe, Mn, Cu, and Zn) were determined weekly
in water sampled from Salt Creek. The vast majority of
elements in dissolved species in runoff were detected as
Al(OH)4[−1] for Al; Fe(OH)2[+1] and Fe(OH)3[aq] for
Fe; Mn+2 for Mn; CuCO3[aq] for Cu; and Zn+2 and
ZnCO3[aq] for Zn. The concentration and species of
dissolved Al, Cu, and Zn measured in the Salt Creek
stream water are not expected to have any adverse effect
on human and animal health. However, the relatively
high concentration of Fe and Mn in stream water has
exceeded the permissible limit for US drinking water.
Further, the Al concentrations determined in water (424
to 622 μg/L) suggests that aquatic life in Salt Creek
could be harmed from long-term exposure. On the other
hand, none of the other four elements investigated (Fe,
Mn, Cu, and Zn) have exceeded the recommended
USEPA criteria for surface freshwater. In general, both
the amount of elements in dissolved form and those
associated with suspended sediments in runoff were
greater for the wet year than the dry year. We conclude
that greater precipitation during the wet year increased
the five metal element loadings into Salt Creek and the
negative impact of runoff from agricultural land on
surface water quality.
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