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Chapter 12

Association of dissolved organic carbon with stream discharge
and dissolved metals concentrations in black shale-draining
streams

George M. Ogendi, Robyn E. Hannigan and Jerry L. Farris

Abstract

Watershed characteristics influence the concentrations of dissolved
organic carbon (DOC) that affects the levels, fate, partitioning, bio-
availability, and toxicity of dissolved metals in aquatic ecosystems.
Despite increasing interest in black shales research, there are limited
data relating influence of bedrock type upon DOC and dissolved
metals in streams whose watersheds are dominated by black shales.
Four streams in North-Central Arkansas, USA, were selected for
study, three of which (Trace Creek, Begley Creek, and Cove Creek)
drain black shales-dominated watersheds. A fourth nearby stream
(Mill Creek) that flows over a geologically distinct limestone bed-
rock, was selected as a reference site to allow comparisons between
these watersheds and the assessment of the role of bedrock lithology
on DOC and metal concentrations. Spatial and temporal variations
in DOC and dissolved metals among stream sites were determined.
Streams draining black shales had significantly higher conductivity,
and lower pH than the stream draining limestone. Dissolved metal
concentrations at all sites were highest in June 2003 and lowest in
September 2003, which coincided with a stormflow and a baseflow,
respectively. The concentrations of DOC and metals (e.g. Cd, Cu,
Hg, Ni, Pb, and Zn) in water collected from Trace, Begley, and Cove
creeks were significantly higher than those of Mill Creek. Metals in
streams draining black shales whose concentrations approached or
exceeded US EPA’s surface water criteria included Cr, Cu, Hg, Pb,
and Se. A linear regression analysis of DOC with discharge as the
predictor variable showed that variations in DOC concentrations
were strongly explained by stream discharge with r*-values ranged
from 0.85 to 0.95, wherecas DOC was inversely related to
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conductivity (+* = 0.47-0.89). The study also revealed that bedrock
type was a significant predictor of the observed spatial variations in
DOC. Streams draining black shale watersheds transported signifi-
cantly higher (p <0.05) amounts of DOC than those draining lime-
stone, thereby emphasizing the important role of geology in
determining the amount of DOC in streams. Owing to the strong
positive correlations between DOC and dissolved metals, any at-
tempt to quantify metals and predict their effect on the aquatic biota
in these types of streams should consider DOC levels in addition to
other physical and chemical variables.

12.1. Introduction

Watershed characteristics (e.g. hydrologic events, type of vegetation and
geology) and anthropogenic activities in catchments influence the con-
centration of dissolved metals and dissolved carbon (inorganic and or-
ganic) in streams (Taylor et al., 1990; Shafer et al., 1997; Shiller, 1997;
Sherrell and Ross, 1999; Meyer et al., 2004). Sherrell and Ross (1999)
observed that both temporal and spatial variations in dissolved metal
concentrations were related to hydrologic flow paths during high dis-
charge. Whereas Shiller and Boyle (1987) and Taylor et al. (1990)
have shown that dissolved metals in large rivers can be derived from
natural rock weathering in the catchment, other studies have additionally
demonstrated that discharge can be a strong predictor of dissolved
metals with higher metal concentrations occurring during high discharge
(Rember and Trefry, 2004).

Dissolved organic carbon (DOC) can comprise over 95% of total or-
ganic carbon (Bishop and Pettersson, 1996) and also constitutes between
40 and 50% of dissolved organic matter (DOM) in forested headwater
streams (Allan, 1995; Kaplan and Newbold, 1993). It is a significant
energy source for stream biota including macroinvertebrates that com-
monly form the energy base for food chains in aquatic ecosystems (Elder,
1988; Allan, 1995). DOC also plays an important role in the transport
of metals within aquatic ecosystems thereby altering dissolved metal
concentrations and, eventually, bioavailability to aquatic organisms. The
ability of DOC to form soluble complexes with many metal ions is critical
in the analysis of the distribution, accumulation, and effects of metals on
biota in aquatic ecosystems. The role of DOC in metal complexation
as a primary mechanism in the transport of metals into aquatic ecosys-
tems has been proposed by a number of researchers (e.g. Allen and
Hansen, 1996; Davies et al., 1998; Kim et al., 1999; Mounier et al., 1999).
Interactions of DOC with metals lead to formation of DOC-metal
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complexes (Spitzy and Leenheer, 1988; Shafer et al., 1997) that affect the
partitioning, fate, and bioavailability of metals (Apte and Batley, 1995;
Gardner and Gunn, 1989). DOC-metal complexation renders the
metals less bioavailable and less toxic to the aquatic organisms (Allen
and Hansen, 1996).

Variations in levels of DOC in streams have also been linked to var-
iations in precipitation in catchments with the highest DOC concentra-
tions coinciding with maximum discharge in temperate and tropical
streams (this study, Cauwet and Meybeck, 1987; Moore, 1989; Droppo
and Jaskot, 1994; Hurley et al., 1996; Shafer et al., 1997, Rember and
Trefry, 2004). Degens et al. (1988) also linked changes in stream DOC to
climate; Thurman (1985) estimated the range of DOC concentrations for
cool temperate and warm temperate climate streams to be between 2-8
and 3-15mgl ", respectively. Differences in DOC in streams may also be
attributed to geologic differences in the watersheds (Sherrell and Ross,
1999; Meyer et al., 2004). For instance, black shales have been shown to
be organic carbon- and metal-enriched (Coveney and Martin, 1983; Kim
and Thornton, 1993; Chon et al., 1996; Petsch et al., 2000; Ogendi et al.,
2004b). These studies found that concentrations of As, Cd, Cr, Cu, Mn,
Ni, Pb, V, and Zn in surface waters exceeded surface water criteria for
metals in the United States, thus a threat to aquatic life. Throughout the
United States, fractured black shales host shallow ground and surface
waters with the water and soil in these regions often containing elevated
metal concentrations in excess of US EPA maximum contaminant levels
(Blette and Newton, 1996; Chon et al., 1996; US EPA, 2002b). The po-
tential importance of metal release from black shales impacts areas of
central and western Arkansas, eastern Missouri, Oklahoma, and Kansas
as well as in western and central New York and northern Montana. Black
shales also occur throughout central and northern Appalachians (Ayotte
et al., 1999; Foley et al., 2002) and the southeastern United States (Seal
et al., 2000). Despite the known impact of trace metals to aquatic biota and
humans (e.g. Mize and Deacon, 2002; Jagoe et al., 2002; Riley et al., 2003;
Moore, 2004), quantification of DOC and its relation to dissolved metal
concentrations in streams is poorly understood. Increased knowledge of
the relation between DOC on the spatial and temporal metal concentra-
tions in headwater streams is critical to the linkages between chemical
weathering of metal rich bedrock and metal bioavailability and toxicity.

Whereas a number of studies have shown that black shales are
non-point sources for metals whose concentrations are sufficient to elicit
toxicity (Kim and Thornton, 1993; Chon et al., 1996), there are limited
data to the best of our knowledge, that show the role of DOC in metal
transport and complexation in streams draining watersheds dominated by
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black shales. Increased metal concentrations in surface waters and stream
sediments have been attributed to chemical weathering of the shales
(Kim and Thornton, 1993; Chon et al., 1996; Hannigan, 1997; Loukola-
Ruskeeniemi et al., 1998; Ogendi et al., 2004a). Increased metal concen-
trations significantly reduce water and sediment quality (Taylor et al.,
1990) that may lead to fish kills (e.g. Pasava et al., 1995), reduced survival
and growth of midge larvae (Ogendi et al., 2004b), and decreased taxa
richness of other benthic macroinvertebrates (Mize and Deacon, 2002). In
addition, adverse effects on the reproduction and recruitment of two
endangered fish species (razorback sucker, Xyrauchen texanus and pike
minnow, Ptychocheilus lucius) have also been attributed to elevated metal
concentrations in surface water and sediments (Hamilton and Waddell,
1994; Deacon and Stephens, 1998). In this study, four bedrock headwater
streams in two geologically distinct, but nearby catchments, were selected
to assess the impact of DOC, discharge, and pH on spatial and temporal
variations in dissolved metal concentrations.

12.2. Materials and methods
12.2.1. Study sites description

The study area consists of four headwater bedrock streams that are trib-
utaries of the Little Red River, Arkansas, USA. The first three streams:
Trace Creek, Begley Creek, and Cove Creek (Fig. 12.1) drain an extensive
late Mississippian period (~350 mya) Fayetteville Shale outcrop of north-
central Arkansas. The Fayetteville Shale is considered to rest conform-
ably on the Batesville Sandstone (Hudson et al., 2001). The Fayetteville
Shale consists of black shale that contains medium- to light-gray fetid
septarian concretions as large as 0.6 m in diameter (Hudson et al., 2001;
Murthy et al.,, 2004). In this region, the Fayetteville Shale embeds
dark-gray, fine-grained limestones, and ranges in thickness from 3 to
120m (AGC, 2005; Fig. 12.1). The lower part of the Fayetteville Shale
outcrops along stream gullies, and is in intimate contact with surface and
ground waters throughout the length of Trace, Begley, and Cove creeks
(Ogendi et al., 2004a,b). The fourth stream, the Mill Creek drains the
Mississippian Pitkin Limestone of north-central Arkansas that rests
conformably on the Fayetteville Shale. The Pitkin Limestone is medium-
to dark-gray, and its texture varies from micritic to coarse-grained. The
Pitkin Limestone generally forms a prominent cliff, and its beds contain
abundant crinoids, brachiopods, and corals (Hudson et al., 2001). Its
thickness ranges from 0 to 18 m.
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Figure 12.1. Location of sampling sites (numbered-solid circles) on streams draining black
shales (i.e. Trace, Begley, and Cove creeks), and on a limestone-draining stream (Mill
Creek). The streams are part of the Little Red River watershed (HUC 11010014) in north-
central Arkansas, USA (shown on the top-left corner).

The mineralogy of the Fayetteville shale, based on X-ray diffraction
(XRD) (Murthy, 2003) showed a dominance of quartz, micas, and feld-
spars dominate the bulk mineral composition with illite, kaolinite, and
smectite the most abundant clay minerals. There is no significant spatial
or temporal variation in the mineralogy of the shales exposed in the study
area. The limestone mineralogy at Mill Creek, typical of intercalated
limestones, is dominated by calcite with some illite. In the case of the
organic carbon content, the shales contain 5-8 wt.% and the limestone
contains no more than 1% (Murthy, 2003). Carbonate content in the
shales is less than 10 wt.%. No vitrinite reflectance data are available and
so thermal diagentic history is not well known. Based on organic matter
content and petrography of the units the shales appear, on first order, to
be mature to post-mature (Hannigan and Basu, 1997).

The Devil’s Backbone (92° 38" 007 W, 35° 54 00’ N), Blue Mountain
(92° 33 45" W, 35° 51’ 35” N), South Mountain (92° 40" 33" W, 35° 48
35” N), and Reves Knob (92° 45 00” W, 35° 43’ 45" N) constitute the
catchments for Trace, Begley, Cove, and Mill creeks, respectively. The
Fayetteville shale bedrock streams were selected because they drain black
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shales that are potential non-point sources of metals (Ogendi et al.,
2004b). The nearby Mill Creek, draining a geologically distinct limestone
bedrock, was selected as a reference site to allow comparisons between
these watersheds and for the assessment of the role of bedrock lithology
on DOC and dissolved metals. The watersheds were identical in terms of
principal land cover and hydrology, and consisted of over 90% forest
riparian habitat with negligible anthropogenic disturbances. The natural
vegetation along the study streams is primarily oak-hickory, oak-hickory-
pine forests, and locally interspersed with cedar glades and short-leaf
pines growing on steep slopes. The study area is characterized by a
temperate climate with mild winters (summer maximum temperature
27.1°C and a winter minimum 4.8°C) with an annual average rainfall of
1370 mm.

12.2.2. Trace metal analysis

Water samples were collected from four randomly selected sites per
stream (Fig. 12.1) using trace-metal clean procedures (Shelton and Capel,
1994; Shafer et al., 1997; APHA, 1998). Six selective sample collections
representing the broad range of seasonal variations in DOC, dissolved
metals, discharge, and other water quality parameters were carried out
between June 2003 and May 2004. All equipment used for sample col-
lection, storage, and analysis of trace metals were pre-cleaned using high-
purity nitric acid (GFS Chemicals Inc.) and thoroughly rinsed with Milli-
Q water. Such cleaning and storage procedures ensure that there are no
detectable metal contaminants in the sampling equipment (Shafer et al.,
1997). The samples were collected in polypropylene bottles and filtered
immediately through 0.45pum Gelman in-line filters and acidified with
ultra-pure HNO; to pH <2 and stored at 4°C prior to trace metal anal-
yses. Other water quality parameters known to affect dissolved metals
and DOC were measured (i.e. dissolved oxygen, pH, and conductivity).
DOC and trace metals in the filtrate (0.45um) are here operationally
defined as “dissolved”. We centered our attention on the dissolved frac-
tion as this fraction is more likely to have measurable biological effects on
aquatic organisms (Di Toro et al., 2000). In addition, the dissolved metals
are also similar to the exposure conditions used in toxicity tests (US EPA,
2002a), allowing for comparisons between standard toxicity tests and field
community surveys (Ogendi et al., 2004a,b). This study is part of a
broader investigation on the Little Red River watershed designed to de-
termine the impact of trace metals on the stream water and sediment
quality, and the resident macroinvertebrate communities. Metal concen-
trations were determined by the dynamic reaction cell inductively coupled
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plasma mass spectrometry (DRC-ICP-MS; Elan 9000 PerkinElmer) fol-
lowing EPA 200.8 methodology. In brief, 15ml of water sample was
transferred into an autosampler vial into which an internal standard
containing 40 pg1™' Li-6, Ge, In, and Bi was added. A standard calibra-
tion curve for all the analytes was established on standards prepared in a
linear range from 1 ppb to 100 ppb. National Institute of Standards and
Technology reference material (NIST 1640) and procedural blanks were
analyzed for trace metals. The dissolved metal concentrations were within
3% of the reported values for the standards. Finally, the relative standard
deviations (RSD) for sample dissolved metal concentrations were <5%
for all analytes.

12.2.3. Determination of dissolved organic carbon

Water samples were collected in 1-liter glass bottles (I-Chem Nalge
Company) equipped with TFE-backed septa. These bottles were washed
scrupulously and rinsed thoroughly with water before drying. The Gelman
in-line filters were flushed with sample water before collection and
the same was done for the sample containers that were rinsed with an
aliquot of sample before collection. Water samples for DOC analysis were
taken from the same stations that trace metal samples were collected.
They were also filtered through 0.45um (Gelman in-line filters) and
stored in the dark at 4°C. The water samples were analyzed for DOC
within 48 h of collection.

DOC analyses were accomplished by UV-persulfate analysis (EPA
415.2) using a Tekmar-Dohrman Phoenix 8000™ TOC analyzer. Briefly,
the inorganic carbon (IC) is removed from the sample by acidification
with phosphoric acid and sparging using nitrogen (99.999 pure nitrogen).
Organic carbon (OC) is oxidized to CO, by sodium persulfate in the
presence of ultraviolet (UV) light. The CO, produced is then purged from
the sample, dried, and carried in a stream of nitrogen to a nondispersive
infrared (NDIR) detector that was specifically tuned to the absorptive
wavelength of CO, (~4.5um). This instrument can detect very low
amounts (~2ppb) of carbon while not sacrificing the ability to analyze
widely varying amounts (Phoenix 8000™ User Manual, 1998). The in-
strument was calibrated every ten samples and the persulfate solution was
prepared fresh each day of analysis. For every ten samples, procedural
blanks, a quality control check standard, and a check standard duplicate
were also analyzed to ensure quality control. The RSD for replicate
standards and samples ranged between 2% and 3 % whereas the r*-values
for the calibration curves ranged between 0.9998 to 0.9999 for these
analyses.
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12.2.4. Determination of pH, conductivity, and discharge

Stream water pH and discharge were determined at the sites of sample
collection. The stream pH was measured using a field pH meter and a
glass electrode that was standardized immediately before each reading.
Conductivity in microsiemens per centimeter (uScm ') was measured us-
ing a YSI conductivity meter. The instrument was calibrated before use in
the field. The values of conductivity are reported as conductivity of the
water samples at 25°C. Discharge measured as m>s ' was determined
manually with the use of a flow meter, wading rod, and tape measure. In
this study, a stream cross-section was divided into a number of smaller
sections of equal width and uniform bed conditions. Velocity was meas-
ured at 60% (from the surface) of the depth of each unit and then mul-
tiplied by the unit area to give the unit discharge. Total discharge was
then calculated as the sum of the discharges of the smaller sections.

12.2.5. Statistical analyses

The data were tested for normality and homogeneity of variance using
Kolmogorov-Smirnov Normality Test (p<0.05) and Levene’s Test for
equal variances (p<0.05), respectively (MINITAB® Statistical Software
for Windows ver. 14). Using data that satisfied the assumptions normality
we compared the DOC and metal concentrations amongst the four study
sites using analysis of variance (ANOVA) to test for differences among sites
and sampling occasions (o = 0.05). Linear regression analyses (y = mx+b)
were carried out on the data that yielded regression slopes, coefficient of
determination values (r*-values), and p-values. In these analyses, except
where defined, the criterion for significance was a p-value of <0.05.

12.3. Results

Both spatial and temporal variations in DOC, discharge, pH, and con-
ductivity were observed among the study sites (Table 12.1). Significant
variations in DOC concentrations among sites (F7, 179y = 49.3; p<0.001)
and sampling occasions (Fs, 179y = 1410.5; p<0.001) were observed with
the highest and lowest values recorded in Trace Creek and Mill Creek,
respectively (Fig. 12.2a). The average DOC values in Cove Creek were
between 15% and 35% less than those observed in Trace Creek and
Begley Creek. Despite its relatively lower DOC levels compared to Trace
and Begley creeks, DOC levels at Cove Creek were 1.5 times higher
than those of Mill Creek. On average, the highest and lowest DOC
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Table 12.1. Means (+ SD, in italics) of discharge (m*s ™), pH, dissolved organic carbon
(mg1™") and conductivity (uScm ") measured at the study sites in north-central Arkansas
(USA). TRA, TRB (Trace Creek A and B), BGA, BGB (Begley Creek A and B), CVA, CVB
(Cove Creek A and B), MLA and MLB (Mill Creek A and B)

TRA TRB BGA BGB CVA CVB MLA MLB

Discharge
6/16/03 0.95 0.95 0.80 0.83 0.77 0.78 1.02 1.05
0.12 0.07 0.03 0.03 0.02 0.03 0.06 0.10
8/11/03 0.33 0.34 0.33 0.33 0.30 0.32 0.49 0.54
0.02 0.02 0.02 0.04 0.03 0.03 0.04 0.02
9/17/03 0.07 0.07 0.06 0.06 0.04 0.05 0.11 0.13

0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.01
11/27/03 0.34 0.33 0.30 0.34 0.29 0.31 0.44 0.45
0.01 0.01 0.01 0.03 0.04 0.02 0.03 0.02

1/9/04 0.19 0.19 0.21 0.19 0.18 0.15 0.30 0.31
0.02 0.02 0.02 0.02 0.04 0.02 0.02 0.02
5/23/04 0.15 0.14 0.12 0.13 0.12 0.10 0.22 0.20
0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02
pH
6/16/03 4.83 5.10 5.80 5.60 6.68 6.78 7.60 7.60
0.13 0.08 0.08 0.08 0.05 0.05 0.08 0.08
8/11/03 5.78 5.85 6.13 6.13 7.10 6.95 7.45 7.55
0.05 0.06 0.10 0.10 0.08 0.06 0.06 0.06
9/17/03 5.95 5.93 6.33 6.38 7.35 7.23 7.70 7.70

0.06 0.10 0.05 0.05 0.06 0.05 0.08 0.05
11/27/03 5.50 5.55 5.83 5.80 6.83 6.88 7.53 7.55
0.08 0.06 0.05 0.08 0.05 0.05 0.05 0.06

1/9/04 5.65 5.63 5.95 5.98 6.83 6.85 7.50 7.58
0.06 0.05 0.06 0.05 0.05 0.06 0.08 0.05
5/23/04 5.63 5.68 6.05 6.05 6.88 6.85 7.45 7.58

0.05 0.05 0.06 0.06 0.05 0.06 0.06 0.05

DOC (mgl™’)
6/16/03 13.53 12,62 1605 1587 1044  10.37 6.60 6.66
0.15 0.64 0.26 0.23 0.46 0.60 0.21 0.16
8/11/03 10.68 1090  10.64 9.96 7.57 7.07 5.81 5.56
0.33 0.42 0.43 0.35 0.35 0.14 0.17 0.16
9/17/03 7.67 9.27 6.64 7.03 6.49 6.42 3.96 3.87
0.11 0.35 0.15 0.08 0.05 0.05 0.23 0.24
11/27/03  10.89  10.56 9.77 9.93 7.48 7.23 5.50 5.24
0.27 0.28 0.43 0.31 0.28 0.19 0.59 0.03

1/9/04 8.14 8.18 6.72 7.09 6.85 6.75 4.88 4.72
0.20 0.19 0.10 0.27 0.08 0.07 0.19 0.16
5/23/04 8.31 7.79 9.06 8.42 7.03 7.11 4.52 4.56

0.37 0.16 0.22 0.44 0.08 0.15 0.24 0.19

Conductivity
6/16/03 165.00 173.75 16550 169.50  161.25  156.00 55.75 58.75
9.97 5.62 8.39 4.65 9.22 2.94 2.63 2.22
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TRA TRB BGA BGB CVA CVB MLA MLB
8/11/03 212.00  208.50  205.75 197.50  195.50 196.25 72.00 72.25
4.97 4.20 6.95 2.08 557 7.80 2.94 4.99
9/17/03 365.50  362.25 368.50 365.50 333.00 334.00 170.00 165.25
5.00 3.50 3.51 7.55 5.94 6.78 3.56 8.46
11/27/03  216.50 22575 212.00 211.00 203.25 205.50 86.00 89.50
4.43 1.71 4.90 7.02 427 1.29 5.10 3.51
1/9/04 248.25  241.75  237.75 233.00 245.50  249.50 130.50 130.50
12.40 14.20 4.20 4.51 4.80 5.07 2.38 7.14
5/23/04 239.50  237.25 260.50 258.50 224.50  221.50 110.50 113.75
3.10 4.43 5.38 3.65 2.08 3.11 4.04 7.55
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Figure 12.2. Temporal variations in (a) dissolved organic carbon and (b) stream discharge
for Trace, Begley, Cove, and Mill creeks. Each point on the scatter plot is a mean of four

sample measurements per sampling site during each sampling occasion.
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concentrations were measured in June and September 2003, respectively
(Table 12.1). The DOC concentrations for June 2003 were approximately
twice as much as those measured in September 2003 for sampling sites.
Discharge at Mill Creek was consistently greater than that observed at
Trace, Begley, and Cove creeks (Fig. 12.2b). The highest and lowest flows
occurred in June and September, 2003, respectively. However, the reverse
was true of pH and conductivity with minimum and maximum measure-
ments made in June and September, respectively (Table 12.1). A linear
regression analysis of DOC with discharge as the predictor variable
showed that variations in DOC concentrations were adequately explained
by stream discharge with r*-values ranging from 0.85 to 0.95 (Fig. 12.3).
In addition, significant ANOVAs (F{; 19y =43, p<0.001, Trace Creek;
Fu 0= 115, p<0.001, Begley Creek; F 19y =144, p<0.001, Cove
Creek; Fy 19y = 109, p<0.001, Mill Creek) were obtained for the corre-
sponding DOC-discharge measurements. The concentrations of DOC
were inversely related to specific conductivity with high r>-values ranging
from 0.47 to 0.89 (Fig. 12.4).

Dissolved metal concentrations at all sites were highest in June 2003
and lowest in September 2003 samples (Table 12.2). Except for manga-
nese, dissolved metals in black shale-draining water samples were

18

161 Begley Cr.

14

Dissolved organic carbon (mg/L)
>

s
b .
A/M Mill Cr

2 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Discharge (m%/s)

Figure 12.3. Linear regression plots of DOC vs. discharge for Trace Creek (solid triangle;
y=179+538x; = 0.85), Begley Creek (solid circle; y = 6.1+ 12x; r? =0.93), Cove Creek
(open circle; y =6.1+5.3x; *=0.95), and Mill Creek (open triangle; y = 3.9+2.8x;
r? =0.93). Each point on the scatter plot is a mean of four sample measurements per
sampling site per sampling occasion.
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Figure 12.4. Linear regression plots of DOC vs. conductivity Trace Creek (solid circle;
y = 14.8-0.02x; r* = 0.47), Begley Creek (open circle; y = 12.3-0.03x; * = 0.53), Cove
Creek (solid triangle; y = 11.5-0.02x; * = 0.54), and Mill Creek (open triangle; y = 7.5
0.02x; r* = 0.89). Each point on the scatter plot is a mean from four sample measurements
per sampling site per sampling occasion.

significantly higher (p <0.05) than those in the stream-draining limestone
(Fig. 12.5). The concentrations of both Fe and Mn in all streams were
consistently higher than those of other elements in all the sampling oc-
casions. The mean dissolved V and Co were two to three times higher in
Trace Creek than in Mill Creek, whereas dissolved Cr in both Trace
Creek and Begley Creek was 2-36 times higher than Mill Creek. Dis-
solved mercury was significantly higher (p <0.001) in samples drawn from
streams draining black shales than those collected from the limestone-
draining stream (Table 12.2). Dissolved Ni and Pb were between 2 and 42
times higher in Trace, Begley, and Cove creeks than in the Mill Creek
samples. In contrast, the concentrations of Zn and Sn were relatively
higher in Mill Creek than the streams draining black shales (Table 12.2).
Except for the November 2003 samples, dissolved Zn was between 10%
and 30% higher in Mill Creek samples than those of Trace, Begley, and
Cove creeks. Significant differences (p <0.05) were observed in dissolved
Mn between the study streams (Fig. 12.5) with the highest concentrations
occurring in Mill Creek. The concentration of Cd in June 2003 in Trace
Creek was significantly higher (p <0.05) than that observed in the other
streams (Table 12.2). Significantly higher (p<0.05) dissolved Cu was
noted in Begley Creek than that of Trace, Cove, and Mill creeks. The
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Table 12.2. Dissolved concentrations (ugl ') of selected elements in stream water as
determined by inductively coupled plasma mass spectrometry. TRA, TRB (Trace Creek A
and B), BGA, BGB (Begley Creek A and B), CVA, CVB (Cove Creek A and B), MLA and
MLB (Mill Creek A and B). CCC is criteria continuous concentration—four-day average
not to be exceeded more than once every three years on average, and CMC is criteria
maximum concentration—one-hour average not to be exceeded more than once every three
years on average (US EPA, 2002b). nd: not defined

TRA TRB BGA BGB CVA CVB MLA MLB CCC CMC

6/16/03

v 504 534 353 312 121 060 111 050 nd nd
Cr 1452 1593 1099 816 514 131 060 040 11.00 16.00
Mn 1492 20.16 7.06 9.58 1452 1341 3175 5685 nd nd
Fe 33647 33847 258.15 259.05 184.24 170.13 159.13 9632 nd nd
Co 030 030 020 020 020 020 010 0.10 nd nd
Ni 302 373 343 383 141 181 151 151 5200 470.00
Cu 756 1048 1895 6.65 3.83 423 454 413  9.00 13.00
Zn 1693 1633 13.61 1613  7.86 1835 24.60 12.00 120.00 120.00
As 5957 4556 3437 36.69 47.68 90.22 3871 53.32 150.00 340.00
Se 363 595 948 867 524 917 312 232 500 nd
cd 030 030 020 020 010 010 0.0 0.0 025 2.00
Hg 121 837 504 150 202 1139 014 003 077 140
Pb 2836 4479 1172 11.02 471 421 601 782 250 65.00

8/11/03
v 104 LIl 075 065 027 016 026 0.2
Cr 160 177 120 088 053 011 008 0.6
Mn 276 399 094 152 268 241 669 12.58
Fe 23200 209.51 159.79 160.31 114.01 10527 98.46 59.62
Co 047 049 036 039 028 026 021 0.19
Ni 179 199 167 187 077 091 085 085
Cu 153 215 409 137 079 089 094  0.89
Zn 922 845 751 829 468 802 1133 538
As 261 200 150 161 209 395 169 233
Se 284 469 741 678 409 7.9 248 179
cd 006 006 009 009 003 004 006 0.06
Hg 026 191 120 031 048 267 003 0.06
Pb 1701 037 034 0.5 012 014 022 024

9/17/03

v 111 122 078 067 033 011 033  0.11
Ccr 133 133 100 078 067 056 067 0.67
Mn 977 1343 455 622 955 877 2120 384l
Fe 209.24 210.55 160.60 161.10 114.57 105.83 98.99  59.90
Co 056 056 044 044 033 033 022 022
Ni 266 322 289 333 122 155 133 133
Cu 178 244 444 155 089 1.00 111  1.00
Zn 877 799 7.0 788 444  7.66 10.77 5.1
As 200 155 L1l 122 155 300 133 178
Se 255 422 666 611 366 644 222 155
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Table 12.2. (Continued)

TRA TRB BGA BGB CVA CVB MLA MLB CCC CMC

Cd 0.11 0.11 0.11 0.11 0.00 0.00 0.11 0.11
Hg 0.33 2.00 1.33 0.33 0.56 2.89 0.03 0.07
Pb 12.93 0.30 0.30 0.10 0.10 0.10 0.20 0.20

11/2703

v 372 396 264 230 091 047 085 035
Cr 11.62 1276 882 658 414 107 046 036
Mn 14.81 20.05 7.06 9.51 1444 1333 3152 56.54
Fe 311.77 313.68 239.24 240.03 170.70 157.61 147.41 89.27
Co 027 029 021 023 016 015 012 0.11
Ni 277 339 306 344 125 168 137 140
Cu 648 897 1632 574 327 368 393  3.55
Zn 1682 1620 13.57 1608  7.77 1823 2443 1197
As 4728 3622 2728 29.18 37.84 71.62 3071 4234
Se 328 542 856 782 473 830 286 2.6
cd 025 028 026 024 008 009 008 007
He 1.02 68 413 120 1.66 937 <001 <0.01
Pb  31.82 5030 1322 1239 530 475 676  8.83

1/9/04
v 198 211 143 126 055 033 052 027
Cr 292 320 222 166 1.05 028 0.3 0.1
Mn  3.64 483 187 243 355 330 745 13.16
Fe 41567 41822 318.96 320.02 227.58 210.13 196.54 119.02
Co 028 030 022 023 017 016 013  0.12
Ni 186 227 205 231 084 1.13 092 094
Cu 145 205 39 131 075 085 09 084
Zn 894 819 728  8.03 454 777 1099 522
As 221 170 128 137 177 335 144 198
Se 319 526 831  7.60 459 806 278 201
cd 008 009 009 008 003 003 003 002
Hg 035 237 143 042 058 326  0.04 <0.01
Pb 1668 036 033 014 012 014 022 024

5/23/04

v 156 166 113 099 043 026 041 021
Cr 223 245 169 127 080 022 0.0 0.8
Mn 304 404 156 203 297 276 623 11.00
Fe 32629 32830 250.38 251.21 178.65 164.95 154.28 93.43
Co 022 023 016 018 013 012 0.10 009
Ni 136 166 149 1.68 061 082 067  0.69
Cu 110 154 294 099 057 064 068 0.64
Zn  5.69 548 459 544 263 616 826  4.05
Se 230 379 599 548 331 581 200 145
cd 007 007 005 006 002 002 00l 002
Hg 028 205 128 033 052 285 003 00!
Pb 1150 025 023 010 008 010 0.5 0.17

nd, not defined.
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Figure 12.5. Plots of some selected elements vs. dissolved organic carbon for Trace Creek
(solid circles), Begley Creek (open circle), Cove Creek (solid triangle), and Mill Creek (open
triangle). Each point on the scatter plot is a mean from four sample measurements per
sampling site per sampling occasion.
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concentration of Ni in Begley Creek was consistently higher than those of
Trace, Cove, and Mill creeks. Dissolved metals exhibited weak to strong
positive relationships with DOC. The relationships were moderate to
strong for V, Cu, Zn, and Pb as shown by the corresponding r*-values
(Table 12.3). Except for Mill Creek, significant temporal variations
(p<0.05) in water pH were noted. DOC was inversely related to pH with
weak to fairly strong relationships (Fig. 12.6).

12.4. Discussion

The pH and conductivity differences between the streams would be at-
tributed to the geologic differences in their watersheds. The low pH values
in Trace and Begley creeks may be explained by the dominance of organic-
rich clay soils and unweathered materials derived from black shales in
their watersheds. Low pH values have been encountered in streams whose
watersheds are dominated by the organic-rich black shales (Loukola-
Ruskeeniemi, 1994; Jambor et al., 2000; Tuttle et al., 2001; Foley et al.,
2002; Hammarstrom et al., 2003). Overall, these studies noted that the
observed low pH in streams draining shales was related to weathering and
oxidation of the sulfide minerals in these rocks. Hammarstrom et al.
(2003) observed that physical and chemical weathering of metal-enriched
rocks not only contributes acidity into the streams but also metals, se-
diments, and secondary minerals which may sequester metals. The high
conductivity values in the black shale-draining streams would be due to
the presence of easily ionized materials in the watersheds. The notable
conductivity increases during baseflow were attributed to groundwater,
which derives its high conductivity signature from the black shale bedrock
through which it flows. Whereas our conductivity values for streams
flowing through blacks shales are 3 to 4 times higher, our pH values are
comparable to those measured in Beech Flats Creek by Hammarstrom
et al., 2003. In general bedrock type can significantly influence water
quality as was shown by Flum and Nodvin (1995) at the Great Smoky
Mountains National Park.

Time-series results (Fig. 12.2, 12.5; Table 12.2) reveal marked spatial
and temporal variations in both dissolved organic carbon and dissolved
metals. The DOC and metal concentrations in Trace, Begley, and Cove
creeks, whose watersheds are dominated by black shales were significantly
higher than those of the limestone-draining Mill Creek (Table 12.2). The
highest and lowest V, Cu, Mn, Cr, Zn, and Pb concentrations coincided
with the highest and lowest DOC values which in turn corresponded with
the highest and lowest discharge, respectively. On average, the three



Table 12.3.  R*-square values of linear regression plots of dissolved metals vs. DOC; dissolved metals vs. pH; and dissolved metals and metalloids
vs. discharge in Trace Creek, Begley Creek, Cove Creek, and Mill Creek in north-central Arkansas (USA)

Metal Trace Creek Begley Creek Cove Creek Mill Creek Metal Trace Creek Begley Creek Cove Creek Mill Creek

DocC
A% 0.58 0.63 0.65 0.50 Zn 0.69 0.49 0.50 0.53
Cr 0.48 0.52 0.75 0.24 As 0.49 0.68 0.84 0.45
Mn 0.45 0.31 0.34 0.21 Se 0.71 0.58 0.67 0.52
Co 0.10 0.15 0.10 0.15 Cd 0.48 0.31 0.53 0.11
Ni 0.47 0.30 0.35 0.89 Pb 0.59 0.46 0.43 0.43
Cu 0.70 0.61 0.60 0.53

pPH
A% 0.84 0.71 0.61 0.63 Zn 0.63 0.59 0.65 0.28
Cr 0.77 0.68 0.35 0.33 As 0.71 0.66 0.67 0.33
Mn 0.33 0.34 0.23 0.61 Se 0.76 0.66 0.66 0.51
Co 0.27 0.13 0.30 0.25 Cd 0.57 0.33 0.51 0.38
Ni 0.67 0.38 0.61 0.51 Pb 0.64 0.49 0.38 0.29
Cu 0.66 0.65 0.51 0.39

Discharge
v 0.71 0.70 0.65 0.58 Zn 0.59 0.67 0.61 0.56
Cr 0.67 0.69 0.64 0.14 As 0.66 0.69 0.69 0.63
Mn 0.33 0.35 0.36 0.31 Se 0.66 0.59 0.64 0.33
Co 0.12 0.10 0.09 0.34 Cd 0.33 0.56 0.65 0.17
Ni 0.48 0.41 0.38 0.45 Pb 0.49 0.48 0.50 0.45
Cu 0.65 0.65 0.66 0.61
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Figure 12.6. Linear regression plots of dissolved organic carbon vs. pH for Trace Creek
(solid circle; y = 34.6-4.4x; r* = 0.56), Begley Creek (open circle; y = 72.1-10.4x; r* = 0.51),
Cove Creek (solid triangle; y = 38.4-4.4x; r*=0.38), and Mill Creek (open triangle;
¥ = 73.9-9.1x; #* = 0.73). Each point on the scatter plot is a mean from four sample meas-
urements per sampling site per sampling occasion.

streams draining through black shales had significantly higher dissolved
metal levels than that draining limestone. Elevated metal concentrations
have been encountered in soils and sediments derived from black shales as
well as in streams whose watersheds are dominated by black shales
(Coveney and Martin, 1983; Kim and Thornton, 1993; Chon et al., 1996;
Loukola-Ruskeeniemi et al., 1998; Hammarstrom et al., 2003; Ogendi et al.,
2004a, b). The elevated metal concentrations in Trace, Begley, and Cove
creeks would be linked to weathering of the metal-enriched black
shales over which these streams flow. Foley et al. (2002) attributed the
high concentrations of As, Cu, and Mn in shale-draining streams in the
Great Smoky Mountains National Park to near-surface reactions of
sulfide minerals and water. Similar observations were made by Seal et al.
(2000), and Hammarstrom et al. (2003). Short term perturbations in water
quality due to acidity and elevated metal concentrations in creeks were
also observed (Hammarstrom and Smith, 2002). Other studies that have
documented elevated metal contents in surface waters draining pyritic-
rich rocks include Bacon and Maas (1979) and Trumpf et al. (1979). In
their study, Trumpf et al. (1979) found out that mass mortalities of native
brook trout over an eight-km distance was due to metal toxicity notably
aluminum. Ground waters in areas underlain by black shales may also
be enriched in dissolved metals. A study by Ayotte et al. (1999) of
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shale bedrock wells in the Northern Appalachians of Maine and New
Hampshire found that groundwaters contained elevated concentrations of
dissolved metalloids (e.g. As) that exceeded the US EPA guidelines for
drinking well water. The concentrations of Cr, Cu, Hg, Pb, and Se in
streams draining black shales either approached or exceeded US EPA’s
metals criteria for surface waters (US EPA, 2002b). The elevated metals
and metalloids in Trace, Begley, and Cove creeks during baseflow may be
attributed to the groundwater inputs that contain these elements derived
from soils and rocks through which the water flows. Ogendi et al. (2004b)
measured between 4 and 10 ppm, and between 0.1 and 0.8 ppm of Hg in
bedrock and sediments collected from streams draining black shales in the
study area. Weathering of metal-enriched shales may thus lead to in-
creased loading of toxic metals in surface waters. Enrichments of Hg up
to 7.5ppm in Proterozoic black shales have been encountered (Loukola-
Ruskeeniemi, 1990). Chon et al. (1996) also encountered enrichments of
AS, Mo, and Se in soils developed from black shales. The high concen-
trations of Fe in the black shale-draining streams are an inherent signa-
ture of the pyrite-rich black shales in the watersheds. Oxides of Mn play a
significant role in metal sorption. Fe may alter the concentrations and
partitioning of Co, Cu, Ni, and Zn, thus modifying metal bioavailability
and toxicity to aquatic organisms (Jenne, 1968; Warren and Zimmerman,
1994; Erickson et al., 1996). Under aerobic conditions oxides of Fe and
Mn can efficiently act as complexing ligands for metals (Hare et al., 1994;
Erickson et al., 1996; Di Toro et al., 2001).

The study demonstrated that bedrock type and the amount of precip-
itation in the watersheds were strong predictors of the amount of DOC
and dissolved metals in surface waters. On average, DOC concentrations
in Trace Creek and Begley Creek were two times higher than those of Mill
Creek for all the sampling occasions. Whereas the DOC-discharge cor-
relations were very strong, the DOC-conductivity relationships were
moderate to strong in the study streams. DOC levels in the streams
draining black shales (with mean DOC ranging from 7 to 16mgl™") are
significantly higher (p<0.05) than those of typical warm temperate
streams (mean = 7; range = 3—15mgl ') (Mulholland and Kuenzler,
1979; Thurman, 1985; Meybeck, 1993; Shafer et al., 1997). The higher
DOC concentrations in our study sites may partly be explained by the
presence of the organic-rich black shales in the watersheds. Black shales
are rich in organic carbon (Petsch et al., 2000) and therefore may explain
the significantly higher DOC in Trace, Begley, and Cove creek surface
waters. In contrast, the DOC levels in Mill Creek are within the range of
estimates for warm temperate streams (Thurman, 1985). Bedrock differ-
ences in the catchments appear to account for the spatial DOC differences
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because the vegetation types and principal land cover are the same for
these watersheds. Temporal DOC variations are strongly correlated with
changes in stream discharge (e.g. this study; Cauwet and Meybeck, 1987,
Moore, 1989). The DOC data from this study were strongly positively
correlated with the observed stream discharge with low- and high-DOC
concentrations being encountered during baseflow and stormflow condi-
tions, respectively. During storm events, DOC is likely accumulated by
waters in contact with the organic matter-rich shale rock materials and
soils, and then transported to the adjacent streams (Hendershot et al.,
1992; Peters et al., 1995). The inverse relation between DOC and con-
ductivity suggest that conductivity may indirectly influence metal trans-
port in these streams (Fig. 12.4). The observed decline in conductivity
with increased discharge and DOC levels suggests that DOC-metal com-
plexes may be flushed from the watershed and banks into streams aug-
menting baseflow contents. Similarly, the strong positive linear
relationships between discharge and DOC imply that significantly more
dissolved metals are transported during peak discharge than during
baseflow. Our findings are in agreement with similar studies by Depetris
and Paolini (1991), Cauwet and Sidorov (1996), and Boyer et al. (1997)
that also showed positive linear relations between discharge and the
concentrations of DOC, with maximum DOC levels coinciding with peak
discharge.

Metal-DOC relationships ranged from weak (Co, Cd, and Fe) to
strong (Cu, Ni, V, and Pb) in the streams draining black shales. This
tendency for dissolved metals to increase with increasing DOC concen-
tration in the streams draining black shales supports the supposition that
DOC is a major transport vector for dissolved metals. In Trace and
Begley creeks, relatively high-DOC levels ranging from 8 to 16 mgl™ in
relatively low pH environments (pH range: 4.8-5.8) were noted. Higher
concentrations of DOC and dissolved metals in streams draining black
shale than in streams draining limestone are most likely related to differ-
ences in lithology with lithology similarly influencing pH. These findings
suggest that black shales in this region may be undergoing more intense
chemical weathering as evidenced by higher concentrations of DOC and
acid-generating potential, whereas the limestone buffers (e.g. Walker and
Webber, 1979).

12.5. Conclusions

Our study found that the difference in lithology was a significant pre-
dictor of the observed spatial variations in DOC concentrations in
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headwater bedrock streams. Streams draining black shale watersheds
transport significantly higher amounts of DOC than those draining over
limestones thereby emphasizing the important role of geology in deter-
mining the amount of DOC in streams. Second, all streams exhibited a
DOC maxima and minima that coincided with a stormflow and a base-
flow, respectively. The watershed soils and/or rock surfaces are significant
contributors of DOC to streams particularly during stormflow condi-
tions. Third, our results indicate that the total variation in DOC in
streams can be explained by discharge. It is also evident from this study
that black shales are enriched in metals, which are transported in sig-
nificantly large amounts during stormflow events as compared to the
baseflow conditions. Oxidative weathering of the Mississippian Fayetev-
ille Shale plays a crucial role in the release of metals that are subsequently
transported into surface and groundwaters. Findings from numerous
studies strongly suggest that DOC plays a significant role in altering the
potential toxicity of metals to aquatic organisms (Diamond et al., 1997;
Di Toro et al., 2001). The bioavailable fraction of a metal may be de-
creased significantly through complexation by DOC resulting in a reduc-
tion in the overall impact of metals on aquatic organisms (Newman and
Jagoe, 1994; Erickson et al., 1996; Di Toro et al., 2001; Heijerick et al.,
2003). The bioavailable fraction of the metal has been shown to corre-
spond to the observed metal toxicity to aquatic organisms (Di Toro et al.,
2001; De Schamphelaere and Janssen, 2004). Owing to the strong positive
correlations between DOC and dissolved metals, we envisage low-metal
impact upon resident aquatic communities in the streams draining black
shales in this region. Thus, any attempt to quantify metals and predict
their effect on aquatic biota in streams draining black shales should con-
sider DOC levels in addition to other physical and chemical variables.

ACKNOWLEDGMENTS

This research was supported by a National Science Foundation grant
(EAR 0233661—Hannigan and Farris). We are grateful to the personnel
of the Water-Rock-Life Laboratory at Arkansas State University for
their assistance in the stream water sample collection and processing in-
cluding metal and dissolved organic carbon analyses. We appreciate the
technical support we received from Dr. Ben Rougeau, Dr. Yingtao Chai,
and Mr. David Clark while conducting the trace metal and DOC analyses
on the DRC-ICP-MS and the Dorhman TOC analyzer. Finally, we wish
to sincerely thank our two reviewers, Drs. Robert Seal (USGS, National
Center, Reston, VA) and William Brumbaugh (USGS, Columbia



268 George M. Ogendi et al.

Environmental Research Center, MO) for their insightful comments and
constructive critiques.

REFERENCES

Allan, J.D., 1995. Stream ecology: Structure and function of running waters. Chapman and
Hall, New York.

Allen, H.E., Hansen, D.J., 1996. The importance of trace metal speciation to water quality
criteria. Water Environ. Res. 68, 42-54.

American Public Health Association, American Water Works Association, Water pollution
control Federation, 1998. Standard Methods for the Examination of Water and Waste-
water, Twentieth ed. Washington, DC.

Apte, S.C., Batley, G.E., 1995. Trace metal speciation of labile chemical species: Other
methods. In: Tessier, A., Turner, D.R. (Eds.), Metal Speciation and Bioavailability in
Aquatic Systems. Wiley, Chichester.

Arkansas Geological Commission, 2005. Available at http://www.state.ar.us/agc/
stratigr.html Accessed September 27, 2005.

Ayotte, J.D., Nielsen, M.G., Robinson, G.R., Jr., Moore, R.B., 1999. Relation of arsenic,
iron, and manganese in ground water to aquifer type, bedrock lithogeochemistry, and
land use in the New England Coastal Basins. U.S. Geological Survey Water Resources
Investigations Report 99-4162.

Bacon, J.R., Maas, R.P., 1979. Contamination of Great Smoky Mountains trout streams by
exposed Anakeesta formation. J. Environ. Qual. 8, 538-543.

Bishop, K., Pettersson, C., 1996. Organic carbon in the boreal spring flood from adjacent
subcatchments. Environ. Int. 22, 535-540.

Blette, V.L., Newton, R.M., 1996. Application of integrated lake-watershed acidification study
model to watershed liming at Woods Lake, New York. Biogeochemistry 32, 363-383.
Boyer, E.W., Hornberger, G.M., Bencala, K.E., McKnight, D.M., 1997. Response char-
acteristics of DOC flushing in an alpine catchment. Hydrol. Process. 11, 1635-1647.
Cauwet, G., Meybeck, M., 1987. Seasonal fluctuations of carbon levels in a temperate river:
The Loire (France). In: Degens, E.T., Kempe, S., Weibin, G. (Eds.), Transport of Car-
bon and Minerals in Major World Rivers. Pt. 4. Mitt.. Geol.-Paldont. Inst. Univ.,

Hamburg, SCOPE/UNEP Sonderbd.

Cauwet, G., Sidorov, 1., 1996. The biogeochemistry of the Lena River: Organic carbon and
nutrients distribution. Mar. Chem. 53, 211-227.

Chon, H.T., Cho, C.H., Kim, K.W., Moon, H.S., 1996. The occurrence and dispersion of
potentially toxic elements in areas covered with black shales and slates in Korea. Appl.
Geochem. 11, 69-76.

Coveney, R.M. Jr., Martin, S.P., 1983. Molybdenum and other heavy metals of the Mecca
Quarry and Logan Quarry shales. Econ. Geol. 78, 132-149.

Davies, C.M., Apte, S.C., Johnstone, A.L., 1998. A bacterial bioassay for the assessment of
copper bioavailability in freshwaters. Environ. Toxicol. Water Qual. 13, 263-271.

Deacon, J.R., Stephens, V.C., 1998. Trace metals in streambed sediment and fish liver at
selected sites in the upper Colorado River Basin, Colorado, 1995-1996. U.S.G.S. Water-
Resources Investigations Report 98-4124, p. 19.

Degens, E.T., S. Kempe and A.S. Naidu, (Eds.), 1988, Transport of Carbon and Minerals in
Major World Rivers, Lakes and Estuaries, Pt. 5. Mitt.. Geol.-Paldont. Inst. Univ.,
Hamburg, SCOPE/UNEP Sonderbd.


http://www.state.ar.us/agc/stratigr.html
http://www.state.ar.us/agc/stratigr.html

Association of DOC with Stream Discharge and Dissolved Metals 269

Depetris, P.J., Paolini, J.E., 1991. Biogeochemical aspects of South American rivers: The
Parana and Orinoco. In: Degens, E.T., Kempe, S., Richey, J.E. (Eds.), Biogeochemistry
of Major World Rivers, Scope Report 42. Wiley, Chichester, UK.

De Schamphelaere, K.A.C., Janssen, C.R., 2004. Effects of dissolved organic carbon con-
centration and source, pH, and water hardness on chronic toxicity of copper to Daphnia
magna. Environ. Toxicol. Chem. 23, 1115-1122.

Diamond, J.M., Koplish, D.E., McMahon, J. III, Rost, R., 1997. Evaluation of water-effect
ratio procedure for metals in a riverine system. Environ. Toxicol. Chem. 16, 509-520.

Di Toro, D.M., Allen, H.E., Bergman, H.L., Meyer, J.S., Paquin, P., Santore, R.C., 2001.
Biotic ligand model of the acute toxicity of metals. 1. Technical basis. Environ. Toxicol.
Chem. 20, 2383-2396.

Di Toro, D.M., Allen, H.E., Bergman, H.L., Meyer, J.S., Santore, R.C., Paquin, P., 2000.
The Biotic Ligand Model: A Computational Approach for Assessing the Ecological
Effect of Metals in Aquatic Systems. The Intl. Copper Assoc., New York.

Droppo, 1.G., Jaskot, C., 1994. The impact of river transport characteristics on contaminant
sampling error and design. Environ. Sci. Technol. 29, 161-170.

Elder, J.F., 1988. Metal Biogeochemistry in Surface-Water Systems—A Review of Principles
and Concepts. U.S. Geological Survey Circular 1013.

Erickson, R.J., Benoit, D.A., Mattson, V.R., Nelson, H.P., Leonard, E.N., 1996. The effects
of water chemistry on the toxicity of copper to fathead minnows. Environ. Toxicol.
Chem. 15, 181-193.

Flum, T., Nodvin, S.C., 1995. Factors affecting streamwater chemistries in the Great Smoky
Mountains, USA. Water Air Soil Pollut. 85, 1707-1712.

Foley, N.K., Shultz, A.P., Southworth, C.S., Ayuso, R.A., Robinson, G.R., Seal II, R.R.,
2002. Geochemical, mineralogical, and environmental aspects of metamorphosed met-
alliferous black shales of the central Appalachians, with comparisons to metalliferous
shales of central Maine. U.S. Geological Survey Open-file Report 01-406.

Gardner, M.J., Gunn, A.M., 1989. The effect of natural ligands on trace metal partitioning.
Chemosphere 19, 1251-1259.

Hammarstrom, J.M., Smith, K.S., 2002. Geochemical and mineralogic characterization of
solids and their effects on waters in metal-mining environments. In: Seal II, R.R., Foley,
N.K. (Eds.), Progress on Geoenvironmental Models for Selected Mineral Deposit Types:
U.S Geological Survey Open-File Report 02-0195, pp. 8-54.

Hammarstrom, J.M., Seal, R.R. II, Meier, A.L., Jackson, J.C., 2003. Weathering of sulfidic
shale and copper mine waste: Secondary minerals and metal cycling in Great Smoky
Mountains National Park, Tennessee, and North Carolina, USA. Environ. Geol. 45,
35-57.

Hamilton, S.J., Waddell, B., 1994. Selenium in eggs and milt of razorback sucker (Xyrauchen
texanus) in the middle Green River. Arch. Environ. Contam. Toxicol. 27, 195-201.
Hannigan, R.E., 1997. Trace and major elements in sedimentary and igneous processes:
REE geochemistry of black shales and MORB and major element chemical variation in

plume-generated basalts. PhD. Dissertation, University of Rochester.

Hannigan, R.E., Basu, A.E., 1997. Late diagenetic trace element remobilization in
organic-rich black shales of the Taconic foreland basin of Quebec, Ontario, and New
York. In: Shieber, J., Zimmerle, W., Sethi, P. (Eds.), Mudstones and Shales: Recent
Progress in Shale Research. Schwizerbart’sche Verlagsbuchhandlung, Berlin, Germany,
pp- 209-234.

Hare, L., Carignan, R., Huerta-Diaz, M.A., 1994. An experimental study of metal toxicity
and accumulation by benthic invertebrates: Implications for acid volatile sulfide (AVS)
mode. Limnol. Oceanogr. 39, 1653-1668.



270 George M. Ogendi et al.

Heijerick, D.G., Janssen, C.R., De Coen, W.M., 2003. The combined effects of hardness,
pH, and dissolved organic carbon on the toxicity of Zn to D. magna: Development of a
surface response model. Arch. Environ. Contam. Toxicol. 44, 210-217.

Hendershot, W.H., Savoie, S., Courschesne, F., 1992. Simulation of stream-water chemistry
with soil solution and ground water flow contributions. J. Hydrol. 136, 237-252.

Hudson, M.R., Kyle, E.M., Pezzutti, D., 2001. Geologic map of the Jasper Quadrangle,
Newton and Boone Counties, Arkansas. Miscellaneous field studies map MF-2356. U.S.
Geological Survey, Denver, CO.

Hurley, J.G., Shafer, M.M., Cowell, S.E., Overdier, J.T., Hughes, P.E., Armstrong, D.E.,
1996. Trace metal assessment of Lake Michigan tributaries using low-level techniques.
Environ. Sci. Technol. 30, 2093-2098.

Jagoe, C.H., Bryan, L.A. Jr., Brant, H.A., Murphy, T.M., Brisbin, L.I., 2002. Mercury in
bald eagle nestlings from South-Carolina, USA. J. Wildlife Dis. 38, 706-712.

Jambor, J.L., Nordstrom, D.K., Alpers, C.N., 2000. Metal-sulfates salts from sulfide min-
eral oxidation. In: Alpers, C.N., Jambor, J.L., Nordstrom, D.K. (Eds.), Sulfate Min-
erals—Crystallography, Geochemistry, and Environmental Significance. Reviews in
Mineralogy and Geochemistry, Mineralogical Society of America, Washington, DC,
USA, Vol. 40, pp. 303-350.

Jenne, E.A., 1968. Controls on Mn, Fe, Co, Ni, Cu, and Zn concentrations in soils and
water: The significance of hydrous Mn and Fe oxides. Adv. Chem. Ser. 73, 337-387.
Kaplan, L.A., Newbold, J.D., 1993. Biogeochemistry of dissolved organic carbon entering
streams. In: Ford, T.E. (Ed.), Aquatic Microbiology: An Ecological Approach.

Blackwell Scientific Publishers, Boston, USA.

Kim, K.W., Thornton, 1., 1993. Influence of uraniferous black shales on cadmium, molyb-
denum and selenium in soils and crop plants in the Deog-Pyong area of Korea. Environ.
Geochem. Health 15, 119-133.

Kim, S.D., Ma, H., Allen, H.E., Cha, D.K., 1999. Influence of dissolved organic matter on
the toxicity of copper to Ceriodaphnia dubia: Effect of complexation kinetics. Environ.
Toxicol. Chem. 11, 2433-2437.

Loukola-Ruskeeniemi, K., 1990. Metalliferous black shales—A probable source of
mercury in pike in lake Kolmisoppi Sotkamo, Finland. Bull. Geol. Soc. Finland 62,
167-175.

Loukola-Ruskeeniemi, K., 1994. Environmental geochemistry of Proterozoic black shales in
eastern Finland: A pilot study. In: Bornhorst, T.J., McDowell, S.D. (Eds.), Institute on
Lake Superior Geology. Proceedings of 40th annual meeting, Michigan Technological
University, Houghton, MI.

Loukola-Ruskeeniemi, K., Utela, A., Tenhola, M., Paukola, T., 1998. Environmental im-
pact of metalliferous black shales at Talvivaara in Finland, with indication of lake
acidification 9000 years ago. J. Geochem. Explor. 64, 395-407.

Meybeck, M., 1993. C, N, P, and S in rivers: From sources to global inputs. In: Wollast, R.,
Machenzie, F.T., Chou, L. (Eds.), Interaction of C, N, P, and S Biogeochemical Cycles
on Global Change. Springer-Verlag, pp. 163-193.

Meyer, J.L., Eggert, S.L, Wallace, J.B., Webster, J.R., 2004. Headwater streams as sources
of dissolved organic carbon for downstream ecosystems. Presented at the NABS Annual
meeting, Vancouver, BC, 2004 in Carbon and Biofilm Dynamics.

Mize, S.V., Deacon, J.R., 2002. Relations of benthic macroinvertebrates to concentrations
of trace metals in water, stream sediments, and transplanted bryophytes and stream
habitat conditions in non-mining and mining areas of the Upper Colorado River Basin,
Colorado, 1995-1998. U.S. Geological Survey: Water Resources Investigations Report
02-4139.



Association of DOC with Stream Discharge and Dissolved Metals 271

Moore, M.R., 2004. A commentary on the impacts of metals and metalloids in the envi-
ronment upon the metabolism of drugs and chemicals. Toxicol. Lett. 148, 153-158.
Moore, T.R., 1989. Dynamics of dissolved organic carbon in forested and disturbed catch-

ments, Westland, New Zealand 1. Maimai. Water Resour. Res. 25, 1321-1330.

Mounier, S., Braucher, R., Benaim, J.Y., 1999. Differentiation of organic matter’s properties
of the Rio Negro basin by cross-flow ultrafiltration and UV spectro-fluorescence. Water
Res. 33, 2363-2373.

Mulholland, P.J., Kuenzler, E.J., 1979. Organic carbon from upland and forested wetland
watersheds. Limnol. Oceanogr. 24, 960-966.

Murthy, R., 2003. Trace and major element fractionation during diagenesis of phosphate
nodules. Arkansas State University M.S. Thesis.

Murthy, R., Kidder, D., Mapes, R., Hannigan, R., 2004. Rare-earth chemistry of Missis-
sippian-age phosphate nodules in the Fayetteville Shale of Oklahoma and Arkansas.
Environ. Geosci. 11(2), 99-111.

Newman, M.C., Jagoe, C.H., 1994. Ligands and bioavailability of metals in aquatic en-
vironments. In: Hamelink, J.L., Landrum, P.F., Bergman, H.L., Benson, W.H. (Eds.),
Bioavailability: Physical, Chemical and Biological Interactions. SETAC special publi-
cations series, Lewis Boca Raton FL, USA, pp. 39-62.

Ogendi, G.M., Farris, J.L., Hannigan, R.E., 2004a. Black shale trace metal concentrations
and toxicity: Preliminary findings. In: Wanty, R.B., Seal II, R.R. (Eds.), Proceedings of
the 11th International Symposium on Water Rock Interaction, Vol. 2. Taylor and
Francis Group plc, London, UK, pp. 1359-1362.

Ogendi, G.M., Hannigan, R.E., Farris, J.L., Smith, D., 2004b. The impact of black shale
weathering on sediment quality. J. Ark. Acad. Sci. 58, 84-90.

Pasava, J., Maclnnis, 1., Graves, M., Zentilli, M., 1995. Black slates—A source of acid
drainage at the Halifax International Airport, Nova Scotia, Canada. In: Pasava, J.,
Kribek, B., Zak, K. (Eds.), Mineral Deposits: From Their Origin to Their Environmental
Impacts. Proceedings of the Third Biennial SGA Meetings, 28-31 August, Prague,
Balkema, Rotterdam.

Peters, D.L., Buttle, J.M., Taylor, C.H., Lazerte, B.D., 1995. Runoff production in a
forested shallow soil, Canadian shield basin. Water Resour. Res. 31, 1291-1304.

Petsch, S.T., Berner, R.A., Eglington, T.I., 2000. A field study of the chemical weathering of
ancient sedimentary organic matter. Org. Geochem. 31, 475-487.

Phoenix 8000TM User Manual, 1998. Rev. C. Tekmar Dohrmann, Mason, OH.

Rember, R.D., Trefry, J.H., 2004. Increased concentrations of trace metals and organic
carbon during snowmelt in rivers of the Alaskan Arctic. Geochem. Cosmochim. Acta 68,
477-489.

Riley, M.R., Boesewetter, D.E., Kim, A.M., Sirvent, F.P., 2003. Effects of metals Cu, Fe,
Ni, V, and Zn on rat lung epithelial cells. Toxicology 190, 171-184.

Seal 11, R.R., Wanty, R.B., Foley, N.K., 2000. Introduction to geoenvironmental models of
mineral deposits. In Geoenvironmental Analysis of Ore Deposits, Chapter 1. Short
Course at the Fifth International Conference on Acid Mine Drainage, May 21, Denver,
CO, p. 8.

Shafer, M.M., Overdier, J.T., Hurley, J.P., Armstrong, D., Webb, D., 1997. The influence of
dissolved organic carbon, suspended particulates, and hydrology on the concentration,
partitioning and variability of trace metals in two contrasting Wisconsin watersheds
(U.S.A)). Chem. Geol. 136, 71-97.

Shelton, L.R., Capel, P.D., 1994. Guidelines for collecting and processing samples from
streambed sediment for analysis of trace elements and organic contaminants for the
National Water Quality Assessment Program. USGS Open-File Report 94-458.



272 George M. Ogendi et al.

Sherrell, R.M., Ross, J.M., 1999. Temporal variability of trace metals in New Jersey
Pinelands streams: Relationships of discharge and pH. Geochem. Cosmochim. Acta
19/20, 3321-3336.

Shiller, A.M., 1997. Dissolved trace elements in the Mississippi River: Seasonal, interannual
and decadal variability. Geochem. Cosmochim. Acta 61, 4321-4330.

Shiller, A.M., Boyle, E.A., 1987. Variability of dissolved trace metals in the Mississippi
River. Geochem. Cosmochim. Acta 51, 3273-3277.

Spitzy, A., Leenheer, J., 1988. Dissolved Organic in Rivers. SCOPE 42—Biogeochemistry of
Major World Rivers. M. S. Swaminathan Research Foundation, Chennai, India.

Taylor, H.E., Garbarino, J.R., Brinton, T.I., 1990. The occurrence and distribution of trace
metals in the Mississippi River and its tributaries. Sci. Total Environ. 97/98, 369—384.

Thurman, E.M., 1985. Organic Geochemistry of Natural Waters. Nijihoff/Junk, Dordrect.

Trumpf, W.F., Morgan, E.L., Herman, R., 1979. Man induced acid drainage impact on
benthic macroinevertebrate communities in Great Smoky Mountans National Park. In:
Lin, R.I. (Ed.), Conference on Scientific Research in the National Parks, Vol. 1. National
Park Service. Trans. Proc., Department of Interior, Washington, DC, USA, Vol. 5,
pp. 643-647.

Tuttle, M.L.W., Goldhaber, M.B., Breit, G.N., 2001. Mobility of metals from weathered
Black Shale: The role of salt efflorescences. Geol. Soc. Am. Abstracts with Programs 33,
191.

U.S. Environmental Protection Agency, 2002a. Short-term Methods for Estimating the
Chronic Toxicity of Effluents and Receiving Waters to Freshwater Organisms, fourth
ed., October 2002. U.S. Environmental Protection Agency Office of Water (4303T),
Washington, DC.

U.S. Environmental Protection Agency, 2002b. National Recommended Water Quality
Criteria. U.S. Environmental Protection Agency, Office of Water, EPA-822-R-02-047,
Washington, DC.

Walker, D.A., Webber, P.J., 1979. Relationships of soil acidity and air temperature to the
wind and vegetation at Prudhoe Bay, Alaska. Arctic 32, 224-236.

Warren, L.A., Zimmerman, A.P., 1994. Suspended particulate oxides and organic matter
interactions in trace metal sorption reactions in a small urban river. Biogeochemistry 24,
21-43.



	Association of dissolved organic carbon with stream discharge and dissolved metals concentrations in black shale-draining streams
	Introduction
	Materials and methods
	Study sites description
	Trace metal analysis
	Determination of dissolved organic carbon
	Determination of pH, conductivity, and discharge
	Statistical analyses

	Results
	Discussion
	Conclusions
	Acknowledgments
	References




