
ABSTRACT: Information is lacking on the watershed scale effects
of mining and reclaiming originally undisturbed watersheds for
coal on surface water chemical concentrations and load rates for a
variety of constituents. These effects were evaluated on three
small, geologically dissimilar watersheds subjected to surface min-
ing in Ohio. Comparisons were made between phases of land dis-
turbances using ratios of average concentrations and load rates:
Phase 1 (natural), subphases of Phase 2 (mining and reclamation),
and subphases of Phase 3 (partial reclamation and final condition)
using 4,485 laboratory analyses of 34 constituents. Average concen-
tration and load rate ratios were categorized into three classes –
minor, moderate, and substantial. Mining and reclamation (M/R)
affected flow duration curves in different ways – baseflow changes
were variable, but high flows generally increased. The average con-
centration ratios for all sites were classified as 15 percent “minor,”
36 percent “moderate,” and 49 percent “substantial” (average ratio
of 2.4.) Generally load rate ratios increased due to mining and
reclamation activities (average ratio of 3.3). Minor, moderate, and
substantial impacts were found on average for 7 percent, 23 per-
cent, and 70 percent, respectively, of load rate ratios. The impact of
M/R on average load rates was not necessarily the same as on aver-
age concentrations due to changed hydrology and can be opposite in
effect. The evaluation of the impacts of M/R requires knowledge of
changing hydrologic conditions and changing supplies and rates of
release of chemicals into streams. Median sediment concentration
ratio is an indicator of average constituent load rate ratio of a wide
variety of chemical constituents and is useful for development of
best management practices to reduce chemical loads. The site at
which diversion ditches were not removed during final reclamation
sustained large chemical load rates, and removal of diversions at
the other mined site reduced load rates. Revegetation of poorly
reclaimed areas decreased chemical load rates. Chemical load rates
were sensitive to geology, mining, and reclamation methods, diver-
sions, and changing hydrology, concentration flow rate regressions,
and watershed areas.
(KEY TERMS: water chemistry; NRCS curve number; strip mining;
water quality; flow duration curves; diversions.)
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INTRODUCTION

Extraction of coal by surface mining and subse-
quent reclamation cause drastic disturbances to land-
scapes, potentially affecting streams and aquatic
organisms adversely. These disturbances include tree
and topsoil removal, blasting, mining, road installa-
tion and removal, changes in watershed areas, spoil
grading, respreading of topsoil, fertilizing, mulching,
etc. Concern over environmental issues led to enact-
ment of the Surface Mining and Reclamation Act
(PL95-87), and few studies were available that com-
prehensively documented the impacts of mining and
reclamation on hydrology and water quality for sci-
ence-based regulation development (Musser, 1963;
Collier et al., 1964, 1970; Curtis, 1971, 1974; Grubb
and Ryder, 1972; Dyer and Curtis, 1977; G. A.
Upham, 1975, unpublished M.S. Thesis, University of
Tennessee, Knoxville, Tennessee). The USDA Agricul-
tural Research Service (ARS) at the North Appalachi-
an Experimental Watershed (NAEW) near Coshocton,
Ohio, the Ohio State University/Ohio Agricultural
Research and Development Center, and the U.S. Geo-
logical Survey (USGS) jointly initiated a research pro-
ject to quantify the effects of mining and reclamation
on three small experimental watersheds with widely
varying physical characteristics and different mining
operations and reclamation practices. This project
was funded by the U.S. Bureau of Mines (USBM), and
later by the ARS, for a total of about  nine years. The
overall objective of the project was to evaluate the
effects of these drastic disturbances on surface water
hydrology and water quality, ground water hydrology
and water quality, and sedimentation. Different

1Paper No. 02054 of the Journal of the American Water Resources Association. Discussions are open until February 1, 2004.
2Respectively, Research Hydraulic Engineer, USDA-Agricultural Research Service, Box 488, North Appalachian Experimental Watershed,

Coshocton, Ohio 43812; and Professor, Ohio State University-Ohio Agricultural Research and Development Center, 112 Williams Hall, Woost-
er, Ohio 44691 (E-Mail/Bonta: bonta@coshocton.ars.usda.gov).

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION 793 JAWRA

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION
AUGUST AMERICAN WATER RESOURCES ASSOCIATION 2003

IMPACT OF COAL SURFACE MINING AND RECLAMATION ON
SURFACE WATER CHEMICAL CONCENTRATIONS AND

LOAD RATES IN THREE OHIO WATERSHEDS1

James V. Bonta and Warren A. Dick2

Used Mac Distiller 5.0.x Job Options
This report was created automatically with help of the Adobe Acrobat Distiller addition "Distiller Secrets v1.0.5" from IMPRESSED GmbH.
You can download this startup file for Distiller versions 4.0.5 and 5.0.x for free from http://www.impressed.de.

GENERAL ----------------------------------------
File Options:
     Compatibility: PDF 1.2
     Optimize For Fast Web View: Yes
     Embed Thumbnails: No
     Auto-Rotate Pages: No
     Distill From Page: 1
     Distill To Page: All Pages
     Binding: Left
     Resolution: [ 600 600 ] dpi
     Paper Size: [ 612 792 ] Point

COMPRESSION ----------------------------------------
Color Images:
     Downsampling: Yes
     Downsample Type: Average Downsampling
     Downsample Resolution: 151 dpi
     Downsampling For Images Above: 227 dpi
     Compression: Yes
     Automatic Selection of Compression Type: Yes
     JPEG Quality: Medium
     Bits Per Pixel: As Original Bit
Grayscale Images:
     Downsampling: Yes
     Downsample Type: Average Downsampling
     Downsample Resolution: 151 dpi
     Downsampling For Images Above: 227 dpi
     Compression: Yes
     Automatic Selection of Compression Type: Yes
     JPEG Quality: Medium
     Bits Per Pixel: As Original Bit
Monochrome Images:
     Downsampling: Yes
     Downsample Type: Average Downsampling
     Downsample Resolution: 600 dpi
     Downsampling For Images Above: 900 dpi
     Compression: Yes
     Compression Type: CCITT
     CCITT Group: 4
     Anti-Alias To Gray: No

     Compress Text and Line Art: Yes

FONTS ----------------------------------------
     Embed All Fonts: Yes
     Subset Embedded Fonts: Yes
     Subset When Percent Of Characters Used is Less: 100 %
     When Embedding Fails: Cancel Job
Embedding:
     Always Embed: [ ]
     Never Embed: [ ]

COLOR ----------------------------------------
Color Management Policies:
     Color Conversion Strategy: Leave Color Unchanged
     Intent: Default
Device-Dependent Data:
     Preserve Overprint Settings: No
     Preserve Under Color Removal and Black Generation: No
     Transfer Functions: Preserve
     Preserve Halftone Information: No

ADVANCED ----------------------------------------
Options:
     Use Prologue.ps and Epilogue.ps: No
     Allow PostScript File To Override Job Options: Yes
     Preserve Level 2 copypage Semantics: No
     Save Portable Job Ticket Inside PDF File: No
     Illustrator Overprint Mode: No
     Convert Gradients To Smooth Shades: Yes
     ASCII Format: No
Document Structuring Conventions (DSC):
     Process DSC Comments: No

OTHERS ----------------------------------------
     Distiller Core Version: 5000
     Use ZIP Compression: Yes
     Deactivate Optimization: No
     Image Memory: 524288 Byte
     Anti-Alias Color Images: No
     Anti-Alias Grayscale Images: No
     Convert Images (< 257 Colors) To Indexed Color Space: Yes
     sRGB ICC Profile: sRGB IEC61966-2.1

END OF REPORT ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Job Option File
<<
     /ColorSettingsFile ()
     /LockDistillerParams false
     /DetectBlends true
     /DoThumbnails false
     /AntiAliasMonoImages false
     /MonoImageDownsampleType /Average
     /GrayImageDownsampleType /Average
     /MaxSubsetPct 100
     /MonoImageFilter /CCITTFaxEncode
     /ColorImageDownsampleThreshold 1.5
     /GrayImageFilter /DCTEncode
     /ColorConversionStrategy /LeaveColorUnchanged
     /CalGrayProfile (Gray Gamma 2.2)
     /ColorImageResolution 151
     /UsePrologue false
     /MonoImageResolution 600
     /ColorImageDepth -1
     /sRGBProfile (sRGB IEC61966-2.1)
     /PreserveOverprintSettings false
     /CompatibilityLevel 1.2
     /UCRandBGInfo /Remove
     /EmitDSCWarnings false
     /CreateJobTicket false
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDict << /K -1 >>
     /ColorImageDownsampleType /Average
     /GrayImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /ParseDSCComments false
     /PreserveEPSInfo false
     /MonoImageDepth -1
     /AutoFilterGrayImages true
     /SubsetFonts true
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /ColorImageFilter /DCTEncode
     /AutoRotatePages /None
     /PreserveCopyPage false
     /EncodeMonoImages true
     /ASCII85EncodePages false
     /PreserveOPIComments false
     /NeverEmbed [ ]
     /ColorImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /CannotEmbedFontPolicy /Error
     /EndPage -1
     /TransferFunctionInfo /Preserve
     /CalRGBProfile (Adobe RGB (1998))
     /EncodeColorImages true
     /EncodeGrayImages true
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /Optimize true
     /ParseDSCCommentsForDocInfo true
     /GrayImageDownsampleThreshold 1.5
     /MonoImageDownsampleThreshold 1.5
     /AutoPositionEPSFiles false
     /GrayImageResolution 151
     /AutoFilterColorImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /OPM 0
     /DefaultRenderingIntent /Default
     /EmbedAllFonts true
     /StartPage 1
     /DownsampleGrayImages true
     /AntiAliasColorImages false
     /ConvertImagesToIndexed true
     /PreserveHalftoneInfo false
     /CompressPages true
     /Binding /Left
>> setdistillerparams
<<
     /PageSize [ 576.0 792.0 ]
     /HWResolution [ 600 600 ]
>> setpagedevice



aspects of the study have been documented in many
publications (Bonta, 2000; Bonta et al., 1992a,b, 1997;
Bonta et al., 1991; Bonta and Sutton, 1983; Bonta and
Hamon, 1980; Dick et al., 1983, 1986; Amerman et
al., 1982; USBM, 1978, 1982a,b, 1983a,b,c, 1984).

The objectives of the present study are to evaluate
the effects of land disturbances at the three water-
sheds during different phases of coal mining and
reclamation activities (including reclamation prac-
tices and diversions used for runoff control) upon
average concentrations and load rates of a variety of
chemical constituents in stream water.

PROCEDURE

Approach

The approach used in this study is empirical, 
statistical, and exploratory. Three geologically dissim-
ilar, undisturbed experimental watersheds were mon-
itored from six to nine years during undisturbed
conditions and during mining and reclamation distur-
bances. All watersheds were mined under state regu-
lations similar to PL95-87, and normal commercial
scale mining and reclamation activities were used.
Small watersheds were selected so that near complete
disturbance would occur to document the effects of
complete disturbances and to minimize undisturbed
areas. Comparisons of average concentrations and
load rates were made between chronological and spe-
cific disturbances within and across watersheds for 34
chemical constituents to investigate the effects of sur-
face mining on stream water quality. This approach
provides a comprehensive evaluation of mining and
reclamation that includes the effects on individual
constituents and across dissimilar watersheds so gen-
eralizations regarding impacts can be made for a
range of watershed conditions.

Instrumentation, Sampling, and Constituents

The instrumentation used at the watersheds is
described in detail by Bonta et al. (1992a) and is only
briefly described here. Runoff was measured continu-
ously at watershed outlets with drop box weirs (John-
son et al., 1966). Water samples were obtained over a
range of flows manually. About 10 samples/year/site
were planned, allowing evaluation to be made of the
most apparent effects of mining and reclamation.

Water samples were analyzed in the laboratory as
described by Dick et al. (1983). The 34 soluble con-
stituents analyzed were: Ag, Al, alkalinity, As, Ba, Ca,

Cd, Cl, CN, CO2, Cr, Cu, dissolved solids, DO, Fe, Fl,
H2S, hardness, HCO3, Hg, Mg, Mn, Na, NH4-N, Ni,
NO3-N, P, Pb, phenols, Sb, Se, SO4, Sr, and Zn. Fe
was measured with dissimilar methods during Phase
1 at C06 and M09, and these comparisons are only
qualitative. An in-depth investigation of the effects of
mining and reclamation on suspended sediment con-
centrations and loads at the three sites (7,099 field
samples) has been published elsewhere (Bonta, 2000).
Sediment chemistry results were reported by Dick et
al. (1986). Due to lack of continued funding, fewer
constituents were analyzed at J11 at the end of moni-
toring.

Physical Conditions During the Study

Details on physical conditions and weather at the
three small experimental watersheds can be found in
Bonta et al. (1992a) and Bonta (2000) and are only
briefly described here. The three watersheds are in
east-central Ohio (Watersheds C06, M09, and J11).
They were monitored during three broad phases of
disturbance – Phase 1 (the premine/undisturbed/
natural watershed condition); Phase 2 (during mining
and/or reclamation activities); and Phase 3 (almost
completely reclaimed or after final reclamation).
Watershed areas during Phase 1 were 19.83, 17.60,
and 11.79 ha at C06, M09, and J11, respectively, and
each watershed experienced nearly 100 percent dis-
turbance. Bonta (2000) documented the drastically
changing probable watershed area and the spatial
distribution of types of disturbances in each water-
shed.

The watersheds were subjected to different mining
schedules, and two different mining methods were
used. Contour area mining was used at C06 and M09,
and the haul back method was used at J11. In the
contour area method, coal is extracted starting at the
coal outcrop, and successive cuts along the contour
are made into the hillside. The spoil from this first cut
is thrown downslope and generally forms a much
smaller probable watershed area for most of Phase 2.
Spoil is subsequently placed on the underclay as min-
ing progresses toward the center of the hilltop. With
the haul back method, successive blocks of coal are
mined from the hillside. The spoil removed from the
actively mined block is placed on the adjacent mined
out block. Coal is mined along the contour to a high
wall. Concurrent mining and reclamation create a
diverse land surface during the activities.

Geologic strata during Phase 1 at the three sites
were nearly flat and composed of shale, siltstone,
sandstone, limestone, coal, and clay. During Phase 2,
the strata above the elevation of the mined coal seam
were converted to fragmented overburden (spoil) by
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blasting operations. Phase 3 hillsides were composed
of spoil graded above the elevation of the coal seam
and over the original land surface below the coal
seam, adding to the near complete watershed distur-
bance. Detail on undisturbed and post-reclamation
soils can be found in USBM (1978, 1983a,b,c).

Reclamation practices at C06 consisted of diver-
sions that concentrated runoff water on the contour to
a rock chute in the headwater area of the watershed
(Figure 1a). Water flowing from the rock chute and

from diversions at lower elevations was conveyed
through a series of dry dams. Initial reclamation prac-
tices at J11 consisted of diversions during the earlier
part of Phase 3. These diversions were removed for
the final reclamation at this site during the latter
part of Phase 3 (Figure 1c). At M09 diversions were
not used, and the reclamation practice consisted of
mechanically crimping straw into the topsoil (Figure
1b).
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Figure 1. Topographic Maps With Instrumentation for Phase 3F Final Reclamation at End of Monitoring): 
(a) C06 (diversions remain); (b) M09 (straw crimping with no diversions); and (c) J11 (after diversions removed).



During Phase 1, forest cover comprised the vegeta-
tive cover at C06, and forest and forage grasses com-
prised the cover at M09 and J11. Vegetative cover
during Phase 3 was primarily grass at all sites, with
some small trees at C06.

Division of Data Into Phases of Disturbance 
for Analyses

Phases 1, 2, and 3 were divided into subphases of
similar disturbances (constrained by the number of
samples). Two subphases of Phase 2 were identified at

C06 and M09 and one at J11 (Table 1). For Phase 3,
one phase was identified at C06 and two subphases at
M09 and J11 (Table 1). A subphase is denoted by the
numbers 1, 2, or 3 to describe the broad phase of dis-
turbance, followed by characters denoting the particu-
lar types of activities listed in Table 1. For example,
“Phase 2B" means the Phase 2 mining period, sub-
phase “B” type disturbances. At all sites, the undis-
turbed watershed is called “Phase 1,” and the “final”
reclaimed watershed at the end of monitoring is
denoted “Phase 3F.” For simplicity, all phases and
subphases are called “phases” of disturbance. A total
of 4,485 chemical analyses of 34 constituents were
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TABLE 1. Division of Surface Water Quality Record Into Phases of Disturbance at the Three Experimental Sites.

Watershed Beginning Duration
Designation Date in Months Watershed Activity Phase

CO6 January 1, 1976 11.1 Data collection began. 1

November 4, 1976 17.8 Mining began on watershed (tree & topsoil removal, mining, 2A
roads); watershed mined, no active disturbances.

March 30, 1978 6.8 Some mining activities; watershed disturbances during 2B
reclamation (grading, topsoiling, seeding, mulching).

October 241978 41.4 Watershed reclaimed with dry dams in place. 3F

April 6, 1982 75.2 Data collection terminated. –
(6.3)*

MO9 June 8, 1976 7.0 Data collection began. 1

January 9, 1977 10.0 Mining began on watershed (tree & topsoil removal, 2A
mining, some grading of spoil).

November 8, 1977 11.1 Reclamation activities (replace topsoil, fertilizer, seed); 2B
some mining.

September 12, 1978 10.6 Watershed reclaimed, but one-quarter area sparsely covered; 3A
gas-well maintenance, rip-rap placement.

July 1, 1979 37.2 Watershed reclaimed, minimal disturbance, good cover. 3F

July 7, 1982 73.0 Data collection terminated. –
(6.1)*

J11 Aprl 30, 1977 37.7 Data collection began. 1

May 20, 1980 17.1 Mining began; regrade; replace topsoil, install diversions, 2
fertilize, seed, regrade, replace topsoil; haul-road, diversions,
new seeding.

September 29, 1981 12.6 Watershed reclaimed with diversions in place; poor cover; 3A
actively eroding diversions and outlets - some diversion failure;
road maintenance in reclaimed watershed, diversions removed.

September 16, 1982 39.0 Minimal disturbance, good cover. 3F

December 14, 1985 103.6 Data collection terminated. –
(8.9)*

*Duration of watershed monitoring in years.



analyzed, with 1,538 analyses of field samples for
C06, 1,321 for M09, and 1,626 for J11.

Because the project was exploratory, all combina-
tions of constituents between phases were compared.
However, emphasis is on comparing the undisturbed
(Phase 1) condition with the other phases at each site,
and in particular with the “final” Phase 3F water-
shed. The effects of different mining and reclamation
activities can be explored by comparing changes
among all phases.

Regressions of Concentration Against Flow Rate

Calculation of average concentrations and loads is
complicated by potential relationships between flow
rate and constituent concentration. Such relation-
ships are often found in stable watersheds (Lewis and
Grant, 1979). A power equation (log-log) often charac-
terized the relationships for constituents in the pre-
sent study, and standard regression techniques were
used to determine parameters. A significance proba-
bility of 0.10 was used to detect significant correla-
tions.

When concentration and flow are positively corre-
lated, concentrations increase with flow rate (positive
log-log slope; e.g., sediment concentration versus flow
rate). When they are negatively correlated (negative
log-log slope; e.g., SO4 versus flow rate), larger con-
centrations occur at smaller flow rates. Therefore,
average concentrations and load rates are dependent
on measured runoff and regression parameters. Dras-
tic disturbances due to surface mining create unstable
conditions, and regression relationships can change
due to changing hydrological and surface conditions.
These changes are manifested by changes in the
regression slope (including its sign) and/or by changes
in intercept. Alternatively, relationships may not sta-
tistically change.

Calculation and Comparison of Average
Concentrations and Load Rates

Flow Duration Curves. For each phase of distur-
bance, a flow duration curve (FDC) of nonzero flows
was developed. Each FDC was used to compute an
average flow rate for the phase. Maximum flow rates
and percent zero flows during each phase were also
computed. FDCs visually summarize changes in
hydrology due to activities such as mining, diversion
installation and removal, reclamation practices, etc.
Changes in FDCs are important for comparing con-
stituent load rates. 

Average Concentrations. Average concentrations
were computed for each phase in Table 1 by using one
of two methods – FDCs as outlined by Miller (1951)
and by simple averages of field data. When regres-
sions were statistically significant, the FDC flows
were used as the independent variable in the regres-
sion equation to compute a concentration duration
curve (CDC). The resulting curve was used to com-
pute the average concentration during the phase. This
method provides a representative average concentra-
tion that accounts for concentration flow relation-
ships. When regressions were not significant, a simple
average of measured concentrations was computed.

Average Load Rates. Changes in average concen-
trations quantify how drastic land disturbances affect
the supply and magnitudes of various constituent con-
centrations. However, land alteration due to mining
and reclamation also changes the hydrology of the
watershed (Bonta et al., 1997). The combined effects
of changed hydrology and water chemistry can be
investigated by quantifying rates of loads of chemical
constituents in the stream (e.g., kg/day). When
regressions were significant, load rates were comput-
ed by multiplying the concentration obtained through
regression by the corresponding flow rates to compute
a load rate and form a load rate duration curve
(LRDC). The resulting LRDC was then used to com-
pute an average load rate (Miller, 1951). When a
regression was not significant, the average concentra-
tion was multiplied by the average flow rate deter-
mined from the FDC to yield an average load rate.

Comparisons Between Phases of Disturbance.
Because CDCs and LRDCs for specific constituents
are not statistically comparable, ratios of average con-
centration or load rates were computed to compare
phases of disturbance. The numerator is the average
concentration or load rate of the phase of interest, and
the denominator is the corresponding average of the
reference phase of disturbance (e.g., ratio of 3F:1
means Phase 3F average concentration or load rate
divided by that of Phase 1). A “comparison ratio” was
classified into one of three impact classes (“minor,”
“moderate,” or “substantial”). Constituents with ratios
between 0.9 and 1.1 were classified as having a
“minor” impact due the contrasting disturbances.
Those with ratios less than 0.5 or greater than 1.5
were classified as having been impacted “substantial-
ly,” and those not falling in either of these two classes
as having been impacted “moderately” (0.5 < ratio 
< 0.9 or 1.1 < ratio < 1.5). Comparison ratios for each
phase comparison were summarized in table form and
by box and whisker plots. A ratio close to the unity
reference line on the graph implies little impact 
for the particular comparison. Points below a unity
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reference line show an impact causing decreased
average concentration or load rates (or water quality
improvement) and vice versa. Only “substantially”
impacted constituents between Phase 1 and other
phases were listed.

RESULTS AND DISCUSSION

Changes in Watershed Hydrology

At C06, Phase 1 flows were higher between 2 per-
cent and 80 percent of the time compared with other
phases (solid line in Figure 2a). However, baseflows
and larger flows were higher during other phases.
Phase 2A and 2B curves were generally less than the
Phase 3F curve at C06.

At M09 (Figure 2b), all phases had similar FDCs
for flow rates occurring between 20 to 100 percent of
the time. For smaller exceedance levels the FDCs
diverged. The Phase 3F FDC was located in the cen-
ter of the curves (dashed), and the FDC for Phase 3A
generally showed larger flows (dot-dashed).

At J11 (Figure 2c), lower flow rates occurred more
often during Phase 3F (dashed) than Phase 1 (solid)
and during the other phases. Higher flow rates
occurred more often during Phase 3F and during the
other phases compared with Phase 1. The Phase 3F
FDC was lower than that of 3A, partly because water-
shed area decreased from 13.3 ha to 9.9 ha after
diversion removal, a 26 percent reduction.

Different phases of disturbance caused average
flow rates ranging from 0.47 L/sec to 3.50 L/sec (Table
2). Generally the highest average flows were associat-
ed with mining and reclaimed phases (about 2 to 3.5
L/sec). At C06 higher flows also occurred during
Phase 1 (2.53 L/sec). Mining and reclamation affected
J11 flows the most, where zero flows occurred 64 per-
cent of the time during the initial reclamation phase
(3A), compared with only 7 percent during the prem-
ine phase. This was due to the inability of aquifers to
support baseflow after reclamation at this site (Bonta
et al., 1992b). Average flow rates are dependent on
weather experienced and changed physical conditions.
NRCS watershed curve numbers found during Phases
2 and 3 were mostly between 87 and 91 (Table 2)
(Bonta et al., 1997). NRCS curve numbers were gener-
ally larger during Phases 2 and 3 compared with
Phase 1 (Table 2). Curve number increases are
attributed to destruction of soil profiles and surface
sealing that reduced infiltration. More discussion on
hydrological changes that affect water quality is pre-
sented in sections dealing with load rates.

Comparison of Average Concentrations

Overview of Average Concentrations. Tables 3
through 5 summarize average concentrations for all
constituents and for all watersheds and phases. Aver-
ages for each constituent and phase are presented on
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Figure 2. Instantaneous Nonzero Flow Duration Curves (FDCs)
for Different Phases of Disturbance (flow exceedances

> 1 percent): (a) C06; (b) M09; (c) J11.



the left side of each table, along with whether the
average was based on a regression and subsequent
use of an FDC (“R”) or computed from the raw data
(no significant correlation, “N”). Of the 429 regres-
sions between concentration and flow rate for all
watersheds and phases, 154 were statistically signifi-
cant (36 percent).

The largest average concentrations among all sites
were found at C06 for dissolved solids, hardness, and
SO4 concentrations (1,640 mg/L, 1,010 mg/L, and 672
mg/L, respectively; Phase 3F, Table 3). Average con-
centrations for trace constituents generally were at
concentrations less than 1 mg/L at all sites. Average
HCO3 ion concentration was generally larger during
Phase 1 at M09 than at the other sites (212 mg/L
compared with 47.3 mg/L at C06 and 123 mg/L at
J11). The larger HCO3 ion concentrations at M09 and
J11 originate from the limestone dominated geology of
M09 and to a lesser extent at J11. Average Mn con-
centrations (regulated constituent) were largest at
C06 (7.04 mg/L; Phase 2B; Table 3) and J11 (2.12
mg/L; Phase 2; Table 5).

Comparisons Between Phases. The right side of
Tables 3 through 5 lists the ratios of average concen-
trations for the comparisons shown with impact clas-
sifications. These comparisons show the impacts of
different types of mining and reclamation activities
on average concentrations. For example, at M09, the
effects of reclaiming (Phase 3F) the mined watershed
(Phase 2A) on barium is read as a ratio of 1.14 on the
right side of the Table 4 under the column heading

“3F:2A.” The corresponding impact class is “moder-
ate” (M). Comparison ratios are useful for document-
ing the magnitudes of changes for specific chemical
constituents when changes in mining and reclamation
activities occur (e.g., revegetation, etc.). Figure 3 sum-
marizes the comparison ratios in Tables 3 through 5
with box and whisker plots and shows the overall
impacts of mining and reclamation on average con-
centration for all watersheds and comparisons. The
end of monitoring/premine comparison ratios are
highlighted in Figure 3 (3F:1 ratios – the “final” state
of the watersheds at the end of monitoring). Corre-
sponding 3F:1 ratios for constituents are in bold in
Tables 3 through 5.

Among the 665 ratios of average concentrations
computed for all constituents, watersheds, and phases
(Tables 3 through 5; Figure 3), the minimum was 0.02
(NH4-N) at M09 (3A:2B; Table 4) and the maximum
was 66.2 (Mn) at C06 (2B:1; Table 3), with an average
concentration ratio of 2.4 across all sites. However,
few ratios were extremes, with only 5 percent exceed-
ing 7.4 and 5 percent less than 0.26.

Minor, moderate, and substantial impacts were
found in 13 percent, 29 percent, and 58 percent of
comparisons at C06 (Table 3), 16 percent, 44 percent,
and 40 percent at M09 (Table 4), and 17 percent, 34
percent, and 49 percent at J11 (Table 5), respectively.
These percentages of impact classes are similar at all
the sites, with more substantial impacts at C06 at the
expense of  “moderate” impacts. This is apparent in
Figure 3, in which more ratios lie above the unity ref-
erence line at C06, compared with the other two sites.
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TABLE 2. Average Flow Rates (from flow-duration curves) and Percent Zero Flows for Each Watershed and Phase of Disturbance.

Duration of Average Maximum Percent NRCS
Nonzero Flow Flow Flow Zero Curve

Watershed Phase (days) (L/sec) (L/sec) Flows Number*

C06 1 247 2.53 160 17 81 (65)
2A 269 1.05 364 47 88
2B 161 2.25 1,380 23
3F 1,040 2.55 1,520 0.2 87

M09 1 214 0.47 1,140 0 71 (69)
2A 302 0.94 828 0 91
2B 300 1.65 1,110 2
3A 290 3.01 420 0.3 91
3F 1,090 1.67 643 0

J11 1 1,010 1.28 496 7 75 (73)
2 235 2.76 912 51 83
3A 106 3.50 667 64 88
3F 766 1.50 205 32

*From Bonta (1997). Phase 1 CN in parentheses is from the NRCS handbook (USDA, 1972). All other values were computed using measured 
*data.
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This suggests that water quality at this watershed
was the most sensitive to drastic land disturbances.

At M09 the interquartile ranges of phase compar-
isons followed closely the bounds for the “moderate”
classification (Figure 3). Also, average concentration
ratios for 2A:1, 2B:1, and 3A:1 showed a general
decreasing trend (Figure 3), suggesting improved
water quality after each disturbance compared with
the undisturbed watershed. The Phase 3F:1 compari-
son shows a narrow interquartile range close to unity,
suggesting that final reclamation returned average
concentrations at this watershed to near premine con-
ditions for many constituents. The transition from
Phases 3A to 3F (improved reclamation over a large
part of the area; 3F:3A) shows an increase in the
median ratio to near the boundary of the “substantial”
category for an unknown reason.

At J11, comparison ratios increased compared with
Phase 1 (2:1, 3A:1, and 3F:1; Figure 3). Median Phase
3F concentrations increased “substantially” only at
this site. The data suggest that final reclamation
increased concentrations compared with Phase 1, as
at C06.

Geology was an important determinant of the
results of the project, both during mining and recla-
mation activities. Geologic beds were fractured, form-
ing spoil (fragmented overburden) on top of the
watershed and over the original land surface below
the elevation of the mined coal seam. At C06, overbur-
den was mainly composed of sandstone (USBM, 1978)
and was acidic. At M09 the overburden consisted
mainly of limestone (alkaline), and at J11 the over-
burden was mainly sandstone. However, at J11 
the beds below the elevation of the coal seam were
primarily  shale with some limestone (USBM, 1978).
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Figure 3. Comparisons of Average Chemical Constituent Concentration Ratios and Classifications of Impacts
(“minor,” “moderate,” and “substantial”) Between Phases of Disturbance at the Three Watersheds

(see Tables 3, 4, and 5 for constituents associated with ratio comparisons).



The spoil type had an impact on the success of veg-
etation establishment. At MO9, vegetation generally
covered the watershed surface better except for a
period during which a large area had to be revegetat-
ed. The better vegetation protected against erosion
and thus lowered chemical concentrations. At C06,
the routing of water through diversions (discussed
later) and poorly vegetated areas initially caused
higher chemical concentrations. At J11, spoil did not
support vegetation well initially, and large areas were
incompletely reclaimed. This resulted in large load
rates compared with the premine condition during
reclamation activities.

Constituent Changes. The only constituent that
substantially increased (ratio > 1.5) from the premine

(1) to reclaimed (3F) phases at all sites was SO4 (3F:1;
upper Table 6). Other constituents that increased at
two watersheds were CO2, Ca, dissolved solids, Mg,
Mn, and NH4-N. Constituent ratios that changed only
at one site were Al, alkalinity, As, Cl, Cu, Fe, H2S,
HCO3, hardness, Hg, NO3-N, Na, P, Se, and Sr. Con-
stituents for which mining disturbances increased
concentrations at all sites compared with Phase 1
(2:1, 2A:1, and 2B:1) were Mn, NH4-N, NO3-N, SO4,
and Se (upper Table 6). Other constituents that
increased at two watersheds were CO2, Cd, Cl, dis-
solved solids, and Ni. The only constituent that “sub-
stantially” decreased (ratio < 0.5) between Phase 1
and Phase 3F at two sites was Ni (3F:1; lower Table
6). A comparison between a Phase 2 period and Phase
1 showed reduced average concentrations across
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TABLE 6. Lists of Constituents Changing in Average Concentration “Substantially” Between
Phases 1 and Other Phases in Tables 3, 4 and 5 and Figure 3.

Watershed C06 Watershed M09 Watershed J11
2A:1 2B:1 3F:1 2A:1 2B:1 3A:1 3F:1 2:1 3A:1 3F:1

Constituents Ranked from Largest to Smallest Concentration Ratio (ratio ≥ 1.5)

H2S Mn Mn CO2 NH4(N) CO2 NH4(N) Mn Mn Al

NO3(N) H2S SO4 Mn Se Se SO4 NH4(N) NH4(N) Cu

Se Se Mg Se NO3(N) Cd Diss Sol Al SO4 Ma

Diss Sol SO4 Diss Sol Phenols P P CO2 Zn NO3(N) Fe

NH4(N) NO3(N) Hardness Diss Sol Cd Hg Se Fe SO4

Ca CO2 Ca NH4(N) CO2 Se Fe Al Mg

Hardness Diss Sol NH4(N) Diss Sol NO3(N) Sb P

CO2 Ca CO2 Mn Ni Zn Ca

Mg Hardness Sr SO4 SO4 Hardness

Sr NH4(N) Cl Ca

SO4 Mg HCO3 Diss Sol

Mn Cl Alkalinity Ni

Sr Na Mg

Ni NO3(N)

As As

Cd H2S

Constituents Ranked from Largest to Smallest Concentration Ratio (ratio ≤ 0.5)

HCO3 P Zn Ba Cu Alkalinity Zn H2S CO2 Ni

Pb Al Ba Al Ni HCO3 As Alkalinity

Alkalinity HCO3 Sb Ba Hardness Ni HCO3

Sb Fe Zn Sr NO3(N) H2S H2S

Fe Alkalinity As Al Ca

Zn Zn

Fe As

As Ba

Sr

H2S



different sites for Al, Fe, alkalinity, As, HCO3, Ni,
CO2, Zn, and several other constituents.

Effects of Diversions. Water conveyance diver-
sions are often used during reclamation to reduce
slope lengths for erosion control. Data from Tables 3
through 5 and Figure 3 can be used to show the
effects of removing diversions installed during recla-
mation, of not removing diversions, of not using diver-
sions, and of reclamation practices on average
constituent concentrations. Their effects can be evalu-
ated by examining relative increases and decreases in
particular comparison ratios as described below.

At C06, the average Phase 3F concentration ratios
were generally larger compared with the other phase
comparisons at this site (Figure 3 – 55 percent of all
3F ratios were classified as substantial, 30 percent as
moderate, and 15 percent as minor in Table 4). A total
of 48 percent of the substantial ratios were greater
than 1.5, and 6 percent were less than 0.5. The larger
ratios are attributed to “final” reclamation consisting
of a network of diversions (Figure 1a) that routed
water to the headwater area, down a rock chute to the
main stream channel, and then through a series of
dry dams. Field observations revealed that this
drainage pattern enhanced erosion of the rock chute
and the main stream channel in spite of the dry dams.
The rock chute was repaired on several occasions.
Bonta (2000) found median sediment concentration
during Phase 3F at C06 was four times that of Phase
1. This is compared with an average chemical con-
stituent 3F:1 ratio of 4.7 (median = 1.4).

At M09 straw crimping was the “final” reclamation
practice and diversions were not used (Figure 1b).
Here 30 percent of constituent ratios were substan-
tial, 49 percent were moderate, and 21 percent were
minor (Table 5; Figure 3). Among the substantial
impacts, 18 percent were greater than 1.5, and 12
percent that were less than 0.5. At this site the medi-
an Phase 3F:1 sediment concentration ratio was 0.5
(Bonta, 2000). This is compared with an average
chemical constituent ratio of 1.3 (median = 1.0).

At J11, diversions were installed but removed dur-
ing Phase 3A, and the “final” Phase 3F watershed had
no diversions (Figure 1c). Sixty-nine percent of Phase
3F:1 ratios were substantial, 23 percent were moder-
ate, and 8 percent were minor. Substantial impacts
with ratios greater than 1.5 comprised 61 percent of
the ratios, and ratios less than 0.5 comprised 8 per-
cent. However, at this site there were fewer ratios (14)
due to lack of data, compared with C06 and M09
(about 35 each). At J11, median Phase 3F:1 sediment
concentration ratio was 2 (Bonta, 2000). This is com-
pared with an average 3F:1 chemical constituent ratio
of 2.5 (median = 1.9).

Generally, the impacts of mining and reclamation
on average chemical constituent concentrations
between Phases 1 and 3F at all sites paralleled the
impact of mining and reclamation on median sedi-
ment concentrations. However, at M09 average chem-
ical constituent concentration ratios were greater
than unity after reclamation, whereas median sedi-
ment concentration ratios were less than unity. Nev-
ertheless, they were the smallest and had the
narrowest interquartile range among the three sites
(Figure 3), and median constituent ratio was unity. At
J11, diversions were removed between Phases 3A and
3F, and a general reduction in average chemical con-
centration ratios between these two phases is appar-
ent from the Phase 3F:3A comparison ratios in Figure
3 (Table 5). The data suggest that diversions left in
place (e.g., C06) at the end of reclamation may aggra-
vate average constituent concentrations as found for
sediment.  Diversion removal appears to reduce ratios
of average chemical concentrations (e.g., J11). Fur-
thermore, straw crimping without diversions (e.g.,
M09) is a good reclamation practice that causes aver-
age constituent concentrations to decrease and
approach premine levels (median Phase 3F:1 ratio of
1.0).

Comparison of Average Load Rates

Overview of Average Load Rates. Unlike con-
centrations, constituent load rates account for the
comprehensive effects of changing hydrology (Table 2)
and water chemistry due to mining and reclamation.
Tables 7 through 9 have a format similar to concen-
tration results in Tables 3 through 5 and summarize
average load rates for each constituent and phase (left
side of Tables 3 through 5).

Largest load rates were found for dissolved solids,
hardness, and SO4. Dissolved solids had values as
large as 130 kg/day (C06 Phase 3F, Table 7), and SO4
values were as large as 65.7 kg/day at C06 (Phase 2B,
Table 7). Mn load rates were generally larger at C06
(1.37 kg/day – Phase 2B, Table 7) and at J11 (0.51
kg/day – Phase 2, Table 9). Lesser load rates of 0.1
kg/day to 1.0 kg/day occurred for some major ions,
and many substances had load rates less than 0.1
kg/day.

Comparisons Between Phases. The right side of
Tables 7 through 9 lists the ratios of average load
rates for the comparisons between the indicated phas-
es along with the classifications of ratios into impact
classes (similar to concentrations in Tables 3 through
5). The stages of mining and reclamation during
which the watersheds were at a greater risk for
increased load rates can be identified from the
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individual comparison ratios and impact classes.
Improvements in load rate can be similarly identified
and quantified. Figure 4 summarizes the load rate
comparison ratios in Tables 7 through 9 with box and
whisker plots. The “final” watershed condition (at the
end of monitoring) is shown in Figure 4, and the
ratios for individual constituents are in bold in Tables
7 through 9 (3F:1 ratios).

For the 665 ratios of constituent load rate ratios
(Tables 7 through 9; Figure 4), the minimum was 0.02

(Mn, J11, 3F:2; Table 9) and the maximum was 98.9
(NH4-N, M09, 2B:2A; Table 8), with an average load
rate ratio of 3.3 across all sites. Few ratios were at
the extremes, with only 5 percent exceeding a ratio of
8.1 and 5 percent less than a ratio of 0.21. The 10
largest load rate ratios (ratios ranging from 29.6 to
98.9) included only the constituents Mn, NH4-N, H2S,
Al, and Se. Large ratios for Mn (59.0 at C06, and 73.8,
90.9 at J11) involved small load rates (maximum of
1.37 kg/day found at C06). The 10 smallest ratios
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TABLE 7. Summary of Average Constituent Load Rates and Phase Comparison Results at C06.
(Bold comparison shows state of watershed at end of monitoring period. All comparisons shown in Figure 4.)

Average Load Rates
(kg/day) for Each Ratio of Average Load Rates and Impact

Phase Disturbance Classes for Each Phase Comparison
Constituent 1 2A 2B 3F 2A:1 C† 2B:1 C 3F:1 C 2B:2A C 3F:2A C 3F:2B C

Ag <0.01 <0.01 <0.01 <0.01 0.53 M 1.17 M 1.22 M 2.20 S 2.29 S 1.04 m
Al 0.03 0.01 <0.01 <0.01 0.20 S 0.17 S 0.27 S 0.87 M 1.35 M 1.55 S
Alkalinity 5.47 1.42 1.51 10.7 0.26 S 0.28 S 1.97 S 1.07 m 7.57 S 7.11 S
As <0.01‡ <0.01 <0.01‡ <0.01 0.61 M 1.78 S 2.69 S 2.95 S 4.45 S 1.51 S
Ba <0.01 <0.01 <0.01 <0.01 0.35 S 0.52 M 0.39 S 1.50 S 1.13 M 0.75 M

Ca 3.18 4.71 16.3 19.0 1.48 M 5.12 S 5.97 S 3.46 S 4.04 S 1.17 M
Cd <0.01 <0.01 <0.01‡ <0.01 0.43 S 1.54 S 1.24 M 3.57 S 2.86 S 0.80 M
Cl 0.30 0.13 1.15 2.38 0.42 S 3.86 S 7.98 S 9.20 S 19.0 S 2.07 S
CN <0.01 <0.01 <0.01‡ <0.01‡ 0.50 M 0.79 M 0.89 M 1.57 S 1.78 S 1.13 M
CO2 0.89 1.65 5.69 4.69 1.87 S 6.43 S 5.30 S 3.45 S 2.84 S 0.82 M

Cr <0.01 <0.01‡ <0.01‡ <0.01‡ 0.39 S 0.84 M 0.95 m 2.14 S 2.43 S 1.13 M
Cu <0.01 <0.01 <0.01 <0.01 0.23 S 0.47 S 0.81 M 2.01 S 3.47 S 1.73 S
Diss Sol 22.2 38.8 109. 130. 1.75 S 4.91 S 5.85 S 2.81 S 3.35 S 1.19 M
DO n n 2.12‡ 1.99 n n n n n n n n n n 0.94 m
Fe 0.03 <0.01 <0.01 <0.01 0.08 S 0.11 S 0.27 S 1.28 M 3.20 S 2.50 S

Fl 0.02 <0.01 0.01 0.04 0.29 S 0.57 M 1.80 S 1.97 S 6.25 S 3.17 S
H2S <0.01‡ 0.03‡ 0.06‡ <0.01‡ 25.0 S 53.5 S 2.02 S 2.14 S 0.08 S 0.04 S
Hardness 12.6 17.9 61.7 80.4 1.42 M 4.89 S 6.38 S 3.44 S 4.48 S 1.30 M
HCO3 6.15 1.73 1.83 13.1 0.28 S 0.30 S 2.13 S 1.06 m 7.54 S 7.13 S
Hg <0.01 <0.01 <0.01‡ <0.01 0.32 S 1.00 m 1.14 M 3.14 S 3.56 S 1.13 M

Mg 1.12 1.50 5.10 8.94 1.33 M 4.54 S 7.96 S 3.41 S 5.98 S 1.75 S
Mn 0.02 0.17 1.37 0.24 7.30 S 59.0 S 10.5 S 8.09 S 1.44 M 0.18 S
Na 0.56 0.21 0.47 0.82 0.38 S 0.83 M 1.45 M 2.19 S 3.83 S 1.75 S
NH4-N <0.01 <0.01 0.02 0.05 0.84 M 2.13 S 6.46 S 2.54 S 7.68 S 3.03 S
Ni <0.01 <0.01 <0.01 <0.01 0.88 M 2.86 S 0.96 m 3.25 S 1.09 m 0.34 S

NO3-N 0.11 0.09 0.33 0.15 0.83 M 3.12 S 1.47 M 3.77 S 1.78 S 0.47 S
P 0.02 <0.01 <0.01 0.02 0.40 S 0.34 S 1.00 m 0.84 M 2.47 S 2.93 S
Pb <0.01 <0.01 <0.01 <0.01 0.26 S 0.77 M 0.93 m 2.92 S 3.51 S 1.21 M
Phenols <0.01 <0.01 <0.01‡ <0.01 0.80 M 0.99 m 1.34 M 1.24 M 1.67 S 1.34 M
Sb <0.01 <0.01 <0.01 <0.01 0.2 S 0.78 M 0.84 M 4.00 S 4.28 S 1.07 m

Se <0.01 <0.01 <0.01 <0.01 5.43 S 8.95 S 2.06 S 1.65 S 0.38 S 0.23 S
SO4 7.15 11.8 65.7 58.0 1.64 S 9.19 S 8.11 S 5.59 S 4.93 S 0.88 M
Sr 0.01 0.01 0.03 0.04 1.07 m 2.93 S 3.77 S 2.75 S 3.54 S 1.29 M
Zn <0.01 <0.01 <0.01 <0.01 0.27 S 0.78 M 0.42 S 2.90 S 1.54 S 0.53 M

†Classification of comparison between the two phase comparisons: m = “minor” (0.9 < ratio < 1.1). M = “moderate” (0.5 < ratio < 0.9 or 1.1
†< ratio < 1.5). S = “substantial” (ratio < 0.5 or ratio > 1.5).
‡Based on one field sample.
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(0.23 to 0.61) included many of the same constituents
as the 10 largest ratios – Mn, NH4-N, H2S, Ni, Al,
and Zn.

“Minor,” “moderate,” and “substantial” impacts
were found in 7 percent, 25 percent, and 69 percent of
comparisons of load rate ratios at C06 (Table 7), 8 per-
cent, 24 percent, and 68 percent at M09 (Table 8), and
5 percent, 20 percent, and 69 percent at J11 (Table 9),
respectively. The ratio data show that the percentage
of impact classifications are nearly uniform at all the

sites. The average percentage of “substantial” load
rate impacts across sites (approximately 69 percent)
is much larger than the corresponding average per-
centage for average concentrations (approximately 49
percent), showing the importance of incorporating
changing hydrology into evaluations of stream water
chemistry. Lesser average percentages of “moderate”
and “minor” classes were also notable for average load
rate ratios (23 percent for load rate compared with 36
percent for concentration for “moderate” changes and
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TABLE 9. Summary of Average Constituent Load Rates and Phase Comparison Results at J11.
(Bold comparison shows state of watershed at end of  monitoring period. All comparisons shown in Figure 4.)

Average Load Rates
(kg/day) for Each Ratio of Average Load Rates and Impact

Phase Disturbance Classes for Each Phase Comparison
Constituent 1 2 3A 3F 2:1 C† 3A:1 C 3F:1 C 3A:2 C 3F:2 C 3F:3A C

Ag <0.01 <0.01 <0.01 n 2.09 S 2.47 S n n 1.18 M n n n n
Al <0.01 0.06 0.01 0.02 36.2 S 7.54 S 9.42 S 0.21 S 0.26 S 1.25 M
Alkalinity 5.41 1.99 9.74 n 0.37 S 1.80 S n n 4.90 S n n n n
As <0.01 n n n n n n n n n n n n n n n
Ba <0.01 <0.01 0.01 <0.01 2.71 S 3.56 S 1.03 m 1.31 M 0.38 S 0.29 S

Ca 3.18 9.78 8.54 3.74 3.07 S 2.68 S 1.18 M 0.87 M 0.38 S 0.44 S
Cd <0.01 <0.01 <0.01 n 1.72 S 1.79 S n n 1.04 m n n n n
Cl 0.81 1.96 2.66 n 2.43 S 3.30 S n n 1.36 M n n n n
CN <0.01 <0.01‡ <0.01‡ n 2.02 S 2.56 S n n 1.27 M n n n n
CO2 2.47 2.86 2.48 n 1.16 M 1.01 m n n 0.87 M n n n n

Cr <0.01‡ <0.01‡ <0.01‡ n 2.16 S 2.74 S n n 1.27 M n n n n
Cu <0.01 <0.01 <0.01‡ <0.01 2.66 S 3.55 S 6.28 S 1.33 M 2.36 S 1.77 S
Diss Sol 17.1 58.1 49.9 n 3.39 S 2.92 S n n 0.86 M n n n n
DO 1.21 2.16 3.65 n 1.78 S 3.01 S n n 1.69 S n n n n
Fe <0.01 <0.01 <0.01 <0.01 5.99 S 5.49 S 2.81 S 0.92 m 0.47 S 0.51 M

Fl 0.01 0.02 0.03 n 1.75 S 2.73 S n n 1.56 S n n n n
H2S 0.01 <0.01‡ <0.01‡ n 0.23 S 0.30 S n n 1.27 M n n n n
Hardness 10.9 35.9 31.4 n 3.29 S 2.88 S n n 0.88 M n n n n
HCO3 6.60 2.44 11.8 n 0.37 S 1.79 S n n 4.83 S n n n n
Hg <0.01 n n n n n n n n n n n n n n n

Mg 0.72 2.78 5.05 1.02 3.88 S 7.05 S 1.43 M 1.82 S 0.37 S 0.20 S
Mn 0.01 0.51 0.41 0.01 90.9 S 73.8 S 2.13 S 0.81 M 0.02 S 0.03 S
Na 0.44 0.57 0.54 0.21 1.29 M 1.22 M 0.48 S 0.94 m 0.37 S 0.39 S
NH4-N <0.01 0.20 0.12 n 51.7 S 29.8 S n n 0.58 M n n n n
Ni <0.01 <0.01 <0.01 <0.01 7.36 S 5.46 S 0.35 S 0.74 M 0.05 S 0.06 S

NO3-N 0.20 0.93 1.18 n 4.57 S 5.80 S n n 1.27 M n n n n
P <0.01 <0.01‡ <0.01 <0.01 1.33 M 2.20 S 2.20 S 1.65 S 1.66 S 1.00 m
Pb <0.01 <0.01 <0.01‡ n 2.10 S 3.72 S n n 1.77 S n n n n
Phenols <0.01 <0.01 <0.01‡ n 1.80 S 3.29 S n n 1.83 S n n n n
Sb <0.01 <0.01 0.01 n 2.77 S 6.65 S n n 2.40 S n n n n

Se <0.01 <0.01 n n 10.2 S n n n n n n n n n n
SO4 4.73 31.2 21.4 7.88 6.60 S 4.52 S 1.67 S 0.69 M 0.25 S 0.37 S
Sr 0.02 0.03 0.03 0.01 1.73 S 1.69 S 0.86 M 0.98 m 0.50 S 0.51 S
Zn <0.01 0.01 <0.01 <0.01 20.3 S 6.63 S 1.22 M 0.33 S 0.06 S 0.18 S

†Classification of comparison between the two phase comparisons: m = “minor” (0.9 < ratio < 1.1). M = “moderate” (0.5 < ratio < 0.9 or 1.1
†< ratio < 1.5). S = “substantial” (ratio < 0.5 or ratio > 1.5).
‡Based on one field sample.



7 percent for load rate compared with 15 percent for
average concentration for “minor” changes, respec-
tively; Tables 3 through 5). Figure 4 shows that medi-
an and interquartile ranges of load rate ratios were
often above the unity reference line and upper “sub-
stantial” boundary, showing notable increases in load
rates for many changes in land disturbances.

The Phase 3F:1 average load rate ratios were gen-
erally larger at M09 (median ratio = 2.6) than at the
other sites, as apparent from the largest median ratio
at this site (Figure 4, Tables 7 through 9). Median
load rate 3F:1 ratios at C06 and J11 were about the
same – both near the moderate-substantial impact
borderline (median = 1.5 at C06 and = 1.4 at J11).
This is in contrast to median average concentrations
that were larger at J11 (median average concentra-
tion ratio = 1.9) and C06 (median = 1.4) and smallest
at M09 (median = 1.0).

At M09, 88 percent of all Phase 3F:1 load rate
ratios were classified as “substantial,” 9 percent as
“moderate,” and 3 percent as “minor.” Larger load
rate ratios at M09 are in contrast to C06 and J11,
which had nearly identical 3F:1 distributions (61 per-
cent, 27 percent, and 12 percent at C06, respectively,
and 62 percent, 31 percent, and 8 percent at J11,
respectively). Notably fewer load rate ratios were in
the substantial class, and more ratios were in the
moderate class at C06 and J11 compared with M09.
At M09, 88 percent of substantial load rate ratios
were increases and 12 percent were decreases. This is
compared with 48 percent increases and 12 percent
decreases at C06 and 46 percent increases and 15 per-
cent decreases at J11.

The notably larger percentage of ratios at M09 is
due in part to the most substantive change in water-
shed hydrology caused by mining and reclamation at
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Figure 4. Comparisons of Average Chemical Constituent Load Rate Ratios and Classifications of Impacts 
(“minor,” “moderate,” and “substantial”) Between Phases of Disturbance at the Three Watersheds

(see Tables 7, 8, and 9 for constituents associated with ratio comparisons).



this site compared with other sites (3F:1; Table 2; Fig-
ure 2; Bonta et al., 1997). The drastic change in M09
hydrology is apparent by a 22 percent increase in
curve number at M09 from Phase 1 to Phase 3F (71 to
91; Table 2), compared with C06, which experienced
only a 7 percent increase (81 to 87), and J11, which
experienced a 17 percent increase (75 to 88). Further-
more, Table 2 shows that M09 average flow was 3.6
times greater during Phase 3F than Phase 1, whereas
at C06 and J11 the increases were 1.1 times and 1.2
times, respectively.

At all three sites, larger flows during Phase 3F
were often greater than Phase 1, and Phase 3F low
flows were often lower during Phase 3F compared
with Phase 1 (Figure 2). Concentrations for negative
regression slopes are more sensitive to low flows, and
those for positively sloped regressions are more sensi-
tive to large flow rates. Magnitudes are dependent on
regression-parameter values, weather experienced,
changing watershed hydrology, and statistically sig-
nificant changes in regressions. These factors com-
bined to yield the higher percentage of larger ratios at
M09.

At C06, average load rates decreased for 2A:1
(median ratio = 0.5; Figure 4). The reduction is
attributed to generally a larger percent of time of
smaller flows (dotted line in Figure 2a) during Phase
2A. The generally larger load rate ratios between
Phases 2A and 2B and Phases 1 and 2B are ascribed
to the increased disturbances due to reclamation
(Table 1) and generally larger flows during Phase 2B
compared with 2A (Figure 2a). Also, during Phase 2A
probable watershed area decreased to 23 percent of
the original watershed area (4.70 ha; Bonta, 2000),
also decreasing the potential for larger flow rates dur-
ing Phase 2A. The increases in load rate ratios from
Phase 2A to Phase 3F (median = 3.3) are attributed to
many reclamation activities (grading, topsoiling, etc.)
and the initial installation of a diversion network to
control erosion during vegetation establishment (Fig-
ure 1a). Smaller load rate ratios from Phase 2B to
Phase 3F (median = 1.2) are due to installation of
diversions to control erosion after vegetation was
established (more discussion on diversions later).

At M09 the increases in average load rates between
Phases 1 and 2A, 1 and 2B, and 1 and 3A (Figure 4)
are attributed to the increased surface disturbances
due primarily to mining. During Phase 2A, watershed
area decreased to 36 percent of the Phase 1 area (6.40
ha; Bonta, 2000), and then area increased by 40 per-
cent to about 9 ha during Phase 2B. Larger area part-
ly explains the higher large flows during Phase 2B.
Watershed surface characteristics were similar for
these two phases, causing smaller increases from
Phase 2A to Phase 2B. Load rate ratios also increased 

from Phases 2A to 3A and Phases 2A to 3F. The gen-
erally high 3A:2A ratios (median = 3.1) were attribut-
ed to the large area (about one-fourth of the area) that
was poorly covered after reclamation on which rills
developed and to an increase of 3.2 times in average
flow rate (0.95 to 3.01 L/sec; Table 2). Phase 3A:2B
load rate ratios (median = 1.6; Figure 4) are large due
to the poor cover combined with an 82 percent
increase in average flow rate from Phase 2B to Phase
3A (from 1.65 L/sec to 3.01 L/sec; Table 2). These data
document the larger chemical load rates that can be
expected from areas that are poorly reclaimed.

Little load rate change was found for many con-
stituents between Phases 2B and 3F, which had near-
ly identical flows (1.65 L/sec for Phase 2B and 1.67
L/sec for Phase 3F; Table 2). Also, the FDCs were sim-
ilarly located in Figure 2b.

Load rate ratios decreased from 3A to 3F (median =
0.8), showing the benefits of establishing a good stand
of vegetation over 1/4 of the area of the watershed
that was poorly covered during Phase 3A. The Phase
3F:1 ratios were large (median = 1.5) and are partly
attributed to low average Phase 1 flow (0.47 L/sec
compared with 1.67 L/sec during Phase 3F; Table 2).

At J11, increases in average load rate ratios
between Phases 1 and 2 (median ratio = 2.5) and 1
and 3A (median = 3.0) were due to mining and recla-
mation activities and diversion installation (3A; Table
1). Watershed area decreased to 39 percent of the
original area during Phase 2 (4.62 ha; Bonta, 2000).
Average flow rate increased 2.2 times from Phase 1 to
2 and 2.7 times from Phase 1 to 3A (Table 2). The load
rate ratio reductions from Phase 2 to 3F and from 3A
to 3F (medians = 0.4) are attributed to a smaller
watershed area due to diversion removal and to better
vegetative cover than during Phase 3A (a period when
diversions were failing).

The load rate ratio comparison results are affected
by the distribution of different types of disturbances
within the runoff area of each watershed (e.g., chang-
ing probable runoff areas, percent of areas reclaimed,
undisturbed, undergoing spoil grading, etc.; Bonta,
2000). The results are also affected by statistically
significant changes in regressions between phases of
disturbances. Regression line slope and intercept
changes suggest that the supply of constituents and
the sensitivity of constituent yields by flowing water
changed due to mining and reclaiming the watersheds
as indicated by changes in the coefficient and expo-
nent in the power equation. Impacts of watershed dis-
turbances on regressions were different at each site,
and an evaluation of these changes is beyond the
scope of the present study.
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Constituent Changes. The only constituents that
“substantially” increased (load rate ratios > 1.5) from
the premine to reclaimed phases (3F) for all sites
were SO4 and Mn (upper Table 10 and Tables 7
through 9). Other constituents that increased at two
watersheds were alkalinity, CO2, Ca, Cl, Cu, dissolved
solids, Fl, hardness, HCO3, Mg, NH4-N, P, Se, and Sr.
For all Phase 3F:1 comparisons for which two water-
sheds showed increases for the same constituent, M09
was always one site, suggesting that average load
ratios for these constituents at M09 were affected
most by reclamation. Constituents that substantially
increased from Phases 1 to 3F at only one site includ-
ed Ag, Al, As, CN, Cd, Cr, Fe, H2S, Hg, Na, NO3-N,
Pb, Sb, and phenols.

Constituents increasing in average load rate
between Phase 1 and a subphase within Phase 2 or
the beginning of Phase 3 (seven of seven possible com-
parisons) were dissolved solids, Mn, and SO4 (upper
Table 7). Constituents occurring for six of seven com-
parisons across all watersheds were Ca, Cd, hardness,
Mg, NO3-N, Ni, Se, and Sr. Common constituents
occurring for five of seven comparisons were Ag, CN,
CO2, Cr, Cu, Fl, Pb, and phenols.

“Substantial” load rate ratios less than 0.5 for com-
parisons between Phases 1 and 3F for all watersheds
showed reduced average load rates for seven trace
constituents (lower Table 10): Al, Ba, Fe, H2S, Na, Ni,
and Zn. “Substantial” decreases between Phase 1, and
subphases of Phase 2 and the beginning of Phase 3
were not as consistent across sites as substantial
increases. Average load rates decreased for Al and Fe
for five of seven comparisons.

Effects of Diversions and Reclamation Prac-
tices on Load Rates. At C06, diversions were
installed and left in place at the end of Phase 3F, and
ratios of average 3F:1 load rate ratios were large
(median = 1.5; Figure 4). Bonta (2000) found that
average sediment load rate during Phase 3F was nine
times that of Phase 1. This was attributed to the net-
work of diversions left after final reclamation (Figure
1a), which routed runoff to the headwater area of the
watershed, concentrating flows and enhancing ero-
sion. The sediment observations suggest that con-
stituent loads were also elevated because of the high
erosion and sediment transport rates during Phase 3F
at this site. The lesser ratio increase from Phase 2B to
3F at C06 (median ratio = 1.2) occurred during a tran-
sition period when diversions were installed to reduce
spoil slope lengths while slopes were not well covered.

At J11, diversions were installed between Phases 1
and 2 and 1 and 3A, periods when average chemical
load rate ratios increased (median ratios = 2.5 and
3.0, respectively). Diversions failed and overtopped
and excessive overland erosion occurred during Phase

3A. Diversions also increased the watershed area by
44 percent (Bonta, 2000). When diversions were
removed at J11 (3F:3A; Figure 1c), watershed area
decreased by 25 percent to 9.88 ha (Bonta, 2000), and
more vegetative cover existed due to reseeding (Table
1). Ratios of load rates decreased, indicating an
improvement in constituent loads (median = 0.4).
Diversions were also removed between Phases 2 and
3F,  and the land surface changed from active distur-
bances to a stable watershed.  Average concentration
ratios were lower between Phases 2 and 3F (median
concentration ratio = 0.7) and 3A and 3F (median =
0.8) at this site. The final Phase 3F watershed had
average load rate ratios that were larger than the
Phase 1 watershed (median = 1.9; Figure 4). Bonta
(2000) found that Phase 3F sediment load rates were
at about premine levels (average = 1.0).

At M09, diversions (straw crimping) were not used,
and the final load rate ratios were greater after recla-
mation than during Phase 1 (median 3F:1 comparison
load rate ratio = 2.6; Figure 4). Median chemical con-
stituent concentrations were near premine levels
between Phases 1 and 3F at this site (median = 1.0;
Figure 3). The increased load rates are attributed to
changing hydrology, as explained earlier (Table 2, Fig-
ure 2). Bonta (2000) found that average sediment load
rate was 30 percent of Phase 1.  Also, a notable reduc-
tion in chemical load rate ratios was apparent
between Phases 3A and 3F at this site (median = 0.6).
This suggests a reduction in water chemistry loads
due to reestablishment of vegetative cover more than
one-fourth of the area during Phase 3F.

The specific and chronological load rate comparison
ratios for all the sites leads to guidance on use of
diversions and reclamation practices. Diversions left
after reclamation caused relatively large chemical
load rates compared with Phase 1 (e.g., C06), and
removal of diversions reduced chemical load rates
(e.g., Phase 3F at J11). However, in spite of average
chemical concentrations that were close to premine
levels caused by straw crimping at M09, greater flow
rates caused large 3F:1 chemical load rate ratios.
Revegetation of poorly reclaimed areas decreased
chemical loads (e.g., M09 and J11). Diversion installa-
tion to reduce slope lengths and erosion increased
constituent load rates (e.g., Phases 2B to 3F at C06
and Phases 1 and 2 and 1 and 3A at J11).

CONCLUSIONS

The comprehensive effects are documented in this
study of near complete disturbance of three small,
undisturbed, geologically dissimilar experimental
watersheds (C06, M09, and J11) due to mining of coal
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and subsequent reclamation on surface water chemi-
cal concentrations and loads (34 constituents, 4,485
laboratory analyses). Comparisons were made
between average concentrations and load rates (e.g.,

kg/day) during different phases of land disturbances:
Phase 1 (natural, premine), subphases of Phase 2
(mining and reclamation activities), subphases of
Phase 3 (incomplete reclamation), and Phase 3F
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TABLE 10. Lists of Constituents Changing in Average Load Rates “Substantially” Between
Phases 1 and Other Phases in Tables 7, 8 and 9 and Figure 4.

Watershed C06 Watershed M09 Watershed J11
2A:1 2B:1 3F:1 2A:1 2B:1 3A:1 3F:1 2:1 3A:1 3F:1

Constituents Ranked from Largest to Smallest Load Ratio (ratio ≥ 1.5)

H2S Mn Mn Se Se CO2 P Mn Mn Al
Mn H2S SO4 CO2 NO3-N Se Hg NH4-N NH4-N Cu
Se SO4 Cl SO4 NH4-N Cd Se Al Al Fe
CO2 Se Mg Mn P P SO4 Zn Mg P
Diss Sol CO2 NH4-N Diss Sol SO4 Hg Fl Se Sb Mn
SO4 Ca Hardness NO3-N Cd Cl CO2 Ni Zn SO4

Diss Sol Ca Ca Cl Fl NO3-N SO4 NO3-N
Hardness Diss Sol Hardness CO2 Na Cu Fe Fe
Mg CO2 Cd Diss Sol Ag Ag NO3-N Ni
Cl Sr Mg Mn SO4 Cd Mg SO4
NO3-N As Sr Fl Mn Diss Sol Diss Sol Pb
Sr NCO3 Ni Hg Pb Pb Hardness Ba
Ni Se H2S H2S Cu Cl Ca Ca
NH4-N H2S Phenols Ca Cr Cr Sb Cl
As Alkalinity Ag Hardness Alkalinity Ca Ba Phenols
Cd Fl Cu Cr HCO3 Sb Cu DO

Cr CN CN CN Cl Diss Sol
Fl Ag Diss Sol Hardness Cr Hardness
Na Mg Hardness Mg Pb Cr
Hg Sr Sb Mn Ag Fl
CN Pb Ca Alkalinity CN Ca
P Phenols Phenols HCO3 Phenols CN
Cl Sb Ni Sr DO Ag
Pb Na Sr Na Fl P

Cu Mg Phenols Sr Alkalinity
Ni NO3-N NH4-N Cd Cd
Alkalinity Zn HCO3

As Sr
Ba

Constituents Ranked From Largest to Smallest Load Ratio (ratio ≤ 0.5)

Cd Cu Zn As As NH4-N Fe HCO3 H2S Na
Cl P Ba Zn Al Fe Al Alkalinity Ni
P HCO3 Al NH4-N Fe H2S H2S H2S
Cr Alkalinity Fe Fe Al
Na Al Al
Ba Fe
Hg
Fl
HCO3
Zn
Pb
Alkalinity
Cu
Al
Sb
Fe



(“final” condition of the watersheds at the end of mon-
itoring). Impacts of concentrations and load rates
were made by calculating the ratio of average concen-
tration or load rate for a given chemical constituent
during one phase of disturbance to that of another
phase. Ratios were classified into impact classes des-
ignated “substantial” (ratio < 0.5 or ratio > 1.5), “mod-
erate” (0.5 < ratio < 0.9 or 1.1 < ratio < 1.5), and
“minor” (0.9 < ratio < 1.1). The following conclusions
can be made.

Concentrations

• A statistically significant relationship was found
between concentration and flow for 36 percent of the
429 regressions for all regression in all watersheds
and phases.

• The data taken as whole showed an increase of
2.4 times in the ratios of average concentrations
across sites and phases (665 comparisons), suggesting
an overall increase in average concentrations due to
mining and reclamation activities (90 percent of the
ratios of average concentrations had ratios between
0.26 and 7.4).

• About 49 percent of all comparisons of average
chemical constituent concentrations were classified as
having been “substantially” impacted, 36 percent
were “moderately” impacted, and 15 percent were
affected in a “minor” way.

• The impact of mining and reclamation on aver-
age concentration was greatest at the C06 site (diver-
sions left in place) and was least at M09 (no
diversions – and reclamation by straw crimping).
Reclamation restored concentrations to near Phase 1
levels at M09.

Load Rates

• In spite of Phase 3F constituent concentrations
approaching Phase 1 levels at M09, increased load
rates were observed because of increased flow rates
due to drastic hydrologic changes at this site.

• Chemical loads for the three watersheds
increased an average of 3.3 times for all comparisons
and constituents, suggesting increased load rates dur-
ing mining and reclamation activities.

• “Minor,” “moderate,” and “substantial” impacts
were found in 7 percent, 25 percent, and 69 percent of
comparisons of load rate ratios at C06, 8 percent, 24
percent, and 68 percent at M09, and 5 percent, 20
percent, and 69 percent at J11, respectively – uniform
at all sites.

Concentrations and Load Rates

• Median sediment concentration of discrete sedi-
ment samples is an indicator of average change in
load rates for a wide variety of constituents between
Phases 1 and 3F. This suggests that best management
practices that reduce median sediment concentration
also reduce average concentrations and vice versa.

• M09 was the most impacted watershed in terms
of average load rates and the number of increased
constituents but least impacted in terms of average
concentrations. This is attributed to the largest
change in hydrology, leading to increased transport of
constituents.

• Average concentrations and load rates can
decrease from one type of land disturbance to the
next, resulting in improved water quality for many
constituents.

• The impact of mining and reclamation on aver-
age load rates was not necessarily the same as the
impact on average concentrations, mainly because of
changed hydrology. This suggests that in addition to
concentration, changing hydrologic conditions must
be included when evaluating water quality in mining
and reclamation areas.

• SO4 and Mn load rates increased substantially
at all three sites, and only SO4 concentrations
increased substantially at all sites from Phases 1 to
3F.

• Concentrations and load rates are sensitive to
the varying types of spoil and soil exposed to the
weather and durations of exposure created by mining
and reclamation methods (contour mining versus
haul-back method, use of diversions, etc.)

• Concentrations and load rates are sensitive to
changing hydrology (increased curve numbers and
changed flow duration curves) caused by draining and
irregular recovery of ground water levels, baseflow
increases and reductions, and destruction of soil pro-
files, causing higher runoff.

• Concentrations and load rates are sensitive to
the extent of change in regressions (slope and/or
intercept changes) causing changed sensitivity of
concentration to flow rate, changed supply of con-
stituents, and changing relative importance of base-
flow and large flows.

• Concentrations and load rates are sensitive to
changing watershed areas as spoil was moved to form
the final reclaimed watersheds.

• Concentrations and load rates are sensitive to
differing lithologies of the watersheds as apparent by
the relative concentrations of constituents comprising
geologic strata and soils.

• The many comparisons of concentrations and
load rates between phases of land disturbance in the
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present study can be used to identify stages of mining
and reclamation and causes when a watershed is at
risk for increased load rates and concentrations and
when they decrease (improvement in water quality).

Diversions and Reclamation

• Concentrating runoff water using diversions is a
reclamation practice that may increase or maintain
large average concentrations (e.g., C06). Diversion
removal may reduce average concentrations (e.g.,
J11). No diversions and the straw-crimping reclama-
tion practice may help return a watershed close to
premine concentrations (e.g., M09).

• Diversions can sustain large chemical load rates,
and removal of diversions can reduce chemical load
rates. Straw crimping without diversions led to high-
er Phase 3F:Phase 1 chemical load rate ratios due to
increased runoff caused by mining and reclamation.

• Diversion installation increased constituent load
rates at the two sites where they were used.

• Reclamation in areas inadequately covered with
vegetation causes increased load rates.

• Revegetation of poorly reclaimed areas decreases
chemical load rates.

Drastic land disturbances due to coal mining and
subsequent reclamation resulted in altered surface
features and surface and subsurface flow paths, sig-
nificantly affecting surface and subsurface hydrology.
These disturbances also resulted in significant
changes in surface water chemistry as fractured geo-
logic material exposed new facies to the weathering
process. This study documents the most apparent
impacts of mining and reclamation due to the complex
interactions of these two important factors on chemi-
cal concentrations and load rates. The study shows
the specific changes in average concentrations and
load rates due to mining and reclamation activities of
34 chemical constituents and general changes in
water chemistry across watersheds for three geologic
settings and mined coal seams, two mining methods,
and three reclamation practices.
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