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Abstract

Mine water, a product primarily from pyritic weathering in coal mining regions,
alongside oxidative weathering of other minerals, has caused destructive changes
in water chemistry, sediment chemistry, and biological communities globally.
Younger and Wolkersdorfer (2004) detail the impacts of mining on the freshwater
environment. This study looks back to over twenty years of data collected in the coal-
bearing region of Ohio showing impairments suggested by Younger and
Wolkersdorfer (2004). This study focused on correlations between water and
sediment chemistry and its impact on aquatic biology in the coal mined areas of four
watersheds that have been severely, moderately, and lightly impacted by acid mine
drainage. Sediment and water chemistry collected over a number of years at 62 sites
have been correlated with a metric of biological health, specifically that of benthic
macroinvertebrates. The study results suggest that contaminants including Al, Fe,
and Mn in the water column are the most likely stressors to impede biological
recovery supporting the findings of Younger and Wolkersdorfer (2004).
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1. Introduction

Mine water is a globally occurring phenomena in regions of current and historic
mining, particularly where there are sulfide minerals occurring in the ore body or
the surrounding strata. Mine water or mine drainage can occur as acidic, neutral,
or alkaline drainage based on the local geology. Acid mine drainage (AMD) is
described as sulfate-rich drainage produced from oxidative weathering of sulfide
minerals, primarily pyrite [1] with insufficient buffering capacity in the surrounding
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strata to increase pH. Pyrite is common in natural rock strata of coal-producing
regions (e.g., [2,3]). The water bodies receiving mine drainage suffer from
increased acidity where there is no buffering capacity in the surrounding strata,
metal enrichment, and increased suspended solids that affect aquatic biological
communities [4-11].

Hedin et al. [12] and Kelly [9] concluded that low pH increases dissolution of heavy
metals from minerals and alters water chemistry. Metals also settle out as flocs on
the streambed sediment. Sediment is comprised of clays, clasts, organic matters,
trace elements, metal oxides, and hydroxides formed by surface runoff and natural
weathering and it is perceived as an important habitat for aquatic communities
and plants [13]. Trace elements in sediment are introduced over time via various
mechanisms [13]. Sediments act as a sink for mining related contaminants [14] and
such an environment becomes a poor habitat to most aquatic organisms. Aqueous
metals precipitate or sorb to the surface of metal oxides once the solubility of
hydrous oxides of Fe and Al increases beyond the solubility limit [8,9]; increasing
pH decreases metal solubility [3].

Al, Fe, and Mn precipitate as oxides or hydroxides in water. Iron oxyhydroxide,
FeOHs, precipitates out at pH 3 while aluminum hydroxide, AI(OH)s, precipitates at
pH 4 [15]. In contrast, manganese oxyhydroxide, Mn(OH),, precipitates at a higher
pH of 6. These metal oxyhydroxides cover the streambed with yellow-colored flocs
[3,15,16], while hydroxylated aluminum sulfate cover the streambed with white
precipitate [17]. Suspended metal precipitates can be a major source of metal flux
particularly during high flow periods [18].

High concentrations of both suspended and dissolved metals from mine drainage
in combination with acidic water impairs the stream communities, specifically the
benthic macroinvertebrates [1,12,18-20]. Metal precipitates limit the stream biofilm
formation process [21]. This causes a lack of life-supporting nutrients such as
phosphorus that seriously affects the stream food web [22]. These stressors alter
the food web, the community structure and function, and abundance, diversity,
and survival of benthic macroinvertebrates [19].

The utmost goal of stream remediation is biological recovery [23]. Biological
recovery not only depends on improving water chemistry, but also on biological
and physical factors [23,24]. Efforts to remediate and monitor streams impaired by
mine drainage in southeastern Ohio have been conducted by Ohio Department of
Natural Resources Division of Mineral Resources Management (ODNR - DMRM),
Ohio University, and watershed groups since the 1990s [25]. As a result, 407 km of
streams met the target pH of 6.5 as of 2022 [25]. As part of the monitoring,
scientists use biological indicators such as Macroinvertebrate Aggregated Index
for Streams [26,27] and Index of Biological Integrity (IBI) [28] to identify stream
biological recovery.

Younger and Wolkersdorfer [2] develop a decision framework for long-term mine
water management at a catchment/watershed scale. The monitoring upon which
this study is based is built upon this framework understanding that the cumulative
effect of multiple sources of mine drainage, alongside the natural attenuation and
sources of alkalinity, plus geographic factors such as watershed size and habitat
will dictate which sources of mine drainage are critical to treat. This speaks to the
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need for catchment-wide planning for treatment to accrue the benefits of
treatment and achieve biological recovery to appropriate standards.

Although there are numerous studies about AMD impacts on stream biology,
relatively few studies were completed at a region-wide, catchment scale to
understand aqueous and sediment chemistry and its impact on stream biology.
Such studies can inform the use of catchment-wide characterization and
management as suggested in Younger and Wolkersdorfer [2]. Some of these few
studies were conducted in southeastern Ohio. A study at Hewett Fork and Pierce
Run by DeRose [29] suggested that Hewett Fork water quality increased through
sediment deposition and Pierce Run water quality improved by groundwater input
and alkaline treatment. DeRose’s finding suggested that sediment Al, Fe, and Mn
in Hewett Fork was higher than Pierce Run due to metal precipitation resulting
from Carbondale Doser treatment and inputs from tributaries [29]. Korenowsky
[30] also reported higher metal concentrations near the doser treatment area at
Hewett Fork. In 2013, Kruse et al. studied factors that affect water and sediment
chemistry at Hewett Fork, Raccoon Creek Watershed. The results indicated that
Impaired zone had the lowest MAIS scores and highest dissolved metals and
sediment Fe. The impaired zone was defined by both velocity and alkalinity coming
from Carbondale Doser and natural sources of alkalinity such as groundwater and
tributaries [5]. Low velocity increased Al deposition while adequate alkalinity
caused Fe deposition [5].

Studies suggest that aqueous chemistry had more adverse impact on benthic
macroinvertebrates than sediment chemistry [1,5]. DeNicola and Stapleton [1]
showed that caddisflies accumulated higher levels of heavy metals, specifically Fe
and it was concluded that aqueous chemistry impacted MAIS more than sediment
chemistry. Researchers also found out that acidity impacted aquatic organisms
more than metal toxicity based on laboratory and field work analysis [31]. They
concluded that mortality rate of Ctenodaphnia species were more sensitive to
acidity leaching than impacts from Kruse sediment metals concentrations [31].

In general, researchers suggest that sediment Al, Fe, and Mn are typically
abundant in the sediments of AMD-impaired streams [13]. Sediment Al, Cu, Fe, Mn,
and Zn are significantly correlated with low benthic macroinvertebrate index
scores [6,11,32], while aqueous stressors including acidity, conductivity, and metals
including Al, Fe, Mn, and Zn impair macroinvertebrates [5,33-37]. It is reported that
long term exposure to acidity can cause loss of sensitive organisms [34,37].

The purpose of this study is to investigate the correlations between aqueous and
sediment chemistry and biological recovery in mining impaired watersheds in
impaired, transition, recovered, and unimpaired zones to better inform catchment-
scale management. This study examines correlations between water chemistry,
sediment chemistry, and MAIS scores in Monday Creek, Sunday Creek, Raccoon
Creek, and Leading Creek Watersheds in the coal-bearing region of Ohio.
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2. Methods

2.1 Study area

This study focuses on four watersheds with extensive mining impairments and
ongoing treatment and reclamation: Leading Creek, Monday Creek, Raccoon
Creek, and Sunday Creek watersheds in southeastern Ohio. These watersheds can
represent most of the active remediation efforts of AMD in Ohio [25].

Figure 1 and Supplemental Information Table S1 show a total of 62 study sites
from these four watersheds. The sites represent a mix of four zones: impaired,
transition, improved, and unimpaired recovery zones according to the return of
the biological activity as defined by Kruse et al [5], reliant upon the
Macroinvertebrate Aggregrated Index for Streams (MAIS) rapid bioassessment of
benthic macroinvertebrates [27].

Study Sites
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= Streams
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Underground mining L e |
World Terrain Base 0 5 10 20 Kilometers

Figure 1 Study sites in Monday Creek, Sunday Creek, Leading Creek and Raccoon Creek
Watersheds in southeastern Ohio.
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Site selection of the “Impaired zone” is based on areas with poor biological recovery
with no positive change in MAIS and the MAIS scores below the target score of 12.
The “Transition zone" is areas of recovering biological activities with a positive trend
in MAIS, yet the score still stays under the MAIS target of 12. The “Improved zone” is
areas of return of biological activities where a positive trend of MAIS with time is
evident and the MAIS target is predicted to meet in the long run. Finally, the
“Unimpaired zone"” represents areas consistently meeting MAIS targets [25].

Raccoon Creek Watershed occupies a total of 1770.2 square kilometers of Western
Allegheny Plateau eco-region in southeastern Ohio and is 180.2 km long [38]. It is
estimated that a total of 10,364 hectares of underground mining and 8,721 hectares
of surface mining disturbed the watershed [5]. Varying sources of AMD impair the
watershed. To treat the AMD, over $16 million dollars and over 20 projects have been
completed in the Raccoon Creek watershed [25]. As a result, 254 monitored stream
kilometers met the target pH value of 6.5 as of 2022 [25] and the Ohio Environmental
Protection Agency has redesignated much of the watershed as warmwater or
exceptional warmwater habitat, defined as the 25-75 percentile and top 25
percentile of sites in the state, respectively [39]. For the purpose of this study,
Raccoon Creek is divided into four sub-watersheds: Hewett Fork, Little Raccoon
Creek, Raccoon Creek Mainstem, and East Branch. Additional information on
treatment and reclamation projects are available in Bowman et al. [25].

Monday Creek Watershed drains 302.7 square km area, is 43.5 km long, and
contains Perry, Hocking and Athens Counties in Appalachian Ohio. There are nearly
5988 hectares of abandoned underground mines and 1283 hectares of abandoned
surface mines [25]. Restoration efforts started in 1994 with the Monday Creek
Restoration Project. As of 2022, a total of 16 projects were completed and 43 km of
stream met the target pH of 6.5 [25]. With the installation of these treatment
and reclamation projects, much of the mainstem of Monday Creek now meets
MAIS targets.

The Sunday Creek Watershed drains 360 square km area and is 46.6 km long
flowing through Athens, Morgan, and Perry Counties in southeastern Ohio. It has
8 tributaries: West Branch, East Branch, Big Bailey Run, Jackson Run, Greens Run,
Congress Run, Dotson Creek, and Eighteen Run, most of which are located in the
coalfields of southeast Ohio [25]. Since 2004, restoration efforts have been focused
on sealing abandoned mine entrances, capturing the streams, diverting the flows,
and controlling the source [25]. In 2013, Pine Run Doser was installed in Perry
County to treat acidic water from Pine Run with alkaline addition. Alkaline
treatment of Pine Run prevents AMD from reaching the West Branch [25]. As a
result of reclamation efforts, total of 71 km of stream along the mainstem and West
Branch meet the reclamation target pH target of 6.5 by 2022 [25]. Much of the
watershed now meets target MAIS scores.

The Leading Creek Watershed occupies 388 square km area and is 48 km long. It is
estimated that more than 809 hectares of abandoned mines are located within the
watershed and more than 32 km of streams have been affected by AMD. Thomas
Fork is the largest tributary to Leading Creek. It drains 83.9 square km area, runs
26 km long, and encompasses most parts of Meigs County. Thomas Fork is the
major AMD tributary to Leading Creek with underground mining covering 12.5%
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of its watershed. In 2012 and 2015, the Thomas Fork Doser and Casto Doser were
installed at Thomas Fork Watershed in order reduce the acidity and metals through
treatment with calcium oxide. By 2022, 13 km of Thomas Fork met the target pH of
6.5, but biological targets are still behind [25].

To examine the effects of AMD impaired sediment metals on benthic
macroinvertebrates, sediment collection and metal analysis were completed from
2011 to 2015 at all sites at least once. These data have been reported in Korenowsky
[30], Bedu-Mensah [40], Hawkins [11], Schliech [41], Damdinbal [42]. Water
chemistry data from 1996 to 2024, MAIS scores from 2006 and 2024, and Index of
Biotic Integrity (IBI) scores from 1999 to 2023 were downloaded from the web-
based Ohio Watershed Data geodatabase run by Ohio University [43].

2.2 Water chemistry and field parameters

Water chemistry data used in this study is based on data from 1996 to the most recent
data (2023 or 2024, depending on the site) from the online Ohio Watershed Data
geodatabase [43]. Water samples for lab analysis were analyzed at the Ohio
Department of Natural Resources (ODNR) Division of Mineral Resources Management
(DMRM) laboratory for acidity, alkalinity, conductivity, total dissolved solids, dissolved
oxygen, pH, sulfate, and suspended solids alongside Al, Ca, Cl, Mn, Mg, Fe, and K.
Samples for metal analysis were preserved with 20% v/v nitric acid to a pH of <2 and
all samples were kept at <4 °C prior to analysis. Analysis met laboratory QAQC
procedures and standard sample holding times were observed. Field parameters were
gathered at each site. A Myron Ultrameter 6P calibrated following manufacturer
guidelines was used to measure specific conductivity (uS/cm), oxidation-reduction
potential (ORP, mV), pH, total dissolved solids (TDS, ppm), and temperature (°C).

While the water quality data were collected over a span of many years, the QAQC
procedures were kept consistent following the quality assurance protocol used by
ODNR.

2.3 Sediment collection, digestion, and analysis

Sediment chemistry data was collected from 32 field sites and remaining 33 sites
were characterized based on the sediment chemistry data reported by Hawkins [11],
Bedu-Mensah [40], Schliech [41], Korenowsky [30], and Damdinbal [42] in past studies.

The sediment collection and sampling procedure followed Ohio Environmental
Protection Agency (OEPA) sediment sampling guide [44] and USEPA standard
operating procedure number 2016 [45] for sediment collection and preservation
[45]. Sediment samples were gathered from the top 10 cm of sediment with a
stainless-steel trowel or auger from at least 5 locations at each site, then
homogenized in a stainless-steel bowl or bucket. Sediments were preferentially
gathered from depositional areas. Equipment was thoroughly cleaned between
sites. Sediment samples were placed in a labelled plastic zip-lock bags and
transported and stored below 4 °C. Sediment digestion and analysis followed EPA
method #3050B for sediment digestion [46]. The prepared and digested sediments
were analyzed for Al, As, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Pb, Sr, and Zn at the
Ohio University Institute for Sustainable Energy and the Environment (ISEE) using
Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES).
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2.4 Biological analysis

Biological data used in this study was collected from the web-based Ohio Watershed
Data database [43]. The biological sampling is undertaken by Ohio watershed groups
on regular basis and the web-based database is maintained by Voinovich School of
Leadership and Public Service, Ohio University. Biologic data in this study relies on
Macroinvertebrate Aggregate Index for Streams (MAIS), a method commonly used to
indicate health of the stream benthic macroinvertebrate community [18] adapted to
the Western Allegheny Plateau by Johnson [27] and the Index of Biotic Integrity, a fish
metric used by Ohio Environmental Protection Agency [28]. Local watershed groups,
Ohio Department of Natural Resources, and Ohio University personnel conduct
biological assessments, identify macroinvertebrate specimens to family level and fish
specimens to species and calculated MAIS and IBI scores following standard methods.

2.5 Statistical analysis

To examine correlations between sediment metals, water chemistry, and stream
biological health, Spearman correlation analysis and multiple linear regression
analysis were applied to the data using SPSS. To find mean differences of
parameters between the four recovery zones, Kruskal-Wallis nonparametric test
when data normality for ANOVA test was not met and ANOVA with a Tukey post-
hoc analysis when the assumptions were met. For all tests, the significance level of
P <0.05 is applied.

3. Results

The results presented here describe aqueous and sediment chemistry of four
biological recovery zones and their relationship to MAIS and IBI scores.

3.1. Aqueous chemistry

Key indicators of AMD impairment alongside major ions have been monitored long
term in the study watersheds. Summary statistics of the water quality data included
in this analysis (Table 1) suggest a relationship between zone and water quality
throughout this long-term dataset.

Table 1 Summary statistics of water quality data measured from 1996-2024 separated by zone of recovery
for all study watershed points. M is the mean, Mdn is the mean, and n is the count of measurements.

Zone pH EC(pS/cm) SO,(mg/L) Fe(mg/L) Al(mg/L) Mn(mg/L) Ca(mg/L) Mg(mg/L) Na(mg/L) K(mg/L)
M 6.86 556 192 0.72 0.48 0.76 57.5 18.0 25.5 3.6
Unimpaired | Mdn 6.95 516 181 0.52 0.14 0.57 54.0 17.4 18.8 3.0
n 352 406 408 401 398 401 310 310 249 248
M 6.79 670 256 1.04 0.95 1.17 64.3 243 24.0 3.2
Improved |Mdn 6.82 621 222 0.57 0.34 0.87 58.6 233 15.5 2.9
n 1176 1194 1225 1170 1167 1168 988 985 670 669
M 6.39 887 373 3.87 2.85 1.84 83.9 29.6 38.6 3.7
Transition | Mdn 6.79 858 355 2.13 1.01 1.16 82.4 29.1 40.2 3.7
n 260 260 267 258 258 257 214 216 131 131
M 5.90 836 399 5.45 3.67 2.84 107.6 30.6 15.2 2.8
Impaired |Mdn 6.18 836 385 1.87 2.25 1.95 105.0 27.1 11.0 2.8
n 365 365 365 356 356 356 273 273 184 184
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pH was significantly lower in the Impaired zone than the Transition zone where it
was significantly lower than the pH in the Improved and Unimpaired zones. The
pH was not significantly different between the Improved and Unimpaired zones.
Conductivity was similar in the Impaired and Transition zones, while conductivity
was significantly lower in the Improved zone and lower still in the Unimpaired
zone. Sulfate results were akin to conductivity results, however, all four zones were
significantly different than each other, with lower sulfate concentrations as the
zones moved towards improvement (Figure 2).
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Figure 2 pH, conductivity, and sulfate concentration by zone of improvement.
pH increased with improvement while conductivity and sulfate fell with improvement.

Likewise, metals that are often considered key indicators of AMD impairment were
also significantly different across zones (Figure 3). Iron, aluminum, and
manganese were each significantly different between the Impaired, Transition,
and Improved zones, while manganese was additionally significantly different in
the Unimpaired zone. Mean values for iron, aluminum, and manganese decreased
with improvement. While not generally considered indicators of AMD impairment,
calcium and manganese were also significantly different between all four zones
with lower concentrations moving towards improvement. Sodium was significantly
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different between the Impaired, Transition, and Improved zones, but were similar
between the Improved and Unimpaired zones. Potassium held a less-obvious
relationship to zones of improvement, while there were statistically significant
differences between zones.
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Figure 3 Aqueous metal concentrations by zone of recovery. Iron, manganese,
aluminum, calcium, magnesium, and sodium are all statistically different between the
Impaired and Transition zones and the Improved and Unimpaired zones.

Elevated concentrations of some metals in the Impaired and Transition zones
indicate AMD impairment. While it is well understood that iron, aluminum, and
manganese concentrations are elevated in waters impaired by AMD, the elevated
concentrations of calcium and magnesium in the Impaired and Transition zones
suggest that chemical addition through treatment and reclamation projects are
included in the chemical signal in treated watersheds. A study in Raccoon Creek
reveals that higher concentrations of metals and suspended solids were most likely
to occur near treatment systems [6,11]. The pattern of sodium in relationship to
the recovery zone is less clear and may be affected by sites’ proximity to roadways
where road salt is applied for snow and ice control.
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3.2. Water chemistry and biological interactions

Both biological indices used in this analysis varied significantly by zone of recovery
except that IBI scores were not significantly different between the Impaired and
Transition zones (Figure 4).
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Figure 4 IBI (fish) and MAIS (aquatic macroinvertebrate) metrics by recovery zone.
IBI scores were significantly different between recovery zones, except for between the
Impaired and Transition zones. MAIS was significantly different between each recovery zone.

Both macroinvertebrate (MAIS) and fish (IBI) indices were correlated with water
quality parameters (Table 2). A significant negative correlation between MAIS and
sulfate, calcium, iron, aluminum, and manganese confirms the role of sulfate, iron,
aluminum, and manganese in biological impairment due to AMD. Calcium is likely
negatively correlated with MAIS due to impairment that is prevalent in the mixing
zone downstream of treatment systems. Correlations between IBI and water
quality are consistent with the correlations with MAIS, except that manganese was
not significantly correlated with IBI.



Green Energy and Sustainability 2025;5(2):0005 Page 11 of 18

Table 2 Spearman Correlation between MAIS, IBI and Aqueous Chemistry. Shaded cells indicate significance at a 95%
confidence level.

pH Cond SO4 Ca Mg Na K Fe Al Mn
MAIS 0.28 -0.30 -0.39 -0.53 -0.20 -0.12 -0.13 -0.61 -0.59 -0.65
IBI 0.28 -0.44 -0.48 -0.61 -0.19 -0.29 -0.22 -0.58 -0.72 -0.39

Past studies also suggested that macroinvertebrates are seriously affected by high
acidity, conductivity, metals including Al, Fe, Mn, and Zn [5,33-37]. Long term
exposure to AMD lead to loss of sensitive biological organisms or replacement by
tolerant species [34,37]. High conductivity adversely impacts biological populations
in both treated and untreated streams in mining regions [47].

A study at East Branch also concluded that acidity and Al correlated negatively with
MAIS scores [6,11]. Another study by Bedu-Mensah [40] found that Fe and Mn
serious impact on MAIS scores. It is suggested that dissolved Al might be a key
contaminant for limiting aquatic communities [48,49]. Driscoll et al. [50] stated that
dissolved Al causes death in fish eggs while Witters e/ al. [49] concluded that Al
causes serious respiration problem in trout population. Studies also state that Mn
contamination can impair aquatic life [51]. These findings are consistent with the
findings presented here and the supports the planning framework that Younger
and Wolkersdorfer [2] present that encourages planning at a catchment scale to
ensure that the cumulative effect of treatment and reclamation projects leads to
biological recovery rather than piecemeal treatment projects that do not meet
recovery goals.

3.3. Sediment chemistry

The highest sediment metal and metalloid (here colloquially referred to as metals)
concentrations were Fe, Al, and Mn with concentrations of 92,800 mg/kg, 18,740
mg/kg, and 7,927 mg/kg, respectively in Impaired zone sites. The next highest
sediment metal concentrations were of Ca, Mg, and Na reaching 7,346 mg/kg,
4,066 mg/kg, and 859 mg/kg in the Impaired zone. The previous section also
indicates that Al, Ca, Fe, Mg, Mn, and Na in the water column had the highest
concentrations in the Impaired zone, consistent with the widespread influence of
mining, the use of caustics in treatment and reclamation, and the signature of
regional geology (Table 1).

The sediment metal concentrations for these major metals (Fe, Al, Mn, Ca, Mg, Na)
alongside most trace metals were observed in decreasing order in the Transition,
Improved, and Unimpaired zones (Table 3, Figure 5), although most metals
were only significantly different between the Impaired zone and the other zones
(Table 4). Only Ba and Si were not different between recovery zones.

Most of the sediment metals correlated to each other with rho above 0.75 or above
(p-value < 0.05), shown in Table 5. This suggests that there are similar sources of
sediments and similar processes for precipitation of metals from the water column.
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Table 3 Mean Sediment Metal Concentrations (mg/kg) by Recovery Zones.

Mean Concentration (mg/kg)

Impaired Transition Improved Unimpaired

Fe 4953.50 2539.7 6337.5 1486.5
Al 14400 295.9 299.6 330.39
Ca 694 85.95 3423 89.40
Ba 84 1.80 1.89 2.23

K 770 32.90 45.11 41.63
Mg 1281 44.19 67.16 58.73
Mn 2424 33.26 46.66 22.62
Cu 181 0.83 1.51 0.78
Na 322 58.43 65.53 56.52
Pb 18 1.35 2.03 1.17
Zn 112 3.83 3.91 2.32
Ni 36 1.29 4.77 1.09
Co 40 0.94 2.03 0.66
Cr 16 1.47 2.76 1.55
As 12.5 0.67 1.92 1.10
Sr 16 1.23 0.96 0.62

Si 248 259 21.99 22.73
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Figure 5 Sediment metal and metalloid concentrations (mg/kg) by recovery zone. All elements are significantly different
between zones except for Ba and Si.
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Table 4 Sediment metals by statistical similarity between recovery zone. Letters indicate statistical similarity (noted with
the same letter) or difference (noted with dissimilar letters) between zones.

Zone Fe Al Ca Ba K Mg Mn Cu Na Pb Zn Ni Cd Co Cr As Si ©Sr
Impaired a a a a a a a a a a a a a a a a a ab
Transition b b ab a b b b b ab b b b ab b b ab a ab
Improved b b b a b b b b b b b b b b b b a ab
Unimpaired b b b A b b b b ab b b b b b b ab a b

Table 5 Correlation of sediment metal concentrations across all sites. There is a strong correlation between sediment
metals broadly with few exceptions. Shaded cells indicate significance at a 95% confidence level. Darker shading indicates R?
values greater than or equal to 0.60.

Fe Al Ca Ba K Mg Mn Cu Na Pb Zn Ni Cd Co Cr As Si Sr
Fe 1
Al 0.90 1
Ca 0.80 0.88 1
Ba 0.57 0.59 0.34 1
K 0.82 094 0091 044 1
Mg = 086 095 0.93 052 0.95 1
Mn = 0.88 094 0.86 059 0.88 0.93 1
Cu 0.81 087 081 049 0.83 0.88 0.85 1
Na 0.78 0.79 085 0.16 0.82 0.79 0.75 0.68 1
Pb 0.90 097 088 057 092 095 093 0.89 0.79 1
Zn 093 098 087 060 0.9 093 094 086 0.81 0.96 1
Ni 091 097 088 059 091 094 09 0.84 079 095 0.98 1
Cd -033 -0.32 -0.14 -045 -0.19 -0.31 -0.36 -0.53 0.00 -0.33 -0.33 -0.29 1
Co 091 097 086 061 090 093 097 084 0.77 094 097 0.99 -0.32 1
Cr 092 097 087 058 091 09 095 085 0.80 097 098 0.98 -0.31 0.98 1
As 0.65 0.62 0.68 028 0.66 066 061 054 057 067 064 065 0.01 063 0.68 1
Si 0.57 055 033 092 038 047 057 046 0.17 052 056 055 -045 0.57 0.55 0.23 1
Sr 0.57 060 037 097 045 054 061 050 0.15 0.58 061 0.60 -046 0.62 0.59 032 092 1

3.4 Sediment chemistry and biological interactions

With one limited exception (Cu and IBI), there was no statistical relationship
between sediment chemistry and either MAIS or IBI scores. This pattern has been
identified by several researchers in the past [5,11,31]) showing that the aqueous
chemistry has a stronger relationship with biological quality than that of the
sediments. While this study did not show a relationship between sediment metals
and biological indices, sediment metal concentrations were different amongst the
zones of recovery, suggesting that sediments as a sink for metals as a stream
recovers downstream of treatment and reclamation projects does support
biological recovery, consistent with the findings of Kruse et al. [5]. This also
suggests that despite benthic macroinvertebrate use of substrate for shelter and
food, the sediment metal concentrations found in this study were not a key
indicator of change in biological quality.

3.5 Aqueous and sediment chemistry relations

Broadly, aqueous and sediment chemistry are strongly correlated. pH is negatively
correlated with all sediment metals except for Ca, while most other aqueous
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chemical components are positively correlated with sediment metal
concentrations (Table 6). Interestingly, aqueous Fe was not correlated with any
sediment metal concentrations.

Table 6 Spearman Correlation Matrix for Aqueous and Sediment Chemistry. Values are
Spearman’s rho. Shaded cells represent relationships that are significant (P < 0.05).

Aqueous Chemistry

pH EC SO4 Ca Mg Na K Fe Al Mn
Fe -044 028 045 044 030 -043 -0.21 -0.01 034 049
Al -043 026 043 046 031 -053 -030 -0.10 033 046

Ca -0.22 0.14  0.31 038 0.12 -048 -0.28 0.07 0.26  0.29
Ba -0.31 0.61 0.67 064 066 -0.19 0.08 -0.16 035 0.58
K -0.33 0.13 030 036 0.13 -0.56 -035 -0.03 0.26  0.36
Mg = -0.35 0.25 043 048 028 -0.56 -030 0.00 035 047
Mn = -0.38  0.28 046 050 035 -0.56 -0.27 -0.10 030 048
Cu -0.43 0.32 0.51 0.58 038 -048 -033 -0.01 0.48  0.58
Na -0.38 -0.05 0.12 0.11 -0.12 -045 -0.37 0.06 0.18  0.21
Pb -0.38 0.32 048 048 031 -048 -0.26 0.02 039 047
Zn -0.42 0.29 045 047 033 -0.50 -0.26 -0.09 032 046
Ni -0.36 0.26 044 048 033 -0.54 -0.25 -0.09 0.31 0.46
Cd 030 -0.62 -0.67 -0.60 -0.67 0.11 0.00 0.10 =045 -0.52
Co -0.39  0.27 045 049 035 -0.57 -0.27 -0.11 0.33 0.50
Cr -0.37 0.29 046 049 031 -0.51 -0.24 -0.02 036 049
As -0.12 0.17 025 028 0.07 -035 -0.01 0.21 0.20 0.23
Si -0.31 0.60 063 058 068 -0.11 0.14 -0.22 0.27 048
Sr -029 064 069 068 0.70 -0.15 0.13 -0.16 037 0.57

Sediment Chemistry

4. Conclusions

Successfully recovered zones in AMD-impaired streams had increased pH and low
sulfate and metal concentrations in water column and sediment. In contrast,
impaired zone had the highest conductivity, sulfate, and metals and the lowest pH.

“Transition” zone was a clear indication of water chemistry improvement due to
successful alkaline treatments. This zone was consistently statistically different
than that of the Impaired zone, showing that the chemistry was indeed changing
from the most impaired sites to the improved ones. These parameters had high
variation still, while in the Improved and Unimpaired zones, conductivity and
sulfate and metal concentrations were lower and less variable.

Sediment metals specifically Al, Fe and Mn were highest in Impaired zone, followed
by Ca, Mg, and Na. Sediment metals remain relatively high in Transition zone
compared continuing to drop with improvement. Sediment metals were poorly
correlated with biological indicators, but were highly correlated with other
sediment metals and with aqueous chemical parameters.

The study suggests that negative impacts of AMD towards benthic
macroinvertebrates and fish could be attributed to a combination of low pH and
elevated conductivity, sulfate, Al, Fe, and Mn concentrations, alongside the effects
of water quality changes directly downstream of alkaline addition where Ca and
Mg particularly remain high. Previous studies also suggested that multiple
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stressors cause more hazards to biological community than a single contaminant
[52], in line with the conclusions of Younger and Wolkersdorfer [2].

Younger and Wolkersdorfer [2] present a framework for monitoring and
characterizing diffuse mine water pollution with a focus on a three-legged stool of
water quality, sediment quality, and biological quality. This can and should serve
as a basis for planning catchment scale management of AMD to understand that
planning treatment with a recovery goal and location at which partners agree that
goal should be met is fundamental to recovery. This study examines these three
factors across the key mining impaired watersheds of Ohio through nearly three
decades of monitoring, treatment, and reclamation. The data and analysis
presented here support key points highlighted by Younger and Wolkersdorfer [2]:

e Biological indicators are a key tool for prioritizing treatment and reclamation
while also being the primary indicator of recovery.

e The complex chemistry of AMD requires reduction of a number of parameters
to achieve recovery.

e Monitoring of both chemistry and biology are critical in determining in stream
processes and in planning catchment scale management that leads to
biological recovery.

¢ Some treatment may be prioritized based on social or historical priorities
rather than biological recovery.

Author’s Note:

I had the utmost honor of studying with Paul Younger at Newcastle University
during my PhD as a researcher after completion of my doctorate. Paul took a risk
to take on an unknown American student and guided and supported my learning.
Paul instilled an ethic of data driven work rooted in community that I am fortunate
to continue in the Appalachian coalfields of Ohio. - Dr. Natalie Kruse Daniels.
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