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! Kingston coal ash increases magnetic susceptibility of riverbed sediment.
! Fluvial transport both enriches and dilutes the magnetic fraction of coal ash.
! Micron-size magnetite and maghemite occur within aluminosilicate spheres.
! Magnetospheres dominate the magnetic signal in the Watts Bar watershed.
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a b s t r a c t

The magnetic properties of riverbed samples collected after the 2008 Tennessee Valley Authority (TVA)
coal ash spill in Kingston, Tennessee are investigated. Coal ash persists in this fluvial environment
because 400,000 m3 of ash remains in areas that were not dredged. The magnetic fraction is low in com-
parison to other coal ash; 1.4 wt% in a sample from the failed ash storage cell increasing to 3.0 wt% in
riverbed samples in the Emory River near the spill. Thermomagnetic analysis, XRD, SEM and polarized
light microscopy identified magnetospheres with magnetite and maghemite from the Kingston coal
ash as the magnetic carrier. Anthropogenic nonspherical magnetic particles are introduced from the
industrialized Tennessee River watershed prior to reaching the Watts Bar Reservoir. A bivariate plot of
anhysteretic remanent magnetization (ARM) versus mass-normalized low field magnetic susceptibility
(vLF) models the mixing of ash in the rivers, identifying both enrichment of magnetospheres by sorting
near the spill and dilution with native sediment downstream. Concentration-dependent magnetic param-
eters in ash-bearing samples are approximately 2–56 times stronger than those of the ash-free watershed
samples. This study supports the use of magnetic parameters to track the ash as it is eroded and trans-
ported 71 km downstream to the Watts Bar Dam and suggests that vLF can be utilized to track the migra-
tion of coal ash in other river systems.

! 2015 Elsevier Ltd. All rights reserved.

1. Introduction

For over 50 years, coal-burning electrical utilities have gener-
ated billions of tons of coal combustion byproducts (CCBs), mainly
coal ash, much of which has been conveniently stored next to
waterways across the United States in unlined ponds or lagoons
[1]. This practice received little attention from the public until
December 2008, when 4.1 million m3 of coal ash at the

Tennessee Valley Authority (TVA) Kingston Fossil Plant in
Kingston, Tennessee spilled into the Emory River in the upper
reaches of the Watts Bar Reservoir system [2]. Due to its associa-
tion with heavy metals, coal ash is now recognized by the public
as a substantial threat to drinking water, recreation, aquatic organ-
isms and habitat [3,4]. Most of the coal ash spilled at Kingston was
mechanically and hydraulically dredged, however 400,000 m3 was
mixed with legacy contaminants, primarily 137Cs and Hg released
from US Department of Energy facilities at Oak Ridge [2] and
another 92,000 m3 eroded during a flood prior to dredging [5].
The remaining ash has been and continues to be scoured, sus-
pended and mixed with riverbed sediments as it is transported
71 km downstream to the Watts Bar Dam where it will be buried
within reservoir sediment. TVA conducted a Baseline Ecological
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Risk Assessment to evaluate the potential effects of this residual
ash on biota and concluded that benthic invertebrates and insec-
tivorous birds have the potential to be adversely affected [6]. The
Engineering Evaluation/Cost Analysis (EE/CA) performed by TVA
was the basis for selecting Monitored Natural Recovery (MNR)
for remediation of the residual ash with verification by long-term
sampling [6,7]. Once coal ash is diluted with natural sediment
and incorporated into the riverbed, the concentration of ash cannot
be visually quantified. Therefore, the distribution of ash in riverbed
sediments is currently monitored by point counting aliquots of
sediment under polarized light microscopy (PLM), while the distri-
bution of hazardous trace metals, particularly arsenic and selenium
is determined by chemical analysis [7].

We have demonstrated that a time efficient and cost effective
method of distinguishing ash from background watershed sedi-
ment could be developed by measuring the mass-normalized low
field magnetic susceptibility (vLF) of riverbed sediment [8].
Within the area affected by the spill, we determined that vLF is pos-
itively correlated with the measured percent total ash determined
with PLM in the Watts Bar Reservoir system [8]. Samples with
vLF 6 1.0 " 10#7 m3/kg were devoid of ash or had negligible ash
content, and samples with vLF > 3.0 " 10#6 m3/kg were composed
of greater than 15% ash. Samples with vLF P 1.0 " 10#5 m3/kg
were composed of >80% ash [8]. In the initial study, we identified
that the magnetic component occurred within the spherical frac-
tion of coal ash but we could not determine from statistical analy-
sis of the bulk samples whether it was preferentially within the
black, orange, or clear spheres. In this study, we collect a suite of
analyses, including PLM, X-ray diffraction (XRD), scanning electron
microscopy (SEM) and rock magnetic measurements to character-
ize the mineralogy, grain size and morphology of the magnetic car-
rier responsible for vLF measurements above background in the
rivers affected by the Kingston spill. We also investigate the mag-
netic characteristics of samples from areas of the Tennessee River,
that were not impacted by the Kingston spill and contribute sedi-
ment to the Watts Bar Reservoir (Fig. 1). Our immediate goals are
to identify the magnetic carrier of the vLF signal, the morphology of
the magnetic fraction, and domain state of the coal ash magneto-
spheres and the natural watershed sediment such that these two
components can be distinguished and tracked. The long-term goal
is to develop magnetic proxies of coal ash within river sediment to
more easily and inexpensively assess its downstream transport
after release into the aquatic environment. This approach has
immediate and practical use because EE/CAs show that it is
impractical and expensive to completely remove large volumes
of fine-grained coal ash from waterways after a spill, thus requiring
long-term monitoring of residual ash within the aquatic
environment.

2. Materials and methods

Ash samples from the failed storage cell, 16 box core samples of
ash/sediment mixtures from the riverbed, 2 composite sediment
samples from upstream on the Emory and Clinch Rivers, and 8
samples from the Tennessee River both downstream and upstream
of the spill were used in this study (Fig. 1; Table 1). Sample collec-
tion methods are described in [8]. Clinch Ref. and Emory Ref. are
composites of samples collected upstream of the spill (CRM 7.5
and CRM 6.5 and ERM 10.0 and ERM 8.0 respectively) and repre-
sent the native watershed sediment.

2.1. Magnetic measurements

Magnetic measurements were made at the Department of Earth
and Environmental Studies at Montclair State University. Air-dried

bulk sediment was packed into size 4 gelatin capsules and the
mass was recorded. Mass-normalized low field magnetic suscepti-
bility (vLF) was measured on an AGICO KLY-4 Kappabridge.
Anhysteretic remanent magnetization (ARM) was imparted in a
peak alternating field of 100 mT and a steady DC field of 0.05 mT
and measured on an AGICO JR-6 spinner magnetometer.
Hysteresis parameters including saturation magnetization, satura-
tion remanence, coercivity, and coercivity of remanence, (MS, MR,
HC, HCR respectively) were measured on a Princeton
Measurement Corp. 3900 04 Vibrating Sample Magnetometer
(VSM) using a peak field of 1 T. Curie temperature analyses were
conducted on bulk sediment samples using the AGICO KLY-4
Kappabridge with a CS-3 furnace attachment. All samples were
measured in a flowing argon atmosphere during heating and cool-
ing between room temperature and 700 "C. In addition, a second
Ash 2–1 sample was measured in air.

2.2. Magnetic separation, PLM, XRD, and SEM

Separation and characterization of the magnetic fractions were
conducted in the Department of Geology at Appalachian State
University. Bulk samples were subsampled and mixed to form a
sediment/water slurry in an approximate ratio of 1:3. The slurry
was poured into a series of 150 ml beakers with 4 magnets
attached to their base. After vigorous mixing, the slurry settled
for 10 s before being decanted into the next beaker. Particles that
remained attached to the bottom of the beaker were rinsed until
only the magnetic particles remained. This process was repeated
for four beakers and all the magnetic material from the sample
was combined into a magnetic fraction (MF) sample.

Smear slides were made by spreading a small amount of MF
across the surface of a microscope slide with a toothpick. The slide
was fixed using Loctite Gel Control Superglue. Five hundred points
were counted at 200" magnification using a Zeiss Point Counter
mounted on a petrographic microscope [8]. Following our previous
PLM methods we identified particles as spherical or non-spherical.
Spherical particles were further classified by color; either black,
orange or clear (Table 1).

XRD patterns of powdered coal ash and magnetically separated
ash from the storage cell (Ash 2–1) were obtained using a
Shimadzu XRD-6000 diffractometer with Cu Ka radiation (tube
voltage 40 kV and 30 mA tube current) by scanning from 2 to 70"
(2h) at a speed of 2"/min.

Morphology of the MF of samples in Table 1 was imaged on a
Quanta FEI 200 Scanning Electron Microscope (SEM) in high vac-
uum mode at 20 kV. Samples were mounted on aluminum stubs
and coated with gold. Backscattered electron imaging (BSE) and
Energy Dispersive Spectrometry (EDS) were used to identify mor-
phology and qualitative composition of samples.

3. Results

3.1. Magnetic mineralogy

Thermomagnetic curves from the storage cell ash sample (Ash
2–1) measured in argon exhibit a rapid decay of vLF between 500
and 600 "C. The heating and cooling curves are reversible over this
temperature range (Fig. 2A). Curie temperatures estimated using
the ‘‘two tangents’’ method [9] fall between 580 and 600 "C, indi-
cating that the magnetic carriers are magnetite and slightly oxi-
dized magnetite (Fig. 2A–F)[10]. The cooling curve is slightly
higher than the heating curve below 500 "C. Riverbed samples
(all measured in argon) with MF > 1% display thermomagnetic
curves that resemble the pure ash sample (Fig. 2D).
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A fresh sample of Ash 2–1 was also measured in air. Ash 2–1
shows little difference between the air and argon thermomagnetic
curves below 600 "C (Fig. 2A and B). In argon, the heating and cool-
ing curves are flat between approximately 600 and 700 "C. During
heating in air, vLF shows a continued steady decay between 600
and 700 "C, and the heating and cooling curves are reversible in
this temperature range (Fig. 2C). This suggests that maghemite in
the sample converts to hematite when heated in air, and the newly
formed hematite is responsible for the susceptibility signal above
600 "C (Fig. 2C).

Riverbed samples that lack coal ash from the Kingston spill
(ERM and CRM Reference (not shown) and TRM 572-C) have
strongly irreversible heating and cooling curves, with the cooling
curve much stronger than the heating curve (Fig. 2E and F).

These samples display a broad alteration peak between 450 and
540 "C. In addition, they display an interval of increasing vLF

between 260 and 300 "C, followed by decreasing vLF to 400 "C.
The initial increase in vLF and the subsequent alteration could be
due to conversion of iron rich clays to magnetite [11].
Alternately, the feature at 260–300 "C could represent the lambda
transition in antiferromagnetic hexagonal pyrrhotite (Fe9S10) [12].
No iron sulfides were observed in the MF, although it is possible
they were not recovered in the extraction process. The decrease
in signal between 300 and 400 "C could be due to maghemite
within the natural watershed sediment. This comparison of
ash-bearing and ash-free riverbed samples confirms that the vLF

signal originates primarily from the magnetite introduced into
the watershed by Kingston ash.

Fig. 1. Location map showing sample collection sites within the upper Watts Bar Reservoir system. Inset map shows the location of the coal ash spill from the storage cell at
the TVA Kingston Fossil Plant into the Emory River.
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3.2. Magnetic grain size

The ‘‘Day Plot’’ [13] uses the hysteresis parameters HCR/HC ver-
sus MR/MS to estimate magnetic domain state populations within a
sample set. The stable single domain (SSD, <0.05 lm),
pseudo-single domain (PSD, 1–10 lm), and multidomain (MD,
>10 lm) field boundaries are calibrated only for magnetite and
titanomagnetite [13]. Natural sediment contains a mixture of mag-
netic minerals and a range of grain sizes. Therefore, we use the Day
Plot solely to visualize differences in magnetic mineral assem-
blages in ash-bearing and ash-free samples, and not for quantita-
tive magnetic grain size determinations. All samples containing
Kingston ash plot within a narrow cluster in the PSD field of the

Day Plot (Fig. 3). Samples from the Tennessee River watershed also
plot within this cluster. In contrast, the reference samples plot far
to the right or below this cluster. The Clinch reference sample has a
higher HCR/HC ratio than the ash-bearing samples. This could be
due to the elevation of HCR by minerals with high magnetocrys-
talline anisotropy, for example hematite and goethite [12]. The
Emory reference sample has a low MR/MS ratio relative to the
ash-bearing samples.

3.3. Magnetic concentration

Anhysteretic remanent magnetization (ARM) is a
laboratory-induced parameter in which the SSD and PSD grains

Table 1
Magnetic and morphological characteristics of the magnetic extract of samples from the storage cell, Emory and Clinch Rivers and the Tennessee River (TN R.), upstream and
downstream of the Kingston spill.

Location Sample
number

aMF (%) bXLF (m3/kg) cARM
(Am2/kg)

dBlack spheres (%) Orange spheres (%) Clear spheres (%) Nonspherical
particles (%)

Ash Storage ASH 2–1 1.40 5.14 " 10#6 3.78 " 10#4 84.4 2.0 1.8 11.2
Emory River ERM 2.5 2.68 9.42 " 10#6 5.78 " 10#4 92.2 1.0 2.4 4.2
Emory River ERM 0.5 2.97 8.46 " 10#6 5.24 " 10#4 89.8 1.6 1.4 6.8
Clinch River CRM 3.5 1.89 5.87 " 10#6 4.88 " 10#4 90.8 1.6 2.6 4.8
Clinch River CRM 2.5 1.33 4.64 " 10#6 4.14 " 10#4 90.0 1.4 2.2 5.8
Clinch River CRM 1.5 0.55 2.28 " 10#6 3.06 " 10#4 90.8 1.2 1.4 5.8
Clinch River CRM 0.0 1.92 6.28 " 10#6 5.12 " 10#4 90.4 2.0 1.6 5.2
Downstream TN R. TRM B10 0.73 3.05 " 10#6 4.00 " 10#4 91.0 0.8 1.2 7.0
Downstream TN R. TRM A06 0.32 1.80 " 10#6 3.85 " 10#4 87.4 1.8 1.8 9.0
Downstream TN R. TRM A05 0.07 6.73 " 10#7 2.51 " 10#4 77.6 1.0 1.8 19.0
Downstream TN R. TRM B09 1.57 5.39 " 10#6 4.88 " 10#4 91.6 0.8 1.6 6.0
Downstream TN R. TRM A10 0.02 4.99 " 10#7 2.12 " 10#4 79.6 1.6 1.6 17.0
Upstream TN R. TRM RR01 0.03 7.28 " 10#7 2.17 " 10#4 19.6 1.0 0.4 78.4
Upstream TN R. TRM572-F 0.02 7.33 " 10#7 2.58 " 10#4 8.8 0 0.2 90.6
Upstream TN R. TRM 572-C 0.03 5.01 " 10#7 1.34 " 10#4 9.6 0.2 1.4 88.6

a MF = Magnetic fraction separated from the bulk sample.
b,c Measured on bulk samples including the nonmagnetic fraction.

d Measured by point counting using PLM.
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are preferentially magnetized, contributions from multidomain
grains are minimized, and contributions from superparamagnetic,
paramagnetic, and diamagnetic grains are excluded. This contrasts
with vLF, which represents the combined response of all compo-
nents within a sample. A ‘‘Banerjee Plot’’ of ARM versus vLF

(Fig. 4) can be used to discriminate different magnetic mineral
populations [14]. The Emory–Clinch–Tennessee River sample set
contains two distinct populations. The first population is defined
by the linear array of points nearest the origin and is comprised
of Emory and Clinch reference samples, and samples from the
Tennessee River upstream of the confluence of the Clinch River
(R2 = 0.87). The second population is defined by the linear array
of fluvial samples with ARM > 1.5 " 10#4 Am2/kg (R2 = 0.88). In
each population, points that plot closer to the origin have a lower
concentration of magnetic material [14,15]. The pure ash sample
from the storage cell plots in the center of this array.

Concentration variations are caused by enrichment or dilution of
the magnetic fraction of the ash in the river system. Enrichment
of the MF occurs immediately adjacent to the spill. As magneto-
spheres are transported downstream they are diluted by water-
shed sediment (Fig. 4).

3.4. Magnetosphere abundance and morphology

The weight% MF in the sample collected from the failed storage
cell was 1.4%. Once ash entered the Emory River, wt% MF increased
to $3.0% < 1 km upstream from the spill location, and then
decreased downstream to between 1.9% and 0.55% in the Clinch
River (Fig. 1). Although CRM 0.0 is further from the spill, the %
MF jumped from 0.55 to 1.92 (Table 1) at this station. This results
from increased ash deposition at the confluence of the Tennessee
River near this site. The wt% MF in samples from the Tennessee
River upstream of the Clinch River ranged from 0.02% to 0.03%
while those within the Tennessee River downstream of the
Clinch River ranged from 0.02% to 1.6% (Table 1).

PLM showed morphological variability between the MFs
extracted from sediments containing Kingston coal ash and the
MFs of the upstream Tennessee River samples (Table 1). Black
magnetospheres are the most common morphology in the MFs
within riverbed samples downstream of the Kingston spill. The
upstream Tennessee River samples are dominated by nonspherical
black particles. The MFs of samples from the Tennessee River
downstream of the Kingston spill consist predominantly of magne-
tospheres with nonspherical ash present in varying abundance
(Table 1).

3.5. Mineralogy and morphology: XRD and SEM

XRD pattern of bulk ash from the storage cell indicates the pres-
ence of quartz, mullite and calcite but no peaks indicative of mag-
netic minerals are visible above the background (Fig. 5A). The
diffraction pattern from the MF sample shows peaks of maghemite
(cation-deficient magnetite), magnetite and small peaks of hema-
tite and quartz (Fig. 5B) thus confirming the thermomagnetic anal-
ysis. The abundance of maghemite in this diffraction pattern may
result from preferential analysis of the surface of the ash spheres,

Fig. 3. Day Plot [13] indicating that all samples containing Kingston ash plot in a
tight cluster within the pseudo-single domain (PSD) field. Ash-bearing samples
from the Tennessee River watershed also plot within this cluster. Upstream ash-free
reference samples from the Emory and Clinch Rivers plot outside this cluster.
SSD = stable single domain, MD = multidomain.

Fig. 4. Banerjee plot of ARM versus vLF for all samples analyzed in river system and
the failed coal ash cell. Steeper (shallower) slopes indicating finer (coarser) grains.
Distance from the origin along a given trend line is a function of the magnetic
mineral abundance [14].
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which have undergone oxidation in the ash pond for some time.
The spherical shape of the small ash particles likely resulted in roll-
ing rather than crushing during XRD sample preparation.

SEM photomicrographs of the MF in samples collected down-
stream of the spill confirm the abundance of magnetospheres
observed as black spheres with PLM (Fig. 6, Table 1).
Magnetospheres average 10 lm in diameter [8] but range from a
few microns to 50 lm. BSE images show different types of bright
surface textures on dark spheres (Fig. 6) similar to samples col-
lected directly from boilers or electrostatic precipitators and ana-
lyzed with SEM in other studies [11,16–19]. Individual crystals of
ferrites are much smaller than the diameter of the sphere in which
they reside. The broken exterior of a hollow ferrosphere shows lar-
ger well-formed crystals $10 lm in diameter (Fig. 7). These crys-
tals occur throughout the interior of the sphere and within the
glassy matrix of the shell. The Fe and O peaks in EDS spectra and
triangular octahedral crystal habit are consistent with magnetite,
which is likely undergoing surface oxidation to form maghemite
(Fig. 6). The Tennessee River upstream of the spill is dominated
by nonspherical particles in the MF. An example of these particles
is shown in Fig. 8. EDS confirms that the bright areas have high
relative abundance of iron.

4. Discussion

This study documents characteristic magnetic parameters that
may be used to detect coal ash within riverbed sediment in a flu-
vial system. The magnetospheres in Kingston ash are similar in
composition and magnetic properties to those produced as CCBs
in other regions [20,21]. Although the wt% MF in samples from
the storage cell is low (<2%), the amplitudes of vLF and ARM in
Emory and Clinch River samples are, respectively, 2–56 times
and 3–16 times greater than the watershed reference samples,
allowing detection of Kingston ash mixed with watershed sedi-
ment. Other studies of samples collected from electrostatic precip-
itators report a range from 2 to 16 wt% MF within bulk coal ash
samples [17,22]. Reworking by the Emory River increased the
wt% MF to $3% over 2.7 km of transport (Fig. 1). Likewise, the per-
cent black spheres increased from 84% in the MF of stored ash to
92% in the MF of ERM 2.5, adjacent to the failed cell in the
Emory River. This suggests that the denser magnetospheres are
sorted and concentrated in riverbed sediment while the
non-magnetic, non-spherical Kingston ash is entrained and trans-
ported downstream. This process effectively sorts the ash during
river transport. The diameter of ash spheres falls into the silt-size
range (3.9–62.9 lm), which can be sorted by low velocity currents.
For example, preferential deposition of higher-density magnetic
coal ash particles has been reported from the Yangtze River [23].
Our results demonstrate that Kingston ash has been transported
to at least 37 km downstream from the spill site (to TRM A10) as
of November 2010.

The ARM versus vLF plot shows enrichment where samples
from the Emory and Clinch Rivers show higher concentrations of
magnetic minerals than pure ash samples from the storage cell
(Fig. 4). Ash from the spill is diluted as it is mixed with natural
watershed sediment and follows the trend line toward lower
ARM and vLF values. This dilution trend would be expected to con-
tinue downstream if the source ash were completely removed from
the channel. However, no dredging was performed downstream of
the ash storage area (see inset map, Fig. 1), or in the Clinch or
Tennessee Rivers downstream of the spill and 400,000 m3 of ash
is estimated to remain in the river system [2]. There are pockets
of ash up to 0.125 m thick within the riverbed in the area between
ERM 4.0 and CRM 3.0 [7]. High flow events are expected to erode
these concentrated ash deposits thus increasing the availability
of ash for downstream transport. Such events could be temporally
monitored via the evolution of the ARM and vLF intensities of

Fig. 6. Magnetospheres within the MF of sample CRM 0.0. Scale bar = 50 lm.

Fig. 7. SEM micrograph and EDS spectrum of a hollow ferrosphere from the failed
ash cell displaying triangular octahedral crystals identified with EDS to contain Fe
and O, consistent with magnetite. These crystals are less than 10 lm in diameter,
falling within the PSD size range for magnetite. Scale bar = 20 lm.

Fig. 8. Glassy nonspherical particle and EDS spectrum from the MF of upstream
Tennessee River sample TRM RR01. The bright areas are iron rich. The edges of the
grain are rounded suggesting river transport. Scale bar = 50 lm.
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surface sediment samples as magnetospheres are eroded and
transported downstream.

Riverbed samples from the upstream Tennessee River do not
contain ash from the 2008 Kingston spill (Fig. 1). The MF from this
region is dominated by nonspherical anthropogenic particles that
contain magnetite, presumably originating from the industrial
activities within the watershed [11]. These upstream Tennessee
River samples have a lower vLF and ARM than samples containing
Kingston ash (Fig. 4). Therefore, the source of these particles must
have a lower magnetite concentration than the Kingston ash,
though it is still sufficient to raise vLF and ARM above the Emory
and Clinch River reference samples. Characterization of the pure
source material from the upstream Tennessee River watershed
would allow the development of distinct magnetic fingerprints
for the Tennessee River anthropogenic particles versus Kingston
ash. These could then be utilized as end-members in sediment
mixing models that trace these particles and their associated con-
taminants within the Watts Bar Reservoir system.

5. Conclusions

This study presents magnetic characteristics of Kingston coal
ash and background watershed sediment from the Emory, Clinch,
and Tennessee Rivers. Native sediments within the Emory and
Clinch watersheds exhibit vLF < 1 " 10#6 m3/kg and
ARM < 2.5 " 10#4 Am2/kg. In samples where magnetospheres are
rare, thermomagnetic curves are strongly irreversible and contain
alteration features consistent with the conversion of iron-rich clays
to magnetite. Kingston coal ash can be identified from the presence
of black magnetospheres and the combination of
vLF > 2 " 10#6 m3/kg, ARM > 3 " 10#4 Am2/kg, relatively invariant
hysteresis parameters that plot within the PSD region of a Day
Plot, and reversible thermomagnetic curves with Curie tempera-
tures between 580 and 600 "C. These parameters allow us to esti-
mate the concentration of Kingston ash in all of the samples that
we have collected downstream of the 2008 spill, as far as 37 km,
as well as identifying areas of magnetosphere enrichment and dilu-
tion. Other sources of anthropogenic particles originate within the
heavily industrialized Tennessee River watershed upstream of the
confluence with the Clinch River. These particles contain magnetite
but they are nonspherical and have vLF < 5.0–7.0 ("10#7) m3/kg. A
pure sample of anthropogenic particles in the upstream Tennessee
River is needed to allow quantitative estimates of Kingston ash ver-
sus Tennessee River watershed contributions to vLF and ARM
downstream of the Clinch–Tennessee confluence. However, the
available data demonstrates that magnetic parameters may serve
as qualitative indicators of Kingston coal ash and ash-borne con-
taminants in the Emory, Clinch, and Tennessee Rivers as the ash
travels downstream 71 km to the Watts Bar Dam. Our previous
work showed that vLF corresponded with the percent total ash in
riverbed sediments [8]. The strong vLF signal of PSD magnetite
along with maghemite that likely resulted from cation substitution
during ash weathering is in sharp contrast to the background mag-
netic signal derived from sedimentary rocks in the watershed.
Therefore, the distinctive magnetic characteristics of Kingston coal
ash confirm that magnetic susceptibility is useful and a potentially
lower cost method for verification of MNR in the Watts Bar
Reservoir system.
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