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GEOCHEMICAL PROPERTIES OF SEEPAGE-FILTRATION AND
FRACTURE SPRINGS IN WISCONSIN

ZEB PAGE, Oberlin College
REBECCA A. VANDERLEEST, Oberlin College

INTRODUCTION

Young Mountains: The Patagonian Andes

Mountains are modified over time via exhumation,
erosion, and climate. Archives of past orogenic
modification are recorded in the adjacent foreland
basin. Provenance studies of the foreland basin
examine these archives to recognize where sediment
is being derived and what the origin reveals about
past tectonic and magmatic activity. The Magallanes-
Austral Basin, located at the southern tip of South
America (Fig. 1), provides an excellent example

of continuous stratigraphic section (e.g., Biddle et
al., 1986; Romans et al., 2010; Daniels et al., 2018;

Fosdick et al., 2020) from which provenance studies
can be conducted to study past tectonic and magmatic
activity. Further, this basin underwent several tectonic
changes including episodes of ridge subduction
(Ramos and Kay, 1992; Ramos, 2005), thrust belt
advancement (Fosdick et al., 2011), and opening of
oceanic passageways (Eagles and Jokat, 2014), which
may be recorded in the sediment archives.

Detrital zircon ages have proven diagnostic when
determining sediment sources for the southern
Patagonian Andes (Fig. 2) (e.g., Schwartz et al.,
2016; Leonard et al., 2020; Fosdick et al., 2020).
Currently, Cenozoic-based provenance studies using
modal sandstone analysis, clast counts, and detrital
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Figure 1 (Left). Tectonic setting of the Magallanes-Austral Basin.

Figure 2 (Right). Geologic map of the study area in the Patagonian Andes. Modified from Fosdick et al. (2020).
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zircon ages reveal that Oligocene-Miocene fluvial
sediment is dominantly sourced from the volcanic

arc despite increased fold and thrust belt activity
during this time in the Cerro Castillo area (Leonard et
al., 2020; VanderLeest et al., 2020). Comprehensive
detrital zircon ages from Cenozoic stratigraphy within
Cerro Castillo reveal loss of Paleozoic and Jurassic
sources throughout the Cenozoic due to Paleogene
orogenesis and rise of Cretaceous sources due to fold
and thrust belt activity (Fosdick et al., 2020). North
of Cerro Castillo in Sierra Baguales, comprehensive
provenance analysis has not been conducted. Further,
the stratigraphy of the Sierra Baguales displays
differences in grain size and fossil content (Ugalde

et al., 2018) when compared to Cerro Castillo, and
basin subsidence histories reveal slight differences in
patterns of tectonic uplift (VanderLeest, 2020). These
differences could signal changes in basin geometry
which may reflect tectonic and magmatic differences
within the Patagonian Andes between these study
areas. A provenance study that captures how Cenozoic
tectonics has influenced Sierra Baguales and Cerro
Castillo areas would provide a more holistic view of
the Ultima Esperanza region.

In 2017, detrital zircon U-Pb ages, modal sandstone
and clast counts were completed for the Sierra
Baguales and Cerro Castillo study areas. A total of
10 detrital zircon samples were collected from the
Paleogene to Miocene section at Sierra Baguales

and 10 detrital zircon samples collected from
Paleogene to Miocene sections at Cerro Castillo and
Cancha Carrera. Along with a total of 40 sandstone
petrographic thin section samples and clast counts
between the two study areas. We will analyze the
detrital zircon age populations and geochemistry along
with the modal sandstone and clast count datasets to
determine origin of the sediment and unravel tectonic
and magmatic phases within the Ultima Esperanza
region of the Patagonian Andes to understand
differences between these two study areas.

Ancient Mountains: The Adirondacks

The Adirondack Mountains of New York are a
fragment of the exposed core of a massive, worldwide
mountain-building event known as the Grenville
Orogeny. The geology of the Adirondacks is
notoriously complex and records multiple episodes of

subduction, collision and igneous intrusion from 1.3

to 1.05 Ga (e.g., Heumann et al., 2006). Sedimentary
basins formed along the margin of the Laurentian
continent, including detrital zircons similar to those
being studied in the “Young Mountains” project (e.g.,
Chiarenzelli et al., 2015), which were heated to the
point of partial melting during the collisional episodes,
growing new zircon that dates the metamorphism
(e.g., Heumann et al., 2006; Bickford et al., 2008). In
addition to growing new zircon, metamorphic minerals
such as biotite and garnet formed, the chemistry of
which can be used to determine the conditions of
metamorphism.

The study of metamorphism in the Adirondacks

has been ongoing for more than a century. The first
widespread application of a modern thermodynamic
approach to the study of metamorphism established
high temperatures (>700°C) across the Adirondack
Highlands, with the highest temperatures found in the
center of the region (Bohlen et al., 1985). More recent
work focused on metamorphosed igneous rocks has
established peak temperatures of up to 850°C (Spear
and Markussen, 1997). Oxygen isotope studies in the
Adirondacks have likewise confirmed high regional
temperatures (e.g., Peck and Valley, 2004; Quinn et
al., 2016), as well as the sedimentary origin of the
partially-melted rocks known as migmatites (Lancaster
et al., 2008). Recent work on a small number of these
partially-melted metasediments has also resulted in
extremely high-temperature estimates (Storm and
Spear, 2005; 2009).

Approaches to extracting temperatures and pressures
from metamorphic rocks have evolved with changing
technologies, and the previous paragraph cites
studies using a variety of techniques. A fairly recent
development in metamorphic petrology has been the
use of internally calibrated X-ray composition maps
to generate clouds of P-T (Pressure-Temperature)
data to better evaluate the information preserved in
the chemistry of zoned minerals. This approach is
typically applied to quantify X-ray maps generated
using Wavelength Dispersive Spectrometry. We
applied this technique (with the free software package
XMap Tools, Lanari et al., 2014) using Energy
Dispersive Spectrometry (EDS) on predominantly
un-zoned minerals from the Adirondack Highlands.
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We simultaneously contribute to the P-T dataset that
can be used to reconstruct the geometry of this ancient
mountain range, and evaluate the use of quantitative
EDS mapping for this purpose.

RESEARCH AND RESULTS

This research involved eight rising sophomore
students, a rising senior peer mentor, and two faculty
from Oberlin College. Students worked in two groups
on their research projects. Together we had daily
check-in meetings and split time collecting data on the
SEM at Oberlin College for the respective projects.

STUDENT PROJECTS

Young Mountains

Sediment Provenance of the Magallanes-Austral Basin
~ 51° S Using Kernel Density Estimates from Detrital
Zircon U-Pb Ages and Sandstone Composition to
Analyze Tectonics and Erosional Activity

SOFIA T. BARTH, Union College; EMILY 1.
BENGSTON, Oberlin College; AMELIA S.
G. BRONFMAN, Oberlin College; SARAH E.
BROWN, Scripps College

We used the Scanning Electron Microscope (SEM)
at Oberlin College to evaluate tectonic provenance
of sandstones. Polished sandstone thin sections were
carbon coated and placed in the SEM to produce
Backscatter Electron (BSE) images and Energy-
dispersive X-ray Spectroscopy (EDS) maps for
petrographic point counting (Fig. 3). We conducted
point counts using these maps and images. Point
counts were complete after a total of 400 counts. We

plotted the results on ternary diagrams after Dickinson
and Susek (1979) in R (R Core Team, 2020).

Detrital zircon U-Pb ages were compiled from
VanderLeest et al. (2018); Leonard et al. (2020);
Fosdick et al. (2020); and Fosdick et al. (2015). We
generated and analyzed KDEs and bar graphs in
detritalPy (Sharman et al., 2018). This team explored
how sediment provenance, including detrital zircon
U-Pb ages and petrographic point counts, reflects
tectonic influence over time using two study sites
along strike within the Magallanes-Austral retroarc

Figure 3. Left: Portion of Energy-dispersive X-ray Spectroscopy
(EDS) image of thin section sample 15LDC-02 from the Cerro
Dorotea formation at Cerro Castillo. We overlaid grids while
counting to provide clear boundaries when point counting (not
shown in figure). Elements are color coded to help identify
minerals. Magenta-Si; Cyan-Na; Organge-Fe and Mg, Green-Ca;
Blue-K; Yellow-Al. Right: Portion of backscatter electron image
(BSE) of thin section sample 15LDCO2 from the Cerro Dorotea
formation at Cerro Castillo. Image includes quartz, lithic, feldspar,
and calcite grains. Distinguishing textures aided in the process of
identifying minerals.

foreland basin. The Magallanes-Austral retroarc
foreland basin has undergone tectonic changes due to
its location inboard of the Chilean trench and Southern
Patagonian Andes.

The team examined Paleocene to Miocene formations
at two study sites, Sierra Baguales and Cerro Castillo
(Fig. 4). From west to east, the Jurassic to Miocene
Patagonian Batholith and Paleozoic metamorphic
basement complexes, the Jurassic hinterland fold-and-
thrust belt, and the Cretaceous fold-and-thrust belt
contributed sediment to these formations (Fig. 2).

The team quantified sediment provenance using KDEs
(Fig. 5; Sharman et al., 2018) and ternary diagrams
after Dickinson and Suscek (1979) (Fig. 6). They
discovered that pronounced zircon U-Pb age clusters
from Sierra Baguales include 25-0 Ma, 40-25 Ma,
65-40 Ma, 136-80 Ma, and 175-136 Ma. Pronounced
zircon U-Pb age clusters from Cerro Castillo include:
25-0 Ma, 40-24 Ma, 65-40 Ma, 80-65 Ma, 136-80 Ma,
and 175-136 Ma. The KDE shows younger zircon ages
upsection with the appearance of 65-40 Ma, 40-25 Ma,
and 25-0 Ma in the Lower Rio Turbio Formation. A
decrease in 420-250 Ma and 175-136 Ma age peaks
occurs upsection at both study sites. Ternary diagrams
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with data from both study sites show that Paleocene
to mid-Eocene formations (Dorotea, Cerro Dorotea,
Lower Rio Turbio formations) tend to be more quartz-
rich and lithic-poor than the upper Oligocene to
mid-Miocene formations (Rio Leona, Rio Guillermo,
Estancia 25 de Mayo, Santa Cruz formations).

Sediment provenance reveals that Paleocene units
contain more quartz and higher proportions of
zircons aged 420-250 Ma. Therefore, we suggest
this sediment originated from the East Andean
Metamorphic Complex, Metasedimentary Basement
Complex and Patagonian Batholith. Ternary diagrams
indicate Paleocene formations have a primarily
mixed and dissected arc provenance consistent with
the interpretation that the Patagonian Batholith was
exposed during the Paleocene to mid Eocene due

to erosion of the volcanic cap and/or less volcanic
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Figure 5. Left: Kernel Density Estimates (KDEs) graph of detrital
zircon U-Pb data from Sierra Baguales. Detrital zircon dataset
compiled from Fosdick et al. (2015) and VanderLeest et al. (2018).
Right: Kernel Density Estimates (KDEs) graph of detrital zircon
U-Pb data from Cerro Castillo. Detrital zircon dataset compiled
from VanderLeest et al. (2018); Fosdick et al (2020); Leonard et
al. (2020). KDEs generated in detritalPy (Sharman et al., 2018).

80-65Ma [l 40-25Ma
B 135-80Ma [ 65-40 Ma

activity. Differences in sandstone composition and
concentration of zircon age populations indicate

a significant tectonic event occurred between the
Paleocene units and Eocene-Miocene units. This
change in provenance aligns well with the passage of
the Aluk-Farallon slab window and that could be the
reason for the zircon age population and sandstone
composition changes. Differences in proportion

of Permian, Jurassic, and Cretaceous aged zircon
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between Cerro Castillo and Sierra Baguales reveal the
fold and thrust belt was more active to the south than
to the north. These observations signal that hinterland
orogenic growth may have been more prominent at
Sierra Baguales than at Cerro Castillo.

Ancient Mountains

Survey of Adirondack Metamorphic Temperatures
Using Quantitative EDS Mapping

ELISE BOUCHER, Pitzer College; MATTEA
HORNE, Peer Mentor, Pomona College;
JOSIPHINE LISSET, Oberlin College; CONNER
MINKOWITZ, Franklin & Marshall College; BEN
ROCHE, Colorado College

During the summer of 2021, the Ancient Mountains
team prepared polished rock chips for EDS mapping
from three classic Adirondack localities with differing
lithologies. The samples studied were lecosome

and melanosome from migmatitic gneiss from
Treadway Mountain (08ADK-01; Heumann et al.,
2006; Lancaster et al, 2008) and a coronitic olivine
metagabbro (08 ADK-04) at the southern margin of the
Marcy Anorthosite (Johnson and Essene, 1982).

Samples were carbon coated and long term (6-18 hour
duration) EDS maps were collected guided by Back-
Scattered Electron (BSE) imaging using a TescanVega
3 electron microscope and Oxford XMax80 large

area Silicon Drift Detector. After analysis, ~15 spot
analyses were collected per mineral within the 500-
1000 um field of view. Internal virtual standards

were used. Careful attention was paid to a consistent
working distance and samples were well-polished

and flat. EDS maps were processed in XMapTools
(Lanari et al., 2014), using the drift correction to
compensate for variable detector sensitivity across the
field of view. Temperature estimates were made using
calibrations of cation exchange thermometers built
into the XMapTools software.

Thermometry results from the two samples were
consistent with existing estimates using conventional
methods. Application of the Ti in biotite thermometer
of Henry (2003) to the Treadway Mountain migmatite
sample shown in Figure 7 yields 748+18°C. The
uncertainty in this result is due to the minor variability
in Ti in the biotite pixels of Fig. 7. Garnet-biotite
thermometry based on X-ray maps of Figure 7
results in a much lower temperature of 651£19°C.
The low reported uncertainty indicates homogeneous
composition across the pixels in the maps, and

the lower temperature is expected from retrograde
diffusion of Fe and Mg between garnet and biotite in
contact in a granulite-facies sample.

The metagabbro sample 08ADK-04 preserves variable
textures at the thin section scale from multi-phase
coronas of metamorphic minerals surrounding relict
igneous olivine, no more equant textures as reported
by Johnson and Essene (1992) consisting of garnet,
clinopyroxene, and hornblende in a plagioclase matrix
(Fig. 8). Garnet-hornblende (Grt-Hbl) (Ravna, 2000a)
and Garnet-clinopyroxene (Grt-CPX) exchange
thermometry applied to the corresponding pixels in
Figure 8 result in identical temperatures 712+44°C
(Grt-Hbl) and 712 £35°C (Grt-CPX). The 712°C
result is consistent with previous thermometry of
these rocks (e.g., Bohlen et al., 1985); however,

the increased uncertainty when compared with the
previous sample suggests more heterogeneity in the
map pixels, although this could be due to true sample
heterogeneity or errors in the EDS map.



Figure 7. Left. Back-Scattered Electron (BSE) image of migmatite
leucosome sample 08ADK-01 with a central garnet surrounded
by potassium and plagioclase feldspars, biotite, and quartz.
Right. Phase-map of the same image showing different minerals
classified from X-ray maps.

Figure 8. Left: BSE image of metagabbro 08ADK-04 with equant
textures. Right: Phase map of the same field of view: garnet,
plagioclase, clinopyroxene, and hornblende are present.

In order to better evaluate the precision and accuracy
of this approach, we analyzed garnets from both
samples using WDS point analyses by electron
microprobe at the University of Michigan. The
results of this comparison are presented in Figure

9. Although at first inspection, there appears to be
significant scatter in the mapped compositions, these
are primarily due to a small number of map pixels
occurring in or along cracks or boundaries between
phases. When all pixels are averaged from the full
map, garnet compositions differ by less than 5%
between WDS point analysis and the EDS mapping
approach we used.

Thermobarometry based on quantified X-ray maps
offers a new and exciting direction for metamorphic
petrology. Our results suggest that careful attention to
sample geometry and long counting times allow for
this approach to be used with SEM-EDS. Furthermore,
the use of calibrated EDS maps offers a powerful
teaching tool for both mineralogical and petrological
concepts such as solid solution and thermobarometry,
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Figure 9. Ternary diagram of the composition of garnets in
Adirondack migmatite (084DK-01) and metagabbro (08ADK-04).
Black points are WDS point analyses, colored points are pixels
from Figs. 7 and 8 classified as garnet, the color scale is in number
of pixels at a given composition. Average garnet compositions
differ by less than 5% between techniques. (Grs — Grossular, Alm
— Almandine, Sps — Spessartine, Pyp — Pyrope).

as well as more general skills such as multi-spectral
imaging, data processing, and analysis.
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ANTHROPOGENIC GROUNDWATER CONTAMINANTS IN
CALIFORNIA’S CENTRAL VALLEY
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INTRODUCTION

The Central Valley of California is one of the most
agriculturally productive regions of the world, relying
on groundwater to support its domestic, municipal, and
agricultural water needs. More than one million people
in the region rely on groundwater as their primary
drinking water source, and the highly productive
agricultural region relies heavily on groundwater
pumping for crop irrigation (DeSimone et al., 2009).
Groundwater contamination is a pervasive concern in
the Central Valley as a result of anthropogenic, abiotic,
and biotic processes. Elevated concentrations of trace
elements in groundwater such as As, U, and Cr occur
in Central Valley sediments, but are mobilized by both
geologic and anthropogenic forcings (Rosen et al.
2019; McClain et al., 2019).

Recently, attention has been raised regarding
groundwater quality in the Central Valley due to
impacts from agricultural development. Nitrate
(NO?*) is commonly applied to the land surface in the
Central Valley to fertilize crop growth in agricultural
regions (Nolan et al., 2014). Elevated concentrations
of nitrates in groundwater have raised local concerns
regarding human and ecological health as well as
municipal water treatments costs (Burow et al.,
2013). Additionally, the introduction of NO* can

have unforeseen consequences by changing aquifer
biogeochemistry to promote the mobilization of

some redox-sensitive trace elements that naturally
exist in sediments derived from the igneous parent
material (Davis et al., 1959), often leading trace metal
concentrations in groundwater exceeding safe drinking
water thresholds (He et al, 2010). In this study, we
sought to elucidate geologic and anthropogenic

influences on the biogeochemical mechanisms that
mobilize natural contaminants (e.g., arsenic, uranium,
and hexavalent chromium) into groundwater in the
Kings Groundwater Basin in the broader Central
Valley of California.

METHODS

This study used a multifaceted approach of
groundwater, sediment and microbiologic analyses
in order to make a holistic assessment of the
biogeochemical processes impacting trace elements in
groundwater in the Central Valley. Publicly available
groundwater chemistry data were accessed from the
Groundwater Ambient Monitoring and Assessment
Program (GAMA: https://www.waterboards.ca.gov/
gama/) . Data was downloaded for the Kings
Groundwater Basin, a part of the greater Central
Valley. Multiple chemical constituents, including
arsenic, uranium, nitrate, iron, manganese, calcium,
dissolved oxygen, total organic carbon, pH and
alkalinity were compiled in both shallow and deep
groundwater to evaluate the geospatial extent of
groundwater contamination. Correlations of multiple
groundwater chemicals were analyzed to infer
geochemical mechanisms that mobilize groundwater
contaminants from native sediments.

Sediments from the saturated and unsaturated zones
collected by previous researchers were analyzed to
characterize the geochemical and physical properties
of sediment in the Central Valley. Analyses included
sequential chemical extractions to target ion
exchangeable, carbonate-bound, oxide-bound, and
sulfide-bound fractions of major, minor, and trace
elements. Bulk elemental abundances were also
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Figure 1. Water table contour map (top) showing the elevation of
the water table and direction of groundwater flow in the Central
Valley. The regional flow across the valley is shown in cross section
(bottom); modified from Williamson et al., (1989) and DeSimone
et al. (2009).

quantified using x-ray fluorescence. Particle size
distributions were used to quantify the permeability of
sediments. Fe(IIT)/Fe(Il) extractions were performed
to infer the redox state of the sediment.

We sampled both monitoring and pumping wells
multiple times in summer 2021 to collect water

for bacterial DNA analyses. Samples were filtered
through a 0.2 pm Sterivex filter to concentrate
microbial cells from a water sample. DNA extractions
and purification was then performed using Qiagen
DNeasy PowerWater Kit and a phenol-chloroform
extraction method. Extracted DNA was amplified
using PCR with 16s rDNA primers and analyzed using
a Minlon benchtop sequencer to quantify bacterial
community composition and relative abundances.
These community compositions were then compared
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to current and historic well concentrations of
groundwater contaminants to evaluate the bacterial
influence on water quality.

RESEARCH

Three projects were crafted to address questions
related to the mobilization of elements in groundwater
as a means to assess how these processes impact
groundwater contamination. The different

projects focused on expanding our process-based
understanding to contaminants via biological,
chemical, and observational/statistical tools. Each
project was spearheaded by two to three nascent,
second-year student scientists with our guidance.

The project investigation took place over a five-week
immersive summer research experience. The data and
information gathered during the summer experience
was compiled and synthesized into presentations at the
Fall 2021 American Geophysical Union conference in
New Orleans.

PROJECT SUMMARIES

Basin-wide Geospatial and Geostatistical
Assessment

Geospatial and Statistical Analyses of Groundwater
Contaminants in the San Joaquin River Valley During
Drought and Non-Drought Periods

Nickels, M., Goudy, M., Ziegler, B.A., Mine, A.H.

03-
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Figure 2. Principal component analysis for wells sampled in the
Kings Groundwater Basin.
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Groundwater analyses from the GAMA database show
that there are regions in the Kings Groundwater Basin
that contain unsafe levels of arsenic and uranium. In
particular, shallow groundwater has elevated uranium.
Using a principal component analysis (Figure 2),

we show that the majority of the variation in the
groundwater dataset (51.54% for principal component
1) appears to be related to redox, with dissolved
oxygen and nitrate juxtaposed against Fe and Mn

in the principal component 1 dimension. Elevated
uranium in shallow groundwater was attributed to

the more oxidizing conditions associated with nitrate
and dissolved oxygen from groundwater recharging
from the surface. These electron acceptors can oxidize
reduced U(IV) in minerals that comprise the aquifer
matrix to U(VI), which is soluble in groundwater

as the UO?*" ion. Elevated U concentrations were
concomitant with elevated alkalinity levels, likely due
to the formation of uranium-carbonate complexes,
which can inhibit the ability of dissolved uranium
species to interact with mineral surfaces and be
removed from groundwater.

Sedimentary Geochemistry

Mobilization of Trace Elements from Sediments into
Groundwater in California’s Central Valley

Culpepper-Wehr, A., Steiner-Otoo, R., Kohn, J.,
Ziegler, B.A., Mine, A.H.

Comparisons of sediments collected from the saturated
and unsaturated zones show that most elements with
statistically significant differences were higher in

the saturated zone than the unsaturated zone. These
elements included Ti, V, Mn, Cu, Zn, As, Rb, Sr, Ba,
Th, and U. Only Au was statistically higher in the
unsaturated zone than the saturated zone. However,
Hg, W, and Co were also highly enriched in surface
sediments, and decreased rapidly in concentration.
We hypothesize that the elevated levels of Hg and Au
in surface sediments might stem from the California
Gold Rush, where Au-rich rocks in the Sierra
Nevada experienced enhanced weathering during
mining operations, and Hg was commonly used to
amalgamate Au.

Depth profiles (Figure 3) in the unsaturated zone
sediment show that near-surface sediments (zero to
six m below land surface) have non-detectable levels
of U (<I mg/kg). Below six m, U concentrations
increase to a consistent concentration of ~6 mg/kg to
a depth of 16 m. Analyses of Fe(III)/Fe(Il) show that
near-surface sediments are highly oxidized (>95%
Fe(IIl)) and have a high permeability. These findings,
coupled with elevated U in shallow groundwater and
nitrate from agricultural runoff, suggest that U from
surface sediments are likely oxidatively dissolved and
transported downward through the unsaturated zone
and recharge into shallow groundwater.

Microbiological Characterization
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Figure 4. Sulfate (a) and nitrate (b) concentrations over a fifteen
year period are shown for the array of wells sampled.

Microbial Community Response to Changing
Groundwater Chemistry in The San Joaquin Valley

Peterson, T.M., Kron, E.J., O’Rourke, L.E., Goodman,
J.D., Mine, A.H., Ziegler, B.A.

Heterogeneous trends were observed in well
contaminants in the City of Fresno, which lies within
the Kings Groundwater Basin, and more broadly in
the city municipal well network. This suggests that
the aquifer environment is a dynamic system where
sediment, water, and biological interactions are highly
variable in space and time. Trends in contaminants

at specific wells appear to be a result of aquifer
sediment geochemistry, anthropogenic forcing, and
microbial activity. As an example, Well 180-2, has
both increasing sulfate and nitrate (Figure 4), likely
due to fertilizer and gypsum applications in farming
activities. Microbiological community analyses
completed at a hydrogen sulfide producing well were
not coupled to elevated levels of redox sensitive
elements (e.g. Fe, Mn, Cr), although microbes capable
of redox metabolisms coupled to those elements were
observed (Figure 5). This suggests sulfate reduction
occurring in the aquifer is not tied to microbially-
mediated reduction and mobilization of sediment-
derived redox-sensitive elements, or that this coupling
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Figure 5. Relative abundance of bacterial groups in production
well 326 (PW326) compared against its associated monitoring
well (MW326).

varies in time and wasn’t captured in our snapshot
time sampling. The most abundant bacterial groups

in both the monitoring and production wells tested,
metabolize either sulfates or nitrates highlighting

the significance of redox in well contamination.
Differences in community composition between

the monitoring and production well highlight the
subsurface complexity; these wells are only 25ft apart.

IMPLICATIONS

More recent attention has been raised regarding
groundwater quality in the Central Valley due to

the impact of agricultural development. However,
the introduction of NO* can have unforeseen
consequences by changing aquifer biogeochemistry
promoting the mobilization of some redox-sensitive
trace elements that naturally exist in sediments
derived from the igneous parent material. Elevated
concentrations of nitrates and organic contaminants
from industrial and agricultural activity appear to be
important controls on groundwater contamination
and likely biological community in the subsurface.
Sustaining and providing clean drinking water will
require a multi-faceted approach to water purification
and groundwater pumping. Current observations of
changes in the Central Valley include: groundwater
level declines, subsidence, and the pervasiveness of
groundwater contamination.
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INTRODUCTION

Enhanced silicate weathering is a carbon dioxide
removal technology that could be applied at scale

on croplands to reduce greenhouse gas emissions
associated with agriculture, one of the largest sources
of emissions globally (Schuiling and Krugsman, 2006;
Renforth, 2012; Hartmann et al., 2013; Beerling et
al., 2018; Andrews and Taylor, 2019). Agricultural
applications of enhanced weathering leverage existing
infrastructure used to spread crushed rocks on soil

for nutrient and pH management (Figure 1; Gillman,
1980; van Straaten, 2006; Anda et al., 2015). In place
of more traditional materials (like carbonate rocks
used for liming), silicate rocks rich in Ca and Mg
(e.g., basalt) are attractive because their dissolution
consumes atmospheric carbon dioxide (CO,) and
ultimately stores that carbon as alkalinity in the oceans
(Renforth, 2012; Hartmann et al., 2013). Through
applications of crushed silicate rocks, then, rates of
mineral dissolution and carbon sequestration could be
accelerated through increasing the available mineral
surface area for weathering.

Recent international reports (IPCC, 2018; IPCC,
2021) include enhanced weathering in the mix of
emerging carbon dioxide removal technologies
needed to limit global temperature increase below the
internationally established threshold of 2°C. However,
the vast majority of available literature on enhanced
weathering is based on modeling or theoretical
frameworks that constrain potential rates of carbon
sequestration (e.g., Wilson et al., 2009; Renforth,
2012; Hartmann, 2013; Beerling et al., 2018; Beerling
et al., 2020). Observational data directly testing
enhanced weathering are limited. Several studies
evaluate enhanced weathering in controlled systems
where crops are grown in a greenhouse or garden (ten

this study using spreading equipment designed for lime.

Berge et al., 2012; Haque et al., 2019; Haque et al.,
2020a; Amann et al., 2020; Kellend et al., 2020) but
only one study is currently available with published
data from a field trial (Haque et al., 2020b).

This research project contributed to establishing a
three-year field experiment on an agricultural field

at Carleton College to test the carbon sequestration
potential of enhanced silicate weathering along with
associated impacts on soils and crops. A team of

four students participated through the Keck Gateway
program. Gateway students worked to help collect and
analyze important baseline data for soils in the study
area, and contributed to a pilot greenhouse study.

FIELD TRIAL

This Gateway project is part of a longer-term research
effort aimed at evaluating enhanced silicate weathering
in agriculture over a three-year experimental period.
The field trial utilizes a randomized block design that
distributes control and treatment plots across the study
area (Figure 3). The initial round of treatments were
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Figure 2. Schematic overview of enhanced silicate weathering in agriculture. (A) Initial reaction of silicate minerals with carbon dioxide
in soils leads to the release and transport of cations and bicarbonate in soils and the local watershed. The ultimate fate of bicarbonate
is to be precipitated as a carbonate mineral (B) or to contribute to carbonate mineral formation in the oceans (C). Figure and schematic

adapted from Andrews and Taylor (2019).

applied during November of 2021 and monitoring
of soil greenhouse gas flux and water chemistry is
currently ongoing.

Baseline soil data collected during the summer of
2021 as part of the Gateway project described here is
shown in Figure 4. Annual soil sampling and analysis
will be conducted and compared against baseline data
to compare the impacts of silicate treatments on soil
properties and soil carbon storage. Soil pH ranges
from ~5-8 and generally pH increases with depth in
the soil profile (Figure 4). Soil in blocks A and B have
notably elevated pH in comparison to blocks C and D,
with the exception of the slag treatment plot in block A
(Figure 3 and 4).

Based on personal communication with our
cooperating farmer, dredged lake sediments from a
man-made lake on campus at Carleton College were
spread on the northern half of this field in the early

2000’s. Based on the preliminary data collected here it
is fairly clear that this impacts blocks A and B. Trends
in soil organic matter, carbonate, and cation exchange
capacity (CEC) mimic soil pH. The slag treatment
plot in block A does not follow these trends, and more
closely reflects soil properties in blocks C and D,
indicating that the dredged material was not spread
on this portion of block A. The observed gradient

in soil pH across treatment plots should provide a
good opportunity to determine how soil pH interacts
with the efficacy of enhanced weathering for carbon
sequestration (rate of dissolution) and co-benefits to
growers (improving crop yield and soil properties).

GREENHOUSE EXPERIMENT

Students in this Gateway project initiated a greenhouse
experiment aimed to test the impacts of enhanced
silicate weathering in a more controlled setting
compared with the field study. This report provides a
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Figure 3. Location of field trial relative to Carleton College in Northfield, MN. Peterson Farms is the cooperating farmer partnering in
this research. Location of field trials is only a ~10-minute walk from science center on campus at Carleton.
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Figure 5. Cumulative bicarbonate leached from treatment (dark
blue) and control (light blue) soil columns. Bicarbonate was
calculated from measurements of total alkalinity. Error bars
represent one standard deviation.

brief overview of our experimental design and a key
result of the project.

A set of 12 soil reactors were packed to an
approximate bulk density of 1.3 g cm-3 with sieved
and homogenized topsoil (upper 20 cm) and subsoil
(below 20 cm) collected from native silty loam soil
from the agricultural field described in the previous
section (see Figure 3; soils from NW corner of field
used in field trial). Basalt was mixed into the upper 10
cm of topsoil in 6 of the reactors at a rate equivalent to
20 tonnes acre-1 prior to planting. Our application rate
for our initial greenhouse experiment exceeds what
we intend to apply in the field, but remains on the low
end of rates applied in most previous greenhouse or
pot studies (~60-200 tonnes acre-1; Haque et al., 2019;
Haque et al., 2020a; Kellend et al., 2020; Amann et al.,
2020). Despite the unlikely case that farming partners
would adopt such high dosages, we evaluate a higher
rate in our preliminary greenhouse study to ensure

we are able to observe a signal with our methods for
carbon sequestration accounting, if one exists at high
loads.

A total of 48 corn seeds were germinated in small
starter trays and kept moist for 2 weeks while
seedlings developed. The 12 healthiest seedlings

were transplanted into the soil reactors after 2 weeks
marking the start of the experiment. The sample size
for corn plants here follows other recent pot studies.
Our irrigation scheme intended to match local rainfall
during the growing season, with each reactor receiving

4

500 mL of water per week. However, beginning with
week 6 of the experiment, additional water was added
as the corn plants grew and increased their water use.
This was done to ensure that enough drainage water
could be collected for analysis — limited drainage
water has impacted the ability of previous greenhouse
studies to consistently evaluate carbon sequestration
rates using bicarbonate concentrations (ten Berge et
al., 2012; Kellend et al., 2020; Amann et al., 2020).

We harvested corn after an 18-week (~126 days)
experiment, in line with the duration from other
studies (Kellend et al., 2020). Trends in total
bicarbonate in leachate water are shown in Figure 5.
Basalt treated soil columns in our experiment have
a significantly higher amount of total bicarbonate
produced in leachate waters collected and analyzed
from each soil column (p < 0.05 for simple t-test).
These results suggest an increased rate of silicate
weathering due to basalt amendments which
corresponds to an increase in carbon removal.

The greenhouse study described here provides exciting
data that suggests carbon removal through enhanced
weathering is detectable through simple measurements
of water chemistry, although ongoing work is
continuing to evaluate these results and better clarify
actual rates of carbon removal along with associated
impacts to crops and soil.
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INTRODUCTION

A wide variety of geologic and topographic

settings, flow mechanisms, discharge rates, and
physicochemical conditions have been documented for
springs (Stevens et al., 2021). For any given spring,
conditions within the spring environment may also
be spatially variable, contributing to the diversity

of spring biota. For example, macroinvertebrates

can be very diverse in springs with microhabitats

and heterogeneous substrates (Glazier, 2009). Yet,
studies of spring water temperature and geochemistry
often rely on sensors installed at the spring orifice

or samples collected at a single position, and values
are assumed to be representative of the entire spring
environment (e.g., Luhman et al., 2011; Swanson et
al., 2020). The spatial variability of temperature in
the immediate spring environment has recently been
shown to vary by spring source geomorphology. At
fracture springs, groundwater flows from discrete
sources and the distribution of temperature is spatially
consistent, whereas at seepage-filtration springs,
groundwater flows in a more diffuse manner from
numerous openings in permeable material and the

Figure 1. A typical fracture spring (a.), where groundwater flows
from a discrete fracture and a typical seepage-filtration spring (b.),

distribution of temperature is more spatially variable where groundwater flows from numerous openings in permeable,
(Fig. 1) (Swanson and Graham, 2022). unlithified material.

In the summer of 2021, we undertook a four-student geomo‘rpl'lolog%es in the r§gion a}nd thoge WhiCh

Keck Gateway project to evaluate relationships have distinct differences in spatial distribution of
between the spatial variation of geochemical temperature (Fig. 2).

conditions and spring source geomorphology. Students
selected six springs from over 400 springs inventoried
in Wisconsin (Swanson et al., 2019). Some springs

in Wisconsin exhibit more than one type of source
geomorphology. Those selected for this study are
exclusively fracture or exclusively seepage-filtration
springs, the two most common spring source

Most fracture springs in Wisconsin are found in the
Driftless Area of southwestern Wisconsin. They form
as a result of preferential groundwater flow through
bedding-plane fractures in exposed or shallowly
buried and mostly horizontal Paleozoic sedimentary
strata composed of sandstone, shale, limestone, and
dolomite. Seepage-filtration springs in Wisconsin



The Keck Geology Consortium, v. 34, 2022

89°0'0"W

Legend

o Seepage-filtration

® Fracture ong
43°0'0"N
0 100 km 89°0'0"W

Figure 2. The three fracture springs and three seep-filtration
springs utilized in this study.

are a result of variations in topography and lithology
of surficial unlithified materials. They commonly
form where groundwater emerges at the base of
glacial moraines or near the margins of former glacial

Figure 3. Students worked as a team to (a.) measure geochemical
properties along a transect within a sampling array, (b.) measure

lakebeds (Swanson et al. 2019). spring discharge using a wading rod and flow meter, and (c.)
sample groundwater after field-filtering.
METHODS measured water pH, specific conductance (umhos/
cm, 25°C), and temperature (°C) using a YSI 600
Students worked as a team to document site XLM Multiparameter Water Quality Sonde. They
environmental conditions, measure geochemical also collected water samples at each grid point using
concentrations across the spring pool, collect water a small hand pump. The samples were kept on ice
samples for laboratory analysis, image the water during transport and then analyzed within 24 hours
surface for temperature conditions, and measure for Chloride (Cl) and Nitrate (NO,-N) concentrations
spring flow (Fig. 3). They carefully drafted to-scale using Vernier ion-specific electrodes. Because spring
site maps by making measurements of the dimensions  water samples are most commonly collected at a
of the spring pool and noting physical features, such single position as close to emerging groundwater as
as the spring orifice, exposed bedrock, boulders, or possible, students also collected a water sample in a
vegetation. Photo points are noted on the maps, as position such as this at each spring. This approach
well as GPS and discharge measurement positions and  allowed for comparisons between the single sample
water quality sampling locations. and the sampling array concentrations. Water for the

single sample was filtered using a handheld vacuum
pump with a 0.45 pm filter and shipped on ice to the
University of Wisconsin-Stevens Point Water and
Environmental Analysis Lab for analysis of major ions

Once the students were familiar with the immediate
spring environment, they could assess and design

an optimal sampling array for the site. Sampling
arrays were positioned as close to each spring orifice

i ) ) 4 and alkalinity.
as possible. All sites used a sample grid spacing of
30 cm; however, the total length and width of each After water quality sampling was completed, students
sampling array depended on the dimensions of the used a FLIR Vue Pro 640 camera to capture thermal
spring pool. At each sampling grid point, students images in the vicinity of the sampling array and
measured water depth using a meter stick and spring orifice. This process allowed students to
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Figure 4. Examples of digital and thermal images for (a.) a
seepage-filtration spring (Three Springs) and (D.) a fracture spring
(Big Spring). The black rectangles show the approximate positions
of the thermal images. Each thermal image is approximately 0.6
m by 1 m.

confirm the results of Swanson et al. (2022) for their
own field sites. Fieldwork was conducted in July, so
differences between spring pool surface water and
emerging groundwater temperatures are likely to be
at a maximum. A range pole, tripod, and overhead
camera boom positioned the thermal camera 90° from
and 1.2 m above the water surface. The camera has

a 45° field of view (FOV), which results in a lateral
distance across the bottom of the thermal images of
about 1 m. Images are composed of 640 x 512 pixels,
so the effective pixel size of each image is 2.4 mm?.
Students shaded the spring pool with a large tarp to
minimize reflected radiation from clouds and tree
canopy.

Finally, spring discharge was measured and calculated
using a flow meter and the velocity area method

or measured directly using a cutthroat flume. The
measurement approach depended on the width of the
spring channel and the depth of water.

As in the field, students worked as a team to catalog
and analyze their field and laboratory results. They
tabulated measurements and uploaded them to
ArcGIS where the spatial distribution of geochemical
characteristics (pH, specific conductance, Chloride,
Nitrate-N) could be mapped for each site using the
Inverse Distance Weighted method.

FINDINGS

All six springs under study are rheocrenes, or stream-
forming springs. Three are fracture springs and three
are seepage-filtration springs. The immediate spring
environments, or spring pool areas, for all of the
springs are relatively small (less than 70 m?) and water
depths are shallow (less than 50 cm). Discharge for the
springs ranged from 6.3 x 10~ to 4.6 x 10! m*/sec with
an average of 1.5 x 10" m*/sec. All six springs have
experienced disturbance from agriculture, recreation,
or roads.

Thermal images support the previous work by
Swanson and Graham (2022) by showing that the
spatial distribution of temperature differs between
spring types, with greater variation at seepage-
filtration springs (Fig. 4). Temperature varied by up
to 6.5°C across the surface of the seepage-filtration
springs, whereas it varied by no more than 2°C across



the surface of the fracture springs.

Specific conductance (25°C) was very consistent at
the fracture springs, varying by only 2 to 3 pumhos/
cm across the sampling arrays. Specific conductance
at the seepage-filtration springs varied by 14 to 20
pmhos/cm across the sampling arrays (Fig. Sa., Table
1). Students noted less distinct differences between
fracture springs and seepage-filtration for pH and
Chloride concentrations, but patterns may still exist.
The pH at the fracture springs varied by 0 to 0.1

pH across the sampling arrays, whereas it varied

by 0.1 to 0.7 pH units across the sampling arrays

at the seepage-filtration springs (Fig. 5b., Table 1).
Similarly, Chloride concentrations were somewhat
more consistent at the fracture springs. The ranges
in concentrations were 0.2 to 2.9 mg/L at the fracture
springs and 0.4 to 8.5 mg/L at the seepage-filtration
springs (Fig. 5c., Table 1). Ranges in Nitrate-N
concentrations were similar across all six sites (Fig.
5d., Table 1). However, due to instability during
measurements, students suspected that the Nitrate-N
electrode may have been less accurate.

In light of the field results for Chloride and Nitrate-N,
the results of the lab-analyzed single position samples
for each site were compared to average field Chloride
and Nitrate-N concentrations. In both cases, field
values were somewhat higher than lab values, but
there was a stronger linear relationship between lab
and field values for Chloride samples (R*> = 0.8) versus
Nitrate-N samples (R? = 0.6), further suggesting that
the Nitrate-N ion-specific electrode may have been
less reliable.

On the basis of their results, the students concluded
that their results were promising and that they
supported the idea that a single sampling point is
unlikely to capture the range of geochemical and
habitat characteristics in springs, especially for
seepage-filtration springs. However, they also agreed
on the need for further investigation. Additional
fracture and seepage-filtration springs should be
investigated, resulting in an ability to calculate more
robust summary statistics. If spring pool area and time
permit, the extent of the sampling arrays should be
increased and the grid-spacing should be decreased.
Repeating the same measurements in different seasons
may also capture important temporal, as well as
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Figure 5. Examples of geochemical maps for a fracture spring (Big
Spring) and a seepage-filtration spring (Three Springs). Sampling
points, represented by small black dots, are spaced every 30 cm.
Minimum and maximum values for each parameter differ between
Big Spring and Three Springs, but ranges in values are the same,
making comparisons of spatial variation possible.

Table 1. Geochemical results for three seepage-filtration and three fracture springs.

Specilic
Conductance H Chloride Nitrate-N
Spring (umhos/cm, p (mg/L) (mg/L)
25°C)
Mean | Range | Mean | Range | Mean | Range | Mean | Range
Cadiz 553 16 73 0.3 246 8.5 T8 0.8
%8
£ E | Scuppernong | 576 14 75 | 07 | 324 | 30 Tl 0.6
AT
gree se2 | 20 |72 01 |82 04 | 51| o6
prings
Grant 534 2 7.2 0.1 9.7 29 8.3 0.7
o
*E Big Spring | 576 2 73 [ 01 | 135 | 04 | 14| 06
[¥9
Lalayetle 472 3 72 0 15.0 1.2 B4 06

spatial, variations in geochemical characteristics.
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INTRODUCTION

Global and regional environmental change has resulted
in water-level changes in the world’s oceans and large
lakes. The Great Lakes have a history of water-level
fluctuations (Figure 1). A prolonged low water stage

in the Huron-Michigan basin occurred from 1999-
2014, with a record low in January 2013 (175.57
meters above sea level). Subsequent years showed a
rapid climb above the long-term average, with near-
record high levels in 2020 (177.45 m asl). (Note: the
record high of 177.50 m asl occurred in 1986.) In this
project, we used field data and satellite/aerial imagery
spread over twenty years to analyze the spatiotemporal
interplay of water-level fluctuations, shoreline
configuration, and island characteristics affecting plant
communities on islands in the Georgian Bay of Lake
Huron.

Little is known regarding the role of feedbacks
between climate patterns, coastline geomorphology,
and shoreline vegetation on species richness patterns
on islands. The Great Lakes contain the world’s
largest collection of freshwater islands (Vigmostad,
1999). Many of these islands form dense archipelagos
in Lake Huron’s Georgian Bay (Ontario, Canada).

177.50
177.00

176,50

We investigated spatiotemporal changes in island
shoreline configuration and plant biogeography within
the Ontario Ministry of Natural Resources’ The
Massasauga Provincial Park (Figure 2) on the eastern
shore of the Georgian Bay and within the UNESCO
Georgian Bay Littoral Biosphere Reserve. We
hypothesized that the fluctuating water levels influence
the area and shoreline configuration of the islands

as shorelines and low elevation islands emerge and
submerge with these fluctuations. The project had two
main research objectives: (1) create accurate island
shoreline data for years with field data and the existing
low- and high-water years within the 2001-2021 study
period and (2) analyze the influence of water level
changes on shorelines (e.g., island area, shape), island
characteristics (e.g., soil properties, shoreline types),
and island ecosystems (plant species richness). The
overall objective was to shed light on the applicability
of the prevailing model of island biogeography in
areas with fluctuating water levels.

STUDENT PROJECTS

This research involved four rising sophomore students,
a rising senior near-peer mentor, and one faculty
member. The 2001-2021 study period included four

176.00

MI-Huren - Water Levels

175.50

. is20 1830 1940

1970 1930

2020

Figure 1. Historical monthly (light blue dots) and yearly (dark blue line) mean water level for the Lake Michigan — Huron Basin, 1918-
2021. Note the prolonged low water period of 1999-2014. The vertical axis denotes lake level in meters above sea level (m asl). The red
line indicates the average level (176.44 m asl) across the time period. Image source: Great Lakes Dashboard Project (https://www.glerl.
noaa.gov/data/dashboard/GLD HTMLS.html).
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Figure 2. Map of The Massasauga Provincial Park, Ontario,
Canada. The park (green and red) consists of mainland and
approximately 200 islands. Red islands are park islands sampled
during 2001 (n = 34), 2006 (n = 19), 2011 (n = 17), and 2016 (n

= 16), for a total of 45 islands.

years of previously collected field data (2001, 2006,
2011, and 2016) and two additional years of solely
remotely sensed data (the 2013 low-water year and
2018, which was the highest water level imagery we
could obtain). Average annual lake levels for the study
periods were 175.95 m asl (above sea level) in 2001,
176.02 m asl in 2006, 176.04 m asl in 2011, 175.90
m asl in 2013, 176.70 m asl in 2016, 176.87 m asl in
2018, and 177.31 m asl in 2020. Field data included
plant species richness, shoreline Global Positioning
System (GPS) waypoints, and soils data. Imagery
included orthophotos (West Parry Sound Geographic
Network) and WorldView-2 (Digital Globe) satellite
imagery. Imagery and field data were obtained
during the July of their respective year. Together, we
created an island shoreline database consisting of
island shoreline polygons for each year in the study
period (Figure 3). We created the shoreline polygons
in ArcGIS Pro v2.8 (Esri) by referencing the GPS
waypoints and the aerial/satellite imagery. Individual
student projects revolved around issues of global
environmental change at a local level.

Relationships between island area and water levels
Veronica Seixas (Hamilton College)

Island area is an important predictor of plant species

Figure 3. Visual depiction of the island shoreline database for five
years and four islands in the database. Note: Islands are depicted
at different scales.

richness (MacArthur & Wilson, 1967). Fluctuating
water levels alter the morphology and area of the
islands. Veronica performed t-tests, ANOVA tests,

and correlations to analyze statistical relationships
between island shape and water level. The percent
change in island area was moderately correlated (r =
0.608, p <0.0001) with the percent change in water
level. A significant difference in island area existed
between most of the years, thus indicating that island
area does change with water level changes. The results
have implications for island biogeography theory,
which postulates that island area is a major influence
on species occurrence on islands. Islands that decrease
in size with high water levels should correlate with
less plant species presence. A particular group of plant
species, the Atlantic Coastal Plain disjunct species,
appear on sandy shores in the region only during low
water years and survive as underwater buried seed
banks during high water years (Reznicek, 1994). More
of these regionally rare species are expected on islands
with emerging sandy shorelines. Future research
should include additional years of imagery as well as
additional islands from other archipelagoes in the lake.
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Figure 4. Shorelines for Matches Island in 2001 (purple) and
2018 (red). Results indicate that lower water levels correspond to
irregular shoreline shapes and greater diversity of plant species.

Relationships between island shape, soil depth,
non-native plant species, and water levels

Ariel Alexander (Carleton College)

Ariel’s project had three aims: (1) to determine if
island shape and soil characteristics fluctuate based
on the water year; (2) to determine if native and non-
native plant species richness varies in response to
changing island shape and soil depth for the islands
of interest; and (3) to determine if certain non-native
plant species are recurring due to outcompetition

of native species. Island shape was calculated as a
function of island perimeter to the perimeter of a
circle with area equal to the island. Shoreline shapes
did change depending on the water year: shapes
were more irregular in low water years than in high
water years (Figure 4). Native and non-native plant
species were located on islands with a more irregular
shoreline. Irregular shorelines might better capture
water dispersing plants such as the non-native mossy
stonecrop (Sedum acre L.). Soil depth was positively
correlated to native plant species richness. With soil
depth serving as a proxy for habitat diversity, the
results show that islands with deeper soils allow

for the presence of both shallow- and deep-rooting
plants. The results of the study have implications for
park management, especially as related to non-native
plant species presence along island shorelines with

The Keck Geology Consortium, v. 34, 2022
fluctuating water levels.

Relationships between island elevation, non-native
plant species, and water levels

Ryann Busillo (Wesleyan University)

Monitoring the role of fluctuating conditions such

as water levels on non-native species is important

not only for understanding the complex ecology

of the region but also to assist park authorities in
managing native plant populations. Ryann used island
morphology data (e.g., area, perimeter, maximum
elevation) in conjunction with species presence/
absence data from the four field years to analyze
spatiotemporal trends in non-native plant species over
the twenty-year study period. Four non-native plant
species not encountered in 2001 were present in 2006.
A handful of non-native plant species previously
undocumented in the park were encountered in 2011.
The non-native plant sheep sorrel (Rumex acetosella
L.) was less abundant in 2016 than during previous
field seasons. Mossy stonecrop continues to be a
prevalent non-native invader of newly emerged
bedrock habitats. Species-perimeter, species-area, and
species-elevation relationships were not statistically
significant for the 2011 field year. Species-perimeter
relationships were statistically significant (p < 0.01)
for the three other field years, with little difference
between the strength of correlations for native and
non-native plant species for the 2001 and 2006 field
years. However, for field year 2016, relationships for
native plant species (r = 0.853) were considerably
stronger than for non-native plant species (r = 0.674).
Species-area relationships showed a similar pattern to
species-perimeter relationships, with the exception of
a non-significant correlation for non-native species in
2016. For species-elevation relationships, there was

a considerable difference between native (r = 0.827)
and non-native plant species (r = 0.687) during the
2006 field year. The results suggest that non-native
plant species might respond differently to water level
changes than native plant species. However, further
investigation is necessary.

Relationships between shoreline character and
water levels

Adalia Rodriguez (Bryn Mawr College)
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Shorelines in The Massasauga are varied (e.g., steep
cliff, sandy beach, cobble shore) and therefore affect
the colonization and persistence ability of plants
differently. Adalia used the island shoreline database
to quantify the shoreline character and identify any
shoreline sections that changed significantly with
differing water levels. Of the islands surveyed during
field excursions, ten islands were sampled each year.
These ten islands were used to compare changes in
shorelines. Generally, visual analysis of the shorelines
indicated that shoreline change is occurring. For
example, qualitative evaluation showed more marshy
shorelines in higher water level years than low water
level years. However, the results of the statistical
analyses were insignificant. This suggests that a
combination of higher resolution imagery and more
precise measures of shoreline change are necessary to
sufficiently examine the degree of shoreline change
and any relationship of those changes with fluctuating
water levels.

IMPLICATIONS OF THE WORK

A longitudinal study pairing field data with water

level data to understand species richness patterns is a
novel, but necessary, approach to island biogeography.
Analyzing data in The Massasauga over time may
elucidate clearer distribution patterns and predictive
models of plant species in the park than the ecological
snapshot typically derived from island biogeographical
research. Results indicate that island areas change
significantly with varied water levels and that species
richness changes in concert with changes in area,

thus it is imperative for island biogeographers to
consider water levels and island areas in relation

to the timing of fieldwork. Furthermore, studying

the island biogeography of this archipelago over an
extended time frame will allow for a better scientific
understanding of ecological resilience in a system with
unstable water levels. Examination of the dynamic
terrestrial-aquatic interface in the Great Lakes is
pertinent to many of the conservation policy issues in
the region today.
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INTRODUCTION

Emerging Groundwater Quality Issues

In the past decade, an ever increasing number of
studies have found that Mn(II) in drinking water is

a human health concern with wide ranging negative
effects on IQ, infant mortality, and cancer rates, to
name a few (Bjorklund et al., 2017; Bouchard et al.,
2007, 2011; Hafeman et al., 2007; Khan et al., 2012;
Langley et al., 2015; Sanders et al., 2014; Spangler
and Spangler, 2009; Spangler and Reid, 2010;
Williams et al., 2012). A recent study investigating
Mn contamination in groundwater wells across the
United States determined ~8% of groundwater wells in
Virginia (out of 872 analyzed) have Mn concentrations
>300 ppb (McMahon et al., 2018b, 2018a), the
lifetime chronic exposure health advisory limit for

Mn set by the Environmental Protection Agency

(U.S. Environmental Protection Agency, 2004). It

has been argued that this health advisory limit is set
too high (Ljung and Vahter, 2007), with just >100

ppb Mn in drinking water leading to some health and
developmental effects (Langley et al., 2015; Sanders
et al., 2014). Approximately 21% of groundwater
wells in Virginia analyzed by McMahon et al. (2018a,
b) have Mn concentrations exceeding that threshold.
With a majority of the population in the Shenandoah
Valley relying on groundwater for their water supply
(Virginia Department of Environmental Quality,
2015), Mn may negatively impact the health of tens of
thousands of Virginians.

Mn contaminated groundwater wells have previously
been identified in several locations throughout VA,
including the upper portion of the Shenandoah

Valley, VA. Potential sources of Mn and trace

metal contamination in VA groundwater include:
dissolution of the aquifer, soil-water or sediment-water
interactions, Mn mobilization via desorption from
mineral surfaces in the soil-water interface. Recent
research on Mn contamination in the Roanoke River
watershed points to mobilization of Mn associated
with carbonate-rich rocks (Kiracofe et al., 2017). Two
other recent studies investigating Mn groundwater
contamination, one in the Piedmont region of North
Carolina (Gillispie et al., 2016) and one surveying the
entire United States (McMahon et al., 2018a) both
found that soil geochemistry is strongly linked to Mn
concentrations in groundwater. In order to predict the
likelihood of Mn (or other trace metal) contamination
in any drinking water source, identifying the major
controls on their concentrations is critical.

Historical & Potential Future Impacts of Mill Pond
Dams on Surface Water Quality

Increased aqueous Fe and Mn concentrations (and
associated trace metals) in surface water is also linked
with the stratification of impounded waters behind
dams (Hess et al., 1989; Gordon, 1989; Dortch and
Hamlin-Tillman, 1995; Ashby et al., 1999; Munger

et al., 2017), negatively impacting surface water
quality and surrounding ecosystems. In addition to
these geochemical effects, another major consequence
of dams includes reservoir infilling with sediments.
These legacy sediments are stored behind dams that
were constructed in the eastern United States from
the earliest days of European settlement until the
early 1900s (Walter and Merritts, 2008). Legacy
sediments can potentially record evidence of land use
changes, such as industrial and agricultural activities.
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Figure 1. Map of Maury River watershed within the Chesapeake
Bay Watershed. Includes the location of Jordan's Point dam in
Lexington, VA, a recently removed milldam, and one of several
sites sampled for legacy sediments in Rockbridge County. Map by
Katie Larkin for her thesis.
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The Shenandoah Valley is home to many historical
low head dams, primarily used for mills, iron forges,
and other hydropower applications. Many of these
dams have been breached over the years for a host of
reasons.

When these dams are breached, streams can
remobilize these legacy sediments, and any potential
contaminants that accumulated with them (e.g.,
Walter and Merritts, 2008; Niemetz et al., 2013),
negatively impacting downstream ecosystems via
either geochemical contaminants or increased total
suspended solids (TSS). We aim to characterize
some of these legacy sediments at dams along the
Maury River in Rockbridge County, Virginia (Fig.

1) to better assess their potential for erosion into and
contamination of the waterway, and downstream water
bodies like the Chesapeake Bay (e.g., Hupp et al.,
2013; Niemetz et al., 2013). For example, sediment
pollution negatively affects the benthic community
through several ways, including low dissolved oxygen,
sediment contamination, and nutrient loading (Dauer
et al., 2000). In addition to the issues of sediment
pollution, these sediments can also contain adsorbed
trace metals like Cu and Pb (Lutgen et al., 2020),
especially when associated with fertilizers and
pesticides (Cu) or emissions due to combustion of
leaded gasoline (Niemetz et al., 2013). By measuring
such trace metals we can assess their potential
contribution to the Maury River watershed.

Other geochemical indicators of interest include
carbon and nitrogen and their stable isotopes, which
we can use to discern land use changes. For example,
the ratio of organic carbon to nitrogen in sediment

is indicative of organic matter source, with higher
values associated with terrestrial vegetation. We can
thus use this ratio as an indicator of deforestation in
the watershed. By measuring sediment and surface
water trace metals, organic carbon content, and stable
carbon isotopes, we aim to establish the history of
post-colonial fluvial sedimentation in the Maury River
watershed. Further, we can assess changes in channel
geometry following the removal of dams to determine
the potential for sediment pollution from legacy
sediments.

Broadly Characterizing Water Geochemistry
Across the Shenandoah Valley

With this research, we investigated the role of land use
patterns, soil geochemistry, aquifer types, and dams on
ground and surface water quality in the Shenandoah
Valley region of Virginia. This region was selected
because of the high concentrations of Mn in several
wells in these areas (McMahon et al. 2018a), variable
land use practices throughout the region, and presence
of several historical mill pond dams. This work seeks
to better understand the controls of Mn and other

trace metals in redox active sites such as springs (in
which sub/anoxic groundwater meets the oxygenated
surface) and impounded waters (in which stratification
can occur with depth), as Mn mobility is linked to its
redox behavior.

METHODS

With this research we collected and analyzed spring
waters to add to the already established well water
databases [via the USGS National Water Information
System (NWIS) and the Virginia Household Water
Quality Program (VAHWQP; www.wellwater.bse.
vt.edu)] (Fig. 2), as well as nearby surface waters
and soil cores, and investigated the geochemistry
and fluvial sedimentology of historical dams. Water
samples were analyzed using field probes for in

situ pH, dissolved oxygen (DO), temperature, and
specific conductivity measurements, and samples
were collected for further analysis of cation and anion
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Figure 2. Map of aqueous Mn concentrations in springs (triangles)
and groundwater wells (circles) in the Shenandoah Valley, VA,
with increasing concentrations increasing the relative size of each
data point based on demarcations from <50 ppb (light blue) to
51-100 ppb (dark blue) to 101-300 ppb (vellow, above which low
level chronic exposure to Mn via drinking water may result in
health effects), 301-500 ppb (orange), 501-1000 ppb (light red),
to >1000 ppb (dark red). Field sites for springs and seeps are
denoted with black circles.

concentrations by ion chromatography (IC) and major
elements and trace metal concentrations by inductively
coupled plasma-mass spectrometry. Soil samples were
analyzed for total element concentrations by X-ray
fluorescence and Mn speciation by Mn K-edge X-ray
absorption near edge structure (XANES) spectroscopy.

Sediment samples were collected from banks behind
breached dams at intervals of 5-10 cm. Samples

were then dried and crushed before further analysis.
Portable X-Ray Fluorescence (pXRF) measurements
were taken to characterize heavy metal concentrations.
Elemental abundances of C and N were measured

on a Costech ECS 4010 elemental analyzer coupled
to a Thermo Electron Delta Plus stable isotope ratio
mass spectrometer. A Mastersizer 3000 was used to
determine grain size distribution of sediments through
time.

To characterize sediment mobilization potential,
channel geometry was measured at the site of a
recently removed dam site using a TopCon GTS-301
Total Station. Channel armor was measured for grain
size using the Wolman pebble count method and a
gravelometer.

Figure 3. Photo of the Keck 2022 Advanced team at Natural
Bridge, VA. Left to right: Mia Groff, Haley Culbertson, Ani Croy,
Maddie Holicky, Kallan Wilde, Margaret Anne Hinkle, Katie
Larkin, Noah Willis, Martina Pulido, and Christopher Goldmann
(absent: Eva Lyon).

RESEARCH

Our research team included nine students (eight
supported by Keck) and two faculty members from
five institutions (Fig. 3). We visited 31 sites, of which
24 were springs, seeps, or subsurface environments
and seven were dams within the Shenandoah Valley.
While all contributed to field work, sample collection,
and laboratory analyses, each student took charge of a
different component of the project, as follows:

Spring and Groundwater Geochemistry

Ani Croy (Washington and Lee University) examined
the geochemistry of water samples collected at 24
springs and seeps visited by the Keck students.
Combining the data from field probes with ion
chromatography and ICP-MS data, Ani assessed
correlations between aqueous Mn concentrations

and other ions in solution, pH, DO, depth, most

likely aquifer rock type, and more. While the data

set taken as a whole indicates that few correlations
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Figure 4. Aqueous Mn in groundwater wells (A,C) and springs
(B,D) for average Mn in aquifers with different primary rock types
(A,B) and actual aqueous Mn concentrations as a function of
distance to nearest surface water bodies (C,D).

exist, when separated out by primary rock aquifer
types (sandstone, black shale, and carbonate rocks,
the three dominant aquifer types for our field sites),
with carbonate aquifers exhibiting relatively low
aqueous Mn concentrations, well below thresholds of
concern for even low level chronic Mn exposure (Fig.
4A). Conversely, shale, black shale, and sandstone
aquifers exhibit much higher average aqueous Mn
concentrations (Fig. 4A). Meanwhile, distance to the
nearest surface water appears to be correlated with
Mn in springs and seeps, with those furthest away
from surface water bodies exhibiting the lowest Mn
concentrations (Fig. 4B). These results indicate that
aquifer lithology serves an important control on
spring water geochemistry, and that black shales and
sandstones behave very differently than carbonate
bearing aquifers.

Chris Goldmann (Trinity University) focused on

the aqueous geochemistry and spatial distributions

of >1,900 groundwater wells across the Shenandoah
Valley, combining data from the VAHWQP and the
USGS NWIS database. Mapping the data in ArcGIS,
alongside aquifer type, surface lithology, relict Mn
ore mines, orchards, surface water maps, and geologic
features like faults, dikes, and sills, allowed Chris to
determine if correlations exist between such aspects
and elevated Mn in groundwater. Chris found that
elevated Mn in groundwater in the Shenandoah Valley
is most likely geogenic in origin rather than from

anthropogenic activities. Chris identified aquifer
lithology (Fig. 4B) and distance to surface waters
(Fig. 4D) as well as the overall groundwater redox
state (determined via principal component analysis) as
exerting the strongest controls on Mn concentrations
in groundwater wells, consistent with Ani’s findings
for our field spring and seep sites. Aquifer lithology
shows a distinct distribution, indicating that aquifers
in karst terrain are more oxic and therefore less
likely to have elevated Mn, while those in shales and
sandstones are more reducing and therefore at higher
risk of elevated Mn.

Noah Willis (Whitman College) researched the
interplay between aqueous Mn in our spring and seep
water samples and soils by analyzing soils with X-ray
fluorescence to determine if there is a correlation
between elevated Mn in soils and elevated Mn in

the springs and seeps. Noah, like Chris and Ani
investigating the geochemistry of waters, identified
distinct trends in soil geochemical makeup based on
aquifer lithology, with Fe and Mn most correlated in
soils from shale and sandstone parent rocks. Soils in
regions with sandstone surface lithology were found to
have the highest Mn soil content, while those in black
shale and carbonate lithologies have similar average
Mn soil concentrations (1200 and 1900 ppm Mn,
respectively).

Haley Culbertson (Washington and Lee University)
investigated soil Mn redox states, general soil
properties, and how they relate to aqueous Mn
concentrations in our spring and seep field sites. Haley
analyzed samples first with SEM-EDS to identify
samples of particular interest, and then prepared those
select samples for Mn K-edge XANES spectroscopic
analyses and analyzed the data by performing linear
combination fits on our sample spectra using a suite
of Mn oxidation state standards. Haley found soils
containing higher Mn(IV) fractions are closest to
springs and seeps with low aqueous Mn (and also
tend to have higher soil pH), while soils with higher
Mn(II) fractions are near springs and seeps with
elevated aqueous Mn (and tend to have more acidic
soil pH). Haley’s work suggests that while lithology
does by and large control aqueous Mn concentrations
in groundwater and springs, that soils and waters are
intimately connected with one another.
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Surface Water Impacts by Mill Dams

Martina Pulido (Beloit) measured and analyzed
water properties and aqueous geochemistry behind
both active and removed dams. She found that waters
behind active dams are stratified, fostering low-oxygen
conditions in which Mn2+ can accumulate at levels
exceeding EPA standards. This finding is concerning,
as at least one of these sites is upstream of drinking
water intake for Lexington, VA.

Kallan Wilde (St. Norbert College) utilized land

use data like historic maps, census data, and aerial
photography to identify potential sources of pollution
in the Maury River watershed. This involved creating
GIS maps corresponding to different periods of time
and their associated pollution sources. For example, in
a map representing all identified sources prior to 1860,
dozens of sources, including mines, forges, mills, and
farms, were identified. These maps may be particularly
useful in interpreting sedimentological data through
time.

Mia Groff (Whitman College) and Maddie Holicky
(Beloit College) studied the legacy sediment package
that accumulated behind dams on the Maury River.
Maddie analyzed organic carbon and nitrogen values,
and measured heavy metal concentrations to track
land use changes through time. She noted three
general phases of land use that can be interpreted in
the context of activities like deforestation, mining,
and metal forging (Fig. 5). Mia measured sediment
grain sizes and compared measurements to heavy
metal concentrations, noting a negative relationship
between Mn and Fe concentrations and grain size.
This relationship suggests that these metals are more
likely to adsorb onto finer grain sizes like clay.

Katie Larkin (Washington and Lee University)
studied the changes in channel morphology following
the removal of a low head dam on the Maury River
in 2019 (Fig. 1). Katie repeated several channel cross
section measurements at areas that were flagged as
susceptible to bank erosion following an initial study
in 2019. Results show that the channel upstream of the
dam has deepened, and nearly 4000 m3 of sediment
has been removed in the surveyed reach. These
findings support the importance of tracking channel
response to dam removal, especially considering
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Figure 5. Chemostratigraphic profile for one of the legacy sediment
sites (Polecat Hollow). Horizontal color bands represent different
phases of land use in the region: Widespread deforestation and
mining in the post-colonial era (green), Declining mining and
shift to agriculture (vellow) and recent changes, including further
reduction in mining activities (orange). Plot by Maddie Holicky
for her thesis.

the elevated concentrations of heavy metals in some
legacy sediment horizons.
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INTRODUCTION

The human health effects of chronic low exposure to
Mn greater than 120 ppb have been well documented
in recent years (Bouchard et al., 2007; Bouchard et
al., 2011). Increased developmental issues in children
and infants are correlated with long-term exposure

to Mn in areas where Mn was found to be over the
EPA limit of 300 ppb (Langley et al., 2015; U.S.

EPA, 2004). Numerous other studies have found that
chronic exposure to Mn above even the relatively low
limit of 100 ppb can be strongly linked to negative
health effects, especially in infants and developing
children (Bouchard et al., 2011; Bjerklund et al., 2017;
Hafeman et al., 2007, Khan et al., 2012; Sanders et
al., 2014; Spangler and Spangler, 2009; Spangler and
Reid, 2010). The valence state - the ability of the ions
of an element to accept or give electrons - largely
determines whether Mn will be in the aqueous or solid
phase. A lower valence state (found in more anoxic
conditions) will result in Mn moving into (or staying
in for the case of groundwater) the aqueous phase.

A higher valence state will result in Mn(III)/Mn(IV)
precipitating out of solution as Mn (oxyhyr)oxides,
lowering the concentration of Mn in the aqueous
phase. Thus, more reducing systems like groundwater
and springs are of particular concern with respect

to Mn exposure via low level chronic ingestion of
such drinking water sources. Our field work study
area consists of four counties across the Shenandoah
Valley: Rockbridge, Augusta, Bath and Shenandoah,
whereas the analysis for all groundwater wells spanned
the entirety of the Shenandoah Valley in Virginia.

METHODS

A total of forty-two 250 mL water samples from the
seven different sites was collected across the study
area (Fig. 1). Both filtered (0.2 um) and unfiltered
water samples were collected at each site. When
applicable, rocks that were characteristic of the site
were also collected so that they may be analyzed for
metal precipitates. Filtered samples collected in the
field were stored in polypropylene centrifuge test
tubes, while unfiltered samples were stored in 250-mL
polypropylene bottles sealed with parafilm to preserve
their contents, and stored in laboratory refrigerators
(at 4°C). Upon returning to the lab, coordinates
measured in the field were used to determine the
underlying geology of the site, which was correlated

Agueous [Mn] in
Springs GW Wells
=50 ppb = =50 ppb
s 51-100ppb @ 51-100 ppb
& 101-300 ppb  © 101-300 ppb
& 301-500 ppb @ 301-500 ppb
A 501-1000 ppb @ 501-1000 ppb
& =1000ppb @ =1000 ppb

N

Figure 1. Map of aqueous Mn concentrations in springs (triangles)
and groundwater wells (circles) in the Shenandoah Valley, VA, with
increasing concentrations increasing the relative size of each data
point based on demarcations from <50 ppb (light blue) to 51-100
ppb (dark blue) to 101-300 ppb (vellow, above which low level
chronic exposure to Mn via drinking water may result in health
effects), 301-500 ppb (orange), 501-1000 ppb (light red), to >1000
ppb (dark red). Field sites for springs and seeps are denoted with
black circles.
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with rock types present at the site. Filtered water
samples were diluted by either 1:5 or 1:2 with Milli
Q water for analysis by ion chromatography (IC),
which analyzed for major ion concentrations (e.g.,
Ca*', NO,*, SO,?, etc.) through IC. The unfiltered,
undiluted samples underwent phenolphthalein titration
with a bromocresol green-methyl red titration test for
[CaCO,] and [HCO®]. Separate aliquots of filtered
spring water samples were acidified to 2% nitric acid
(trace metal grade) for analysis via ICP-MS for major
and trace elements (e.g., Mn, S, Cr, Fe, Co, Ni, Zn,
As, etc.) and diluted with 2% nitric acid in a 1:2 ratio.
ICP-MS was performed by the Department of Civil
and Environmental Engineering at Virginia Tech. To
supplement this research, data from other sources and
projects was included in the dataset. Well data, water
quality data, and geological map data was obtained
from organizations including United States Geological
Survey (USGS) National Water Information System
(NWIS) and the Virginia Household Water Quality
Program (VAHWQP) (McMabhon et al., 2018).

RESULTS

ICP-MS analyses found several sites to have aqueous
Mn above the 120 ppb limit. Water geochemical
analyses also found that some of the samples have
high levels of other contaminants (high being defined
as concentrations equal to or above safety levels set by
the EPA). The drinking standard limits for elements
such as lithium (Li), Al, Fe, Mn, and zinc (Zn), were
surpassed for several samples, although many of these
are considered secondary drinking standards, and thus
are not enforceable (Table 1) (U.S. EPA, 2022a,b;
Agency for Toxic Substances and Disease Registry
(2005), Lindsey et al., 2021).

Interestingly, elevated aqueous Mn concentrations are
consistently observed in sandstone and shale aquifers
(Fig. 2). Sandstone lithologies exhibit the highest
average aqueous Mn in springs and seeps here studied
(Fig. 2), along with the largest standard deviation
(1o), with some sites over 500 ppb Mn. Meanwhile,
carbonate aquifers have the lowest average aqueous
Mn concentrations, with the average and standard
deviation below the 100 ppb threshold for chronic
exposure health concerns (Fig. 2). The decrease in
aqueous Mn in carbonate aquifers may be due the fact

Table 1: Table featuring the EPA secondary drinking standard limits for elements other than
Mn analyzed in ICP-MS, as well as any samples with concentrations above the limits.

SamplelD [Lilsq ppb |[Allzq ppb | [Felsq ppb |[Mn]s ppb |[Zn]sq ppb

EFA drinking water limit (pph) 10 200 300 300 5000
Rockbridge Pond Spring-01 - 4675 13216
Rockbridge Pond Spring-02 - - - 1727 —
Rockbridge Pond Spring-03 - - - 3415 -

Augusta Country Spring
Complex-01aa -

Augusta Country Spring Complex-02 -

555.0 -
2381 -
155.3| 34,4747

10114
2403
14,3395
2,479.0
1.827.3 - -
6,093.8 - -
5,394.5
3,923.9 - -

Shenandoah County Pump Spring-01 S
Shenandoah County Pump Spring-02 -
Shenandoah County Pump Spring-03 -
Orkney Spring 128
Orkney Spring A 13.4
Orkney Spring B 13.0

Shenandoah County Meadow
Spring-01 771

Shenandoah County Meadow
Spring-02 788

201.2
4258
412.8
284.3

26,4420 228.8| 16,7359

296.9| 14,567.9 191.7 -

these are weathered carbonates contributing to the
karst terrain in the region, thus exhibiting substantial
surface water-groundwater connectivity, therefore
are likely more oxic, making Mn more stable as Mn
oxide minerals (Fig. 3A). Alternatively, carbonate
bearing aquifers could have increased bicarbonate
concentrations, thereby stabilizing Mn?* in Mn
carbonate minerals such as rhodochrosite (Fig. 3B).

Aqueous Mn concentrations exhibit consistently
negative correlations with pH and dissolved oxygen
(Fig. 4). However, it should be noted that depending
on the lithology these correlations can be quite
weak (with relatively low R? values), albeit the
trends are consistent (Fig. 4). Given the nature of
Mn thermodynamic stability as it relates to pH and

w
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1

=

o

o
T

?

Average [Mn],, (ppb)

Spring
Aquifer Rock Type

Figure 2. Average [Mn] within each aquifer lithology designated
by the primary rock type within the corresponding lithologic unit,
with black bars denoting standard deviation of 1o.
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Figure 3. pe/pH diagrams using average [Mn]aq (0.19 ppm) &
pH (6.3) of sampled spring sites, with no HCO* (A) & average
[HCO*]aq from spring sites (56.45 mg/L) (B). Made with
Geochemist'’s Workbench..

reduction potential, with Mn stable as aqueous Mn*"
under acidic and reducing conditions (Fig. 3), these
negative correlations between Mn and pH and Mn

and dissolved oxygen are consistent with its expected
behavior. Interestingly, and consistent with the concept
that bicarbonate will stabilize Mn in the solid phase in
Mn carbonate minerals, all rock types exhibit slightly
negative correlations between Mn and alkalinity,
although the R? values for these are quite low (Fig.
4C).

The lithologic trends continue when examining
correlations between aqueous Mn and other trace
metals and major elements. Fe, as expected, was
found to be strongly positively strongly correlated
with Mn in all aquifers, but only when separated out
by lithology. The R* value for Mn and Fe in sandstone
aquifers is 0.93, in black shale aquifers is 0.85, and in
carbonate aquifers is 0.42 (Fig. 4F). It should be noted
that Fe concentrations in the black shale aquifers are,
on average, much higher than Fe concentrations in
other aquifers (Fig. 4F). Co also exhibits a similar
trend (with R? values quite similar to those for Mn
and Fe), and thus may demonstrate that aqueous Co
concentrations are dependent on Fe, Mn, or some
combination thereof (Fig. 4H). In black shale and
sandstone aquifers, Mn is positively correlated with S,
Co, and Ni (Fig. 4). Mn is negatively correlated with
As in black shale aquifers but is positively correlated
in sandstone and carbonate aquifers (Fig. 4L).

DISCUSSION

Lithology appears to have a major influence on the
geochemistry of springs, due to the effect of sulfur and
dissolved organic carbon in redox geochemistry as
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Figure 4. Aqueous [Mn] versus various field parameters: pH (A),
dissolved oxygen (B), alkalinity (C), specific conductivity (D),
and elements of interest in the aqueous phase: Ni (E), Fe (F),
Si (G), Co (H), Li (), S (J), Cr (K), As (L) separated by aquifer
primary rock types with sandstones (orange squares), shales (red
triangles), and carbonates (blue circles).

well as the more oxic nature of weathered carbonate
aquifers. The presence of sulfides in black shales shifts
the reduction potential such that the Mn present in
shale aquifers is most stable in a lower valence state
(IT), which is soluble and results in the Mn staying
within the aqueous phase as opposed to entering a
higher valence state (I1I/IV) and precipitating into

a solid form, thereby decreasing aqueous Mn(II)
concentrations (Fig. 2). In the graph of [S] vs [Mn],
the trend of increasing S and increasing Mn in black



The Keck Geology Consortium, v. 34, 2022

shales is an example of this process (Fig. 4). Fe can
be used to track the reducing conditions in aquifers,
with a suggested threshold of 100 ppb Fe resulting

in more anoxic aquifers (Erickson et al., 2019). The
black shale aquifers in this study consistently have

Fe concentrations above the 100 ppb threshold for
anoxic conditions, while carbonate bearing aquifers
have much lower Fe concentrations, suggesting that
carbonate aquifers are more oxic than black shales in
this region. The sulfur-bearing black-shales that create
reducing conditions, which cause the Mn to persist in
a lower valence state, thus keeping Mn in the aqueous
phase, have similar effects on aqueous Fe.

CONCLUSION

Our data indicates that lithology is a major factor
affecting groundwater chemistry in the Shenandoah
Valley, particularly with regard to the distribution

of Mn. The lithology of an aquifer will impact the
geochemistry of the water that is stored within it,
specifically the redox geochemistry, which will result
in a change in the transfer of the electrons and the
valence state of elements such as Mn. Thus, it is clear
that there is a defined set of cause-and-effects that can
be traced in defining where Mn is located (the solid or
aqueous phase) where it is likely to move, depending
on geochemical and environmental factors. To sum
up, aquifer lithology affects the geochemistry within
the aquifer, which affects the Mn valence state, which
affects the movement of Mn into different phases and
forms. Trace metals may bind onto the Mn oxides via
sorption processes, resulting in high concentrations
of these elements associated with Mn oxides, but may
also be released to solution when exposed to reducing
conditions with Mn oxide dissolution to aqueous
Mn(II). Mn oxides are known as the “scavengers

of the sea” due to their highly sorptive properties,

as they are able to manipulate the distribution of a
range of elements (Tebo et al., 2004). Since Mn(II) is
thermodynamically favored in anoxic conditions, and
Mn(III)/(IV) are favored in oxic conditions, the state
of Mn and presence of Mn oxides can be predicted in
groundwater aquifers based on DO. Mn oxides can
absorb many different types of ions, and as a result,
Mn oxides can control the concentrations of trace
metals in natural waters, also allowing the correlation
of Mn and elements such as Fe and arsenic (Tebo et

al., 2004).

Overall, Mn is an invaluable resource in predicting
the mobilization and concentrations of trace elements
in groundwater, similar to how Fe can be used to
signify reducing or oxidizing conditions. Fe, Si, Ni,
Li, S, and Co all have strong positive correlations with
Mn, meaning that their concentrations could possibly
be predicted in areas where the concentration of Mn
is already established. However, due to the close
correlation between Fe and Mn, Fe may be as much
of a control as Mn on trace metals of interest, and
future work may decipher how much each of these
two elements plays a role in controlling geochemistry.
Future work may also attempt to create a model that
can appropriately predict and measure the amount

of certain trace metals in an aquifer based on the

Mn concentration, or other common water quality
measurements such as DO and pH.
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INTRODUCTION

There are multiple potential geogenic and
anthropogenic sources of Mn in surface water and
groundwater. Since the discovery of manganese

(Mn) in 1774 (Weeks, 1932), it has been utilized

for a plethora of purposes in American industry,
including infrastructure and agriculture (Johnson,
2006). Mn has also been mined for energy production
and fertilizer for decades, the byproducts of which

all contribute to Mn entering waterways (Howe and
International Programme on Chemical Safety, 2004).
In the Blue Ridge Mountains, geogenic sources of Mn
are hypothesized to have existed since the Paleozoic
era (Pegau, 1958) as a result of clay weathering
processes at the contact of the Shady Dolomite and
Erwin Formations, forming primarily Mn(III/IV) oxide
minerals such as pyrolusite and hollandite (Carmichael
et al., 2017; Stose et al., 1919). To the west in the
Shenandoah Valley, the origin of Mn ores is thought

to be a two-step process involving hydrothermal
deposition followed by supergene enrichment. In other
words, Mn(III/IV) oxides initially precipitated from a
hot solution of mineral enriched water which forced its
way through cracks in the Earth’s surface, followed by
supergene alteration from the downward percolation
of mineral- bearing surface water, as evidenced by
two distinct mineralogies and geochemical signatures
(Carmichael et al., 2017). South of the Shenandoah
Valley in the Roanoke River Watershed, Mn ores

are believed to have been formed by only supergene
processes, with temperatures below 130°C, as
indicated by the presence of goethite (Kiracofe et

al., 2017). However, rather than a strictly downward
percolation model as previously hypothesized

(Espenshade, 1954). Kiracofe et al. (2017) suggests
Mn was first released from country rock via chemical
weathering and carried to reducing conditions by
downward percolating groundwater where it was then
trapped in mineral structures due to diagenesis and
metamorphism. This process is believed to have been
followed by the upwelling of anoxic groundwater,
releasing Mn(II)aq by chemical weathering, which was
then transported to oxic conditions with sufficient
microbial support to precipitate Mn(III/IV) oxides
(Kiracofe et al., 2017). In all cases, these Mn
(oxyhydr)oxide deposits weather and erode through
time, transported by aeolian and alluvial processes to
eventually end up in the water system.

Because Mn speciation is largely dependent on
environmental conditions, with suboxic and anoxic
conditions promoting Mn(II)aq, drinking water
obtained from groundwater sources is of particular
concern. Groundwater resources are incredibly
relied upon throughout the Shenandoah Valley, as

a large percentage of inhabitants rely on springs

and groundwater wells as their main source of
drinking water (USGS, 2022). Additionally, a redox
disequilibrium exists at springs (where the saturated
zone meets the topographic surface) as anoxic or
suboxic groundwater meets the oxygen-rich surficial
environment, encouraging Mn(II)aq to oxidize to
Mn(III/IV) oxides. This work investigates the role
of soils on Mn concentrations in both springs and
groundwater wells throughout the Shenandoah Valley,
VA through Mn K-edge X-ray adsorption near-edge
structure (XANES) spectroscopy and scanning
electron microscopy with energy dispersive X-ray
spectroscopy (SEM/EDS).
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METHODS AND MATERIALS
Field Sites

The study area of this project consists of four counties
across the Shenandoah Valley, including Rockbridge,
Augusta, Bath and Shenandoah. The region is
characterized by rural mountain landscapes, with
historical cities distributed throughout, containing a
total population of 145,659. A total of 24 springs (Fig.
1) were selected for sampling based on accessibility,
permission, and regions of interest identified from
groundwater well data from the Virginia Household
Water Quality Project (VAHWQP).

Rockbridge County Sampling Sites

In Rockbridge County, Pond Spring (PS) is currently
used to feed a pond that serves as the focal point of an
outdoor event center. The spring itself is classified as a
seep and located on the west side of the pond, the two
slightly separated by a dirt mound covered by grasses,
through which water flows. The pond directly east of
the mound was a murky white on the day of sampling,
possibly due to chemical treatments, but most likely
due to decaying organisms (Aswiyanti et al., 2021).
Kerr’s Creek (KC) is a gaining stream upstream of PS
with springs contributing to its flow.

Augusta County Sampling Sites

In Augusta County, Bubbling Springs (BUBS)

and Augusta Springs and Wetlands (AWS) are

located in the George Washington and Jefferson
National Forests. BUBS is a spring-fed pond and is
characterized by bubbles believed to be CO,. The pond
bottom is full of yellow, red, black, green, and brown
pebbles and the water is extremely clear. In contrast,
AWS is a complex of seeps, springs, and creeks. The
area has been slightly developed with parking and
picnic areas, as well as several post-colonial structures
including a spring house, bottling plant foundations,
and a hypothesized root cellar.

Disappearing Ponds Complex

Finally, also located within Augusta County and the
George Washington and Jefferson National Forests,
is the Maple Flats Ponds complex, a series of clay
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and groundwater wells (circles) in the Shenandoah Valley, VA, with
increasing concentrations increasing the relative size of each data
point based on demarcations from <50 ppb (light blue) to 51-100
ppb (dark blue) to 101-300 ppb (yvellow; above which low level
chronic exposure to Mn via drinking water may result in health
effects), 301-500 ppb (orange), 501-1000 ppb (light red), to >1000
ppb (dark red). Field sites for springs and seeps are denoted with
black circles.

bottom ponds (Fleming and Alstine, 1999). Four of
these ponds were included in this study: Frog/Oak
Pond (FOP), located nearest to a relict Mn ore mine,
Twin Ponds (TPS/N), Deep Pond (DP), and Spring
Pond (SP), the latter being the largest and only pond
never observed to dry up, and is likely spring-fed.

All the ponds contained some water at the time of
sampling (August 2021), but exact depth could not
be determined because the soft clay bottom prevented
wading into the centers. Other than SP, which was
surrounded by tall, dense grasses and fruit bushes, the
ponds were not dramatically different in appearance
from one another. Most have no apparent input or
output of water with the exception of precipitation
and evaporation. This site was selected as a means to
isolate Mn derived from soil weathering versus Mn
inputs from groundwater.

Shenandoah County

The unincorporated town of Shrine Mont (SM) in
Shenandoah Co. hosts multiple springs which have
undergone over a century of documented use. Because
of their history of use, each of the springs, three in
total, had some sort of spring house structure built
around them out of either wood or stone, with metal
pipes used to bring the water to the surface. These
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springs included Shrine Mont Orkney Spring (SMOS),
Bear Wallow Spring (SMBW), and Tea Spring
(SMTS). With the exception of SMBW, extensive

Fe oxidation was visible in the form of bright red
precipitates coating rocks surrounding the areas.

Soil Analyses

To determine the general composition of the soil
samples, small amounts of each sample were mounted
to aluminum stubs with double-sided carbon paper
for SEM/EDS. These analyses provided elemental
distributions and morphologic features across soils and
determined the prioritization of samples for XANES
spectroscopy. In total, samples analyzed with XANES
spectroscopy include AWSO03A, KCO1A, KCO02A,
FOPO1A, DPO1A, and PS02. The “top” and “bottom”
of each core was determined by either distinguishable
differences in horizon by color or at least 3 cm from
the respective end of the core.

Samples and Mn oxidation state standards were
analyzed at beamline 12-BM-B, which uses a Si(111)
fixed offset double-crystal monochromator with a
toroidal focusing and flat harmonic rejection mirrors.
XANES spectra of the Mn metal foil were collected
at the beginning, end, and multiple mid points to
calibrate the monochromators to 6539 eV, the Mn
K-edge. Linear combination fits (LCFs) using a

suite of XANES spectra standards [manganese (II)
chloride [MnCl,], thodochrosite [MnCO,], manganese
(IT) sulfate [MnSO,], hausmannite [Mn(II/I1I) O, ],
bixbyite [Mn,Fe,O,], manganite [MnO], feitknechtite
[Mn(II[)O(OH)], pyrolusite [MnO, ], ramsdellite
[MnO, ], KBi, and calcium manganese oxide
[Ca,Mn,O,], with Mn(IV) standards from Manceau
et al. (2012)] determined the average Mn oxidation
state (AMOS) of the select soil samples, as well as
the fraction of Mn(II/III/IV)s. These LCFs and the
total concentration of Mn in the samples determined
by XRF from Willis (2022) were used to calculate the
actual concentration of Mn(II/III/IV)s per sample.

Total soil moisture content was determined via
gravimetric analysis. Soil pH was determined by
combining up to 5.0 g of soil with 10 mL of 0.1 M
CaCl,. These solutions were mixed with a glass rod
and allowed to settle for >30 minutes before the
separated solution pH was measured.
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Figure 2. The fractions of Mn(1V) (green), Mn(Ill) (blue), and
Mn(Il) (red) and average Mn oxidation state (AMOS; white circles
with black outlines) obtained by LCFs for each sample analyzed
by Mn K-edge XANES spectroscopy.

RESULTS

Average Mn Oxidation State (AMOS) of Soils of
Interest

Fraction Mn{llll = Fraction Mn(lll OAMOS

Substantial Mn(IT) (>10%) was found in every
sample analyzed by XANES spectroscopy, in varying
proportions (Figure 2). Comparing samples within
the field sites, the AMOS determined was relatively
similar, a trend that was also found within the
individual cores. Every soil sample has an AMOS
between 2.0 and 4.0, with the exception of PS, whose
XANES spectra exhibits a white line at surprisingly
high energy beyond all of the Mn(IV) standards

and consistent with Mn(VII) (Figure 3). A sample
from AWS, AWS03A, exhibits the highest fraction

of Mn(IV) with Mn(II/IIT) comprising just 20-30%
(Table 1). In most soil cores, the AMOS is slightly
higher in the bottom of the core than the top, similar to
Gillispie et al. (2016) which found that the weathering
of Mn bearing soils in the Piedmont region of North
Carolina contribute to Mn contamination in shallow
groundwater wells, with Mn(II/IIT) minerals near

the surface and Mn(III/IV) oxide minerals at depth.
There is an exception to this trend in KCO1A (Fig. 2),
with an AMOS of 2.87 at the top and that of 2.63 at
the bottom. KCO1A is particularly notable due to the
extremely high soil Mn in the bottom of the core and
lack of soil Mn in the top (Table 1) and the fact that it
is the one sample near a stream rather than a spring/
seep.
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Figure 3. XANES spectra of example Mn oxidation state standards
for each oxidation state used for LCFs, with Mn(IV) (dark blue),
Mn(ll) (light blue), Mn(Il/Ill) (green), and Mn(Il) (red) showing
the progressive shift toward higher energy with increasing Mn
oxidation state, compared with the sample spectra for PS (black).
The sample spectra for PS is clearly shifted substantially toward
higher energy, beyond that of Mn(IV) standards, indicating its
oxidation state is higher than what is normally observed in soil
environments.

Paired with the total soil [Mn] determined by XRF, the
actual concentration of Mn(II/ITI/IV) for each sample
was calculated (Table 1). Substantial concentrations
of soil Mn(IV) were found in cores AWS03A and KC
samples. Soil Mn was below the limit of detection for
sample FOPO1A bottom and the entire DPO1A core.
Other than these samples, every sample was found to
have relatively high concentrations of soil Mn (Table

1) compared to the USGS soils map of the US (Smith
etal., 2019).

Relationship Between Mn in Soils and Mnaq

Plotting aqueous Mn in nearby waters vs AMOS and
the fractions of Mn(II/I1I/IV) yields interesting trends.
The site-averaged AMOS of soils and [Mn]acl display
an inverse relationship (R?> = 0.44), as also occurs for
Mn(IV) and [Mn]aq (R?=0.49) (Figure 4). When a soil
sample has an AMOS closer to 4.0, the spring water
collected has a concentration between 0.00 and 5.00
ppm; but when a soil sample has an AMOS closer to
2.0, the corresponding spring water sample [Mn]aq
increases substantially. It should be noted that all
samples analyzed by XANES spectroscopy happened
to have lower aqueous Mn (aside from PS which was
removed from this portion of the analysis due to its
AMOS of ~+7), thus the maximum aqueous Mn in
this data set is just 35 ppm, likely in part because these
samples were selected based on observable soil Mn,
and higher soil Mn corresponds with lower aqueous
Mn.

Soil Mn(II) and [Mn]alq are directly related to one
another, with a greater fraction of Mn(I) in soils
correlating with higher [Mn],, in corresponding spring
waters (R? = 0.36). While most commonly existing in
oxide minerals and thus usually expected to behave
similarly to Mn(IV), Mn(III) also shows a negative
correlation relationship with [Mn]aq (R2=10.60)
(Figure 4).

Table 1. Total soil Mn concentrations, fractions of soil Mn{lI/II/IV) and corresponding average Mn oxidation states (AMOS) and actual concentrations of soil-associated Mn(IIFIV),
along with general soil parameters (percent organic matter (OM), percent total organic carbon (TOC), pH, and approximate percentages of sand, silt, and clay based on textural

analyses.
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Figure 4. Fraction of Mn(1V) (green triangles), Mn(1ll) (light blue squares), and Mn(1l) (red circles) in soils as well as the AMOS (white
circles with blue borders) as a function of aqueous Mn concentrations in nearby springs and seeps (4) and of pH (B).

Soil Characteristics and AMOS Trends

Most of the soils sampled (28/52) contained 50%

or greater sand, while the next most common soil
component was clay (21/52 samples with greater than
50%), with only 3 samples composed of majority

silt (Table 1). Only two cores, both collected from
Rockbridge County, have a pH > 7.0, with the other 48
samples being acidic. Soils with confirmed Mns were
found to be acidic, with pH levels consistently less
than or equal to 6.0 (Table 1). These soils also have
very high proportions of silt in comparison to the rest
of the samples, with the exception of one sample from
Shenandoah County (Table 1). Site averaged AMOS
and the fraction of Mn(IV) in samples show a directly
correlated relationship with increasing pH, while

the fraction of Mn(II) and (III) both show inverse
relationships (R*> > 0.57) (Figure 4). These trends are
consistent with those shown between the fraction of
Mn(I/III/IV) and [Mn]aCl in spring waters.

Heavy Metals Associated with Mn_

Soils which were prioritized for XANES were
analyzed with SEM/EDS for a second time, more
thoroughly, to determine elemental associations with
soil Mn_. During these analyses, Mns was found as
precipitates on other grains without defined boundaries
and as distinguishable grains with definitive platy
geometry. In every sample, regardless of perceived
Mns morphology, Mn was associated with various
heavy metal contaminants including chromium (Cr),
nickel (Ni), and lead (Pb) (Table 1). Also consistently

associated with Mns in soils were Fe and titanium (T1).

DISCUSSION

Across the Shenandoah Valley, previously analyzed
groundwater wells show two contamination “hotspots
(McMahon et al., 2018). Including data from the
VAHWQP broadened our groundwater well network
to >1,900 wells within the Shenandoah Valley and
suggests multiple Mn “hotspots”, all of which are

in agreement with [Mn(II)]aq found in spring waters
by this study, with the exception of PS located in
central Rockbridge County (Figure 1). Extremely high
[Mntotal]soil found by XRF (Table 1) and AMOS
greater than 4 (Figure 3), however, indicates that the
regular algae treatments given to the pond may likely
contain potassium permanganate (KMn7+04), with
Mn(VII) most stable in the aqueous phase. This input
of Mn(VII) would also explain the exceptionally
elevated [Mn]aq at PS. These remaining hotspots
appear to be strongly associated with black shale and
sandstone lithologies, while limestone and dolostone
lithologies seem to buffer Mn(II)aq contamination of
concerning concentrations (>100 ppb). However, the
soils found to contain appreciable concentrations of
Mns were from sites located outside of these hotspots
and are associated with very low spring [Mn(II)]aq.

2

The correlations between the AMOS, Mn(II), and
Mn(IV) with[Mn]aq show expected behaviors,
confirming that solid-associated Mn(Il) is stable
in reducing conditions but less so in oxidizing
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conditions. The positive correlation between Mn(III)s
and [Mn]aq , however, seems to contradict these trends
(Figure 4A). This relationship may likely be explained
by comproportionation reactions that can occur
between Mn(Il) and Mn(IV) in certain environments
where they coexist (Mandernack et al., 1995),
generating Mn(I1I) as follows:
Mn(II) + Mn(IV) <> 2Mn(III) Eq (1)
Thus, increasing [MD(H)Lq drives the reaction toward
generating more Mn(III) (Zhao et al., 2016). These
reactions are typically most common in transition
zones, such as wetlands, hyporheic zones, and areas
contaminated with other heavy metals (McMahon &
Chapelle, 2008), which explains the high [Mn(III)]
found in soils at AWS and KC (Table 1), which we
would classify as hyporheic zones. These results are
consistent with McMahon et al. (2018a) findings that
groundwater wells closest to surface water bodies are
at higher risk for Mn contamination.

Relationships Between Soil Characteristics and
AMOS

The trend displayed between Mn(IIl) in soils

and soil pH can likely also be explained by these
comproportionation reactions. Although Mn(IV) is
seen to decrease with decreasing pH (Figure 4B),
because increasingly acidic conditions make Mn(II)aq
stable, the reaction would be expected to become
more thermodynamically favorable if Mn(I'V) were
present in the system; however, previous research
has shown that decreasing pH inhibited Mn(IV)
comproportionation reactions (in pH conditions of
7.4-8.0) (Mandernack et al., 1995). This trend may
conversely be interpreted as Mn(III)aq oxidizing to
Mn(IV) with increasing pH conditions, which has
been found to play a larger role in the system’s redox
behavior than previously thought (Johnson, 2006).

CONCLUSION

Because of the negative correlation between soil
AMOS and [Mn]aq, soils which contain Mn(III/IV)
oxides appear to have a buffering effect on Mnaq
contamination, as the conditions make the reduction
reaction of Mn(IV) more unfavorable in terms of both
thermodynamics and kinetics. However, common

heavy metal associations with potential contaminants
such as chromium, nickel, and lead pose the potential
risk of mobilizing to groundwater resources if pH

or oxidation conditions change. This work finds

that [Mn(II)]  contamination occurs in a spatially
distributed manner throughout the Shenandoah Valley,
with [Mn]s in nearby soils providing an indication of
possible spring and groundwater contamination. While
the region is dominated by limestone and dolostone
lithologies, providing buffering protection to springs
and groundwater wells, the northern Shenandoah
Valley is at higher risk due to the greatest proportion
of shale and sandstone aquifers in this area.
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INTRODUCTION

Elevated concentrations of aqueous manganese
(Mn*") in drinking water can have a multitude

of adverse human health effects and undesirable
aesthetic consequences. Chronic exposure to Mn?*
concentrations > 100 parts per billion (ppb) can elicit
a variety of negative health effects including reduced
IQ, increased infant mortality and cancer rates, and
increased risk of Parkinson’s disease (Bouchard

et al., 2011; Langley et al., 2015; Sanders et al.,
2014; Spangler and Spangler, 2009; Spangler and
Reid, 2010). The Environmental Protection Agency
(EPA) has established a lifetime chronic exposure
maximum contaminant level (MCL) of 300 ppb (U.S.
Environmental Protection Agency, 2004), though
negative health effects have been documented with
chronic exposure to Mn > 100 ppb (Ljung and Vahter,
2007; Langley et al., 2015; Sanders et al., 2014).
Additionally, the EPA has set a 1-day and 10-day
health advisory (HA) for acute exposure to Mn*" at
1,000 ppb and a secondary maximum contaminant
level (SMCL) for Mn?** at 50 ppb to avoid bitter
metallic tastes and staining (U.S. Environmental
Protection Agency, 2004).

This study investigates Mn?* concentrations in
groundwater in the Shenandoah Valley, Virginia,
where at least 36% of the population uses private wells
for drinking water (Virginia State Water Resources
Plan, 2015; U.S. Census Bureau, 2019). While regular
testing and treatment of municipal public water
supplies is required by U.S. law, monitoring private
supplies is optional. Water quality monitoring services
are provided by the Virginia Household Water Quality
Program (VAHWQP; www.wellwater.bse.vt.edu) upon
request.

The Shenandoah Valley falls within the Valley

and Ridge Province, bordered by the Blue Ridge
Province to the east and the Appalachian Plateaus
Province to the west. The Valley and Ridge Province
is geologically complex, with generalized host
lithologies including shale, black shale, dolostone,

limestone, sandstone, igneous, and metamorphic facies
(USGS, 2003).

Mn can be introduced to groundwater through a
variety of geogenic and anthropogenic mechanisms.
Most commonly, high concentrations of dissolved
organic carbon (DOC) in aquifer soils and sediments
can stimulate microbial populations and rapidly
deplete dissolved oxygen to generate a reducing
environment, under which Mn(IV)-oxides, ubiquitous
in soils and sediments, are reductively dissolved to
aqueous Mn?* (Di-Ruggiero and Gounot, 1990). This
reaction is shown in Eq. 1, where CH,O represents
generalized organic matter.

2MnO, + CH,0 +3H" = HCO* + 2Mn** + 2H,0 (Eq. 1)

Thus, environments with shallow anoxic water tables,
elevated DOC in host soils, and/or host lithologies
containing organic matter (e.g., shale) often contain
elevated Mn*" (McMabhon et al. 2018). Additionally,
soil weathering may increase the quantity of Mn(I'V)-
oxides available for reductive dissolution. For
example, in the Piedmont Plateau of North Carolina,
chemical weathering of near-surface soil and saprolite
dissolves primary Mn(IL,III)-bearing minerals that
precipitate as secondary Mn(IIL,IV)-oxides near

the water table. Under reducing conditions, these
secondary Mn oxides dissolve and mobilize Mn?" in
groundwater (Gillispie et al., 2016).

Possible anthropogenic sources of Mn to groundwater
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include, but are not limited to, Mn mines, pesticides,
and gasoline. Improperly-reclaimed or abandoned
historic Mn ore mines exist throughout the Valley, thus
serving as a potential source of Mn** to groundwater
if Mn-bearing minerals are mobilized and exposed to
reducing conditions (Hue et al. 2001; Li et al. 2007).
The application of fungicides with Mn-containing
chemicals Maneb® and Mancozeb® in orchards may
lead to Mn** contamination of groundwater via runoff
(Semu and Singh, 1995), and the Mn-bearing molecule
methylcyclopentadienyl manganese tricarbonyl
(MMT) is used as an additive in gasoline and can
accumulate along roadways from engine exhaust
which may also introduce Mn** to groundwater via
runoft (Lytle et al., 1995).

The objective of this study is to isolate Mn
groundwater contamination mechanisms specific

to the Shenandoah Valley. By identifying variables
associated with elevated Mn and identifying

the primary mechanism by which Mn?* enters
groundwater, the Valley’s population reliant on private
drinking wells can better avoid many of the adverse
health effects associated with low level chronic
exposure to Mn?" via drinking water.

METHODS

Groundwater Collection and Analyses

This study utilizes well water data from VAHWQP
and the United States Geological Survey (USGS)
National Water Information System (NWIS). The
VAHWAQP data set contains samples collected at
private residences between 2009 and 2019. Samples
were collected from the tap inside privately-owned
structures under a single address after five minutes of
continuous flushing. Samples were analyzed for NO,-
and F- using ion chromatography, while inductively
coupled mass spectrometry (ICP-MS) was used to
measure all other analytes (Na, Mg, Al, Si, P, SO4,
K, Ca,V, Cr, Fe, Mn, Co, Ni, Cu, Zn, As, Mo, Ag,
Cd, Sn, Pb, Cl, Ti, Se, Sr, Ba, and U). In concert
with the testing of private water supplies, property
owners answered questionnaires; topics addressed

in the questionnaire included (but were not limited
to) whether a water treatment system was present,
plumbing construction materials, noticeable aesthetic

deficiencies of water, proximity of the property to
environmental hazards such as landfills, and whether
any member of the household had been sick in the past
30 days.

Data from the USGS NWIS were compiled and
reported by McMahon et al. (2018). NWIS data was
collected between 1988 and 2017; all samples were
collected directly from wells rather than household
taps and analyzed with ICP-MS. Data from VAHWQP
and NWIS were combined into a single data set,
resulting in 1587 unique sampling locations and 1906
individual samples. Thus, 319 samples were collected
at duplicate locations at different points in time;
samples reporting the highest Mn*" concentrations
were prioritized if multiple samples existed for a given
location.

Geospatial Analyses

The combined water chemistry data set was imported
into ArcGIS Pro 2.8.3 for geospatial analysis.
Publically-available geospatial data used in this

study include: a shapefile of surface water (streams/
rivers) (Virginia Department of Environmental
Quality), geologic structures including faults, dikes,
and sills (Dicken et al., 2005), generalized lithology
(Dicken et al., 2005), historic Mn mine locations
(Bureau of Land Management, compiled by www.
thediggings.com), orchard proximity (from VAHWQP
questionnaire), and roadways (U.S. Census Bureau,
Department of Commerce). These data were plotted
with the combined VAHWQP/NWIS data set to
elucidate potential geospatial controls on elevated Mn
concentrations.

Statistical analyses

Multivariate statistical analyses can be useful for
large chemical databases to elucidate patterns that
inform geochemical mechanisms and processes
occurring in a given system. Therefore, the combined
VAHWQP/NWIS data set was passed through a
principal component analysis (PCA) in an attempt to
identify processes impacting groundwater chemistry
in the Shenandoah Valley. PCA is a dimension
reduction method of multivariate data that aims to
identify trends and variation in the data by reducing
it to dimensionless latent variables (principal
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components) that account for the maximum variance
in the multivariate data set. The amount of variance
in the data set that is explained decreases with each
additional principal component.

PCA output is generally presented as a two-
dimensional biplot that compares principal component
one (PC1, x-axis) vs principal component two (PC2,
y-axis), which explain the most and second-most
variance in the data, respectively. Points, known

as scores, plot the values of PC1 and PC2 for each
sample. Vectors move away from the origin (which
represents the geometric mean). The length of a
variable’s vector indicates the amount of control

that variable exerts on the principal component

in the vector’s direction. Vectors that point in the
same direction along a principal component axis

are closely related, whereas vectors that point in the
opposite direction along a principal component axis
are inversely related, but still controlled by that same
principal component. For example, if a principal
component reflects redox state, one could expect
dissolved Fe and Mn vectors to point in the same
direction along the principal component axis and point
in the opposite direction of dissolved oxygen.

RESULTS

The spatial distribution of Mn?* concentrations in
groundwater is depicted in Fig. 1. The majority of
elevated Mn?" samples (>100 ppb) are located in the
northern part of the Valley and towards the Valley
center. Elevated Mn samples occur in curvilinear
clusters, and isolated high Mn?** samples surrounded
by low Mn** (<100 ppb) rarely occur. Conversely,
groundwater samples near the Valley’s southern

end and along the eastern and western margins are
comparatively low in Mn*".

Anthropogenic Mn Sources

Fig. 2A displays groundwater Mn*" concentrations
with potential anthropogenic Mn inputs such as roads,
orchards, and historic Mn mines. Interstate 81 runs
the length of the valley from north to south; while
there is elevated Mn*" near roadways in the north,

this trend is absent in the south. Historic Mn mines
are concentrated along ridges near the southeastern
margin of the Valley; a cluster of mines also occurs

-
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Figure 1. Spatial distribution of groundwater Mn’>* concentrations
in the Shenandoah Valley.

on the northwestern margin of Massanutten Mountain
Range toward the Valley’s northern end. While these
historic mines reflect the presence of Mn ores, their
existence does not seem to influence groundwater
Mn?* concentrations in the vicinity. Orchards are
sparsely distributed near the Valley’s western margin.
Given the lack of orchards in proximity to samples
with elevated Mn?*, their existence does not seem

to influence groundwater Mn?" concentrations in the
region.

Geogenic Mn Sources

Fig. 2B displays groundwater Mn*" concentrations
along with surface water (streams/rivers) in the Valley.
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Figure 2. Map of groundwater sample Mn concentrations (ppb)
with A) anthropogenic features; B) surface waters,; and C) host
lithology and geologic structure (faults, dikes, and sills).
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Figure 3. 3D scatterplot of sample Mn concentrations (ppb),
distance to surface water (m), and well depth (m): all samples are
categorized by host lithology.

Generally, groundwater samples with elevated Mn?*
concentrations (>100 ppb) tend to occur in closer
proximity to surface water, and Mn*" concentrations
decrease with distance. To quantitatively support

this observation, the shortest linear distance between
sample locations and surface water was calculated and
compared in conjunction with well depth and Mn**
concentration (Fig. 3). Due to the dense distribution
of surface waters in the valley, the vast majority of
samples are within 1000 m of surface water. While
the average distance of elevated Mn*" samples from
surface water was 206 m, the average distance of all
low Mn?" samples (<100 ppb) is notably farther at 304
m. In particular, elevated Mn?* in groundwater often
occurs near the headwaters of tributary streams/rivers.

Aquifer lithology carries important implications for
groundwater Mn?" concentrations (Fig. 2C). Due to a
high average thickness of lithologic units in the region,
it is assumed that surface lithology is indicative of
aquifer lithology (Trapp, Jr. and Horn, 1997). As

is consistent with the findings of McMahon et al.
(2018), siliciclastic sedimentary lithologies (shales
and sandstones) have the highest average groundwater
Mn?* concentrations. A majority of elevated Mn*"
samples in the Valley occur in the Martinsburg
Formation, which is predominantly shale and underlies
the majority of elevated Mn?* samples in the northern
part of the Valley as well as a few samples toward the
southern extent where it outcrops. However, a few
elevated Mn?* samples occur in carbonate lithologies
throughout the Valley. This typically occurs near a
boundary between carbonate and shale lithologies,
thus shales are still in close proximity to these
samples.

The percentage of samples in exceedance of aesthetic
and health benchmarks (Table 1) help inform
lithologic controls on groundwater Mn concentrations
in the valley. Only 10 samples exceeded the EPA 1 and
10-day health advisory limit of 1000 ppb, 60 samples
exceeded the lifetime chronic exposure MCL of 300
ppb, 111 samples exceeded the 100 ppb potential
health benchmark, and 148 samples exceeded the
SMCL of 50 ppb. Relative to other lithologies, a
higher percentage of samples collected in shale and
sandstone lithologies exceeded MCL, SMCL, and HA
thresholds. For example, approximately 25% of all
samples taken in sandstone and shale exceeded the 50
ppb SMCL, while only 8% of all samples (regardless
of lithology) exceeded 50 ppb.

Statistical Analysis

A PCA biplot identifies two principal components that
explain the maximum variance among all geochemical
analytes in the combined VAHWQP/NWIS data set
(Fig. 4). PC1 explains 32.64% of the total variance

in the data set, and is heavily influenced by Ca,

Mg, and hardness in an elongated, tight cluster of
vectors in the direction of positive PC1 space. Other
divalent trace metals such as Sr** and Ba?* exert an
influence on PC1 in the positive direction, ultimately
plotting with the Ca, Mg, and hardness cluster. This
clustering can be explained by the tendency of Sr**
and Ba?* to substitute freely for Ca** and Mg*" in the
carbonate matrix. In contrast, the Na vector points

in the opposite direction, into negative PC1 space.

No other analytes associate strongly with Na in PC1
space. Interestingly, a substantial number of samples
from limestone and dolostone aquifers associate with
Na and not Ca or Mg, as would be expected based on
matrix mineralogy.

Principal component 2 (PC2) explains 13.08% of
the total variance. Nitrate (shown as NO3 N) exerts
control on PC2 in the positive dimension and is

Table 1: % of wells in exceedance of.

Lithology 50 ppb 100 ppb 300 ppb 1000 ppb
Black shale (n = 8) 0 0 0 0
Dolostone (n=757) 2 09 1 0
Igneous (n=4) 0 0 0 0
Limestone {n = 584) 3 2 2 1
Metamorphic (n=210) 13 10 53 0
Sandstone (n = 16) 25 13 5 0
Shale (n = 326) 26 21 10 2

Overall {n = 1906} 8 6 3 0.5
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Figure 4. Results of a principal component analysis (PCA) biplot
of 25 analytes from the combined VAHWQP and NWIS data set.
The following analytes were removed due to incomplete data: ClI,
Ti, Se, Sr, Ba, and U.

juxtaposed with Mn and Fe, which are tightly coupled
and exert the most control in the negative PC2
dimension. Additionally, Si and P exert control in the
negative PC2 dimension, though to a lesser extent than
Mn and Fe. Separation by lithology is more prevalent
in PC2 than in PC1: while carbonates occur in both
positive and negative PC2 space, they are clustered
toward the positive and weakly negative PC2 space. In
contrast, shales are far more abundant in negative PC2
space.

DISCUSSION

From the PCA, and in conjunction with the VAHWQP
questionnaire, it can be inferred that PC1 is reflective
of in-home water treatment, including but not limited
to water softener systems that remove Ca and Mg in
exchange for Na from water softening salts. Thus,
untreated samples fall in positive PC1 space and

most accurately reflect the groundwater chemistry,
whereas treated samples fall in negative PC1 space.

A clear separation of samples by host lithology does
not occur along the PC1 axis, as might be expected

if PC1 is controlled by treatment and is independent
of processes occurring in host lithologies. While
metamorphic samples tend to fall disproportionately
in positive PC1 space, all other lithologies are equally
distributed across the PC1 axis. This reinforces the
notion that PC1 is water treatment status: whether or
not a sample has undergone treatment is completely
independent of host lithology.

Given the dichotomy between NO,” and aqueous Mn

and Fe, PC2 likely evinces redox conditions: positive
PC2 space reflects oxidizing conditions while negative
PC2 space reflects reducing conditions. This is further
supported by host lithology: abundant organic matter
within shales typically evokes reducing conditions
through decay processes, and the majority of shale
samples plot in negative PC2 space. Conversely, the
majority of carbonate samples plot in positive PC2
space, thus indicating that weathered carbonates in this
karst terrain are more oxic relative to shales.

Most trace metals do not heavily influence either
PC1 or PC2, as indicated by relatively short vectors.
However, they trend toward positive PC1 space and
negative PC2 space, which is indicative of untreated
samples under reducing conditions.

CONCLUSIONS

This study has determined that a combination

of redox conditions and host lithology is the

primary mechanism contributing to elevated Mn?*
concentrations in groundwater in select areas within
the Shenandoah Valley. Elevated Mn?* samples are
located primarily in shale host lithologies, which are
associated with reducing conditions that reductively
dissolve Mn oxides to mobilize Mn?* to groundwater
in the vicinity. Conversely, and as is consistent with
the findings of McMahon et al. (2018), weathered
carbonates in karst terrains are associated with an oxic
environment that stabilizes Mn in the solid phase and
reduces the quantity of Mn?* available in groundwater.
Overall, those who source drinking water from wells
in the Shenandoah Valley should be cautious of
consuming untreated water within shale lithologies,
whereas water sourced from carbonate lithologies is
relatively safe. Future work will involve the isolation
of only untreated samples within the VAHWQP data
set for further analysis.
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INTRODUCTION

In Rockbridge County, VA studying legacy sediment
grain size and elemental abundances elucidates
decades of major flood events, land use changes,
and the presence and mobility of heavy metals.

Chesapeake Bay drains a huge catchment that includes

the Maury River watershed in western Virginia
(Fig. 1). The Maury River provides water for many
communities (Fig. 2), making it vital to monitor
and study the water and sediments for potential
contaminants. Inorganic metals of concern include
both manganese and lead (Niemitz et al., 2012;
Kiracofe et al., 2017). Manganese can be toxic and
harmful to humans - especially infants and children
- at chronic low levels (Bjorklund et al., 2017). The
occurrence of these elements in sediments can be
traced back to the underlying lithology and the mining
history of the region.

Over the decades, impounded reaches and their
connected floodplains accumulated sediments and
may have captured heavy metals. Now, because of
dam removal, the concern is remobilization. Though
it is uncertain whether these heavy metal elements
will be linked in the sediment with larger precipitated
particles or in clays as bonded cations. Smaller clay
particles have higher surface area and may be able

to adsorb and absorb toxic elements depending on
water redox and pH characteristics. On the other hand,
larger particles may include heavy metal oxides and
hydroxides which have been deposited in the legacy
sediments (Pavlowsky et al., 2017).

The focus of this research is on the grain size and
heavy metal composition of a 2.6 m stratigraphic
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Figure 1. A map of the State of Virginia showing the locations
of the towns of Lexington and Buena Vista relative to the Maury
River, James River, and to Chesapeake Bay.

column taken from sediment layers that accumulated
behind a dam at Polecat Hollow (Fig. 2). Correlations
between grain size and metal elements within the
stratigraphic column can signify aspects about the
environment of deposition.

BACKGROUND

The Maury River drains from the Valley and

Ridge Province of Western Virginia and meets the
James River at a confluence south of the towns of
Lexington and Buena Vista (Fig. 1). The Maury

River watershed is mainly located in Ordovician

age limestone, sandstone and dolostone deposits

of the Beekmantown, Lincolnshire Edinberg and
Martinsburg Formations near Goshen Pass (Wilkes

et al., 2007). The lithology includes deposits high in
manganese, and mineralization along faults in the area
has created ores valuable enough to mine. There is
evidence for extensive mining in Rockbridge County,
including 23 mines or quarries and 17 foundries
(Wilde, 2022). Three of these mines were located near
our sample site, close to the town of Lexington (Wilde,
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Figure 2. An aerial photograph of the town of Lexington with three
of our sample sites shown along the Maury River and depicted by
the yellow stars, Polecat Hollow is outlined by a red box. Aerial
photo obtained from USGS Earth Explorer (EROS) database.

2022).

Over 64 different dam structures have been built in
Rockbridge County, many of them now have been
breached or removed (Wilde, 2022). Reid’s Lock

and Dam at Polecat Hollow existed from prior to
1863 until 1930 when it was removed. There are two
recorded historic floods for the time during which
Reid’s Lock and Dam were operational, one in 1893
and one in 1896 (USGS, 2022). This is pertinent
because higher volumes of water are able to transport
more sediment and larger grain sizes.

Grain size analysis determines the distribution of the
diameter of particles within a sample. Creating grain
size distributions (GSD) for each sample shows the
nature of the grain size spread, from which I interpret
the differences between layers. In addition, this study
explores manganese, lead, and iron abundances by
examining the interactions of these heavy metals with
clay rich layers and then large sand abundant layers.

METHODS

Field Sampling

We collected both sediment samples at eight different
sites concentrated mostly within the Maury River
watershed. The focus of this research on grain size
changes through time includes only sediment samples
collected from Reid’s Lock and Dam, colloquially
referred to as Polecat Hollow (sample site KDPH, Fig.
2). KDPH is located just downstream of the town of

Lexington.

At Polecat Hollow, we sampled from the northern

side of the channel about 100 m upstream of the dam
remnants. The process began with scraping away

any accumulated colluvium to create a vertical 2.6 m
stratigraphic column. A tape measure was placed with
0 cm at the top horizon, or ground surface level and
measured down to water level. We took ~10 g samples
every 10 cm by using a lab grade steel spatula (Fig.
3). During collection, descriptions of the layering
included the apparent grain size, color, and texture.

Sample Preparation

Removal of organic matter from each of the 16
samples chosen for grain size analysis ensured the
complete separation of particles. The process involved
repeatedly allowing 4-8 g samples to bathe in 30%
hydrogen peroxide until the organics were absent from
the sample (ISO, 2009). I deduced this by watching
the samples during addition of H202, and stopping the
process once they ceased to generate gas by oxidation.
Finally, I included Sodium Hexametaphosphate to
ensure particle separation. Samples did not require
sieving during preparation; all of the samples
contained only particles <2 mm when they were
collected.

Grain Size Analysis

At Whitman College the Mastersizer 3000 by

Malvern Instruments collects grain size data through

a multistep process ending with laser diffraction. The
method begins with adding processed sediment to a
swirling water bath to an obscuration of laser light
between 10 and 15%. The water bath then sonicates
the sample for a minute to ensure complete suspension
and separation of particles. Next, the water and sample
feed continually through a tube into the laser chamber.
The sample analysis procedure was set to take 5
measurements of each batch and at least 3 distinct
batches were run for each sample from KDPH. For
example, the sample collected at a depth of 20 cm at
Polecat Hollow would be analyzed with three separate
aliquot runs, as PH-20a, PH-20b and PH-20c. The
laser collects data by shooting light through the water
and suspended grains and collects information about
the angles of diffracted light.



Figure 3. A photo of one of the stratigraphic columns studied by
our team. We sampled starting at the top using the tape measure,
flags for marking, and lab spatulas to collect the sample. The same
method was used at KDPH.

Collected GSD data used in interpretation included
the D10, D50 and D90 (distribution percent which
is the size of the particle below which exists the
given percent distribution), the percent sand, silt,
clay, and the percent volume density of particles for
100 bins from 0.01 microns to 3500 pm in diameter.
The distinctions for clay, silt, and sand were <4 um,
4-62.5 pym and > 62.5 pm respectively. These GSD
graphs expressed each of the three measured batches
and the calculated average of three runs (Fig. 4).

RESULTS

Grain size distribution of the KDPH stratigraphic
sequence varies from sand dominant to silt dominant
in somewhat rhythmic layers. Overall, silt is usually
most abundant at depths greater than 20 cm. Figure

4 displays a typical GSD from a layer with high clay
content - 50 cm (PH-50) - and one with high sand
content at 140 cm (PH-140). The sample PH-50 shows
slight bimodal distribution with a small peak centering
around 0.5 pm and a broad peak at 50 um. In contrast,
PH-140 shows a single peak near 100 um with a slight
skew towards smaller grain size. To compare the
percent sand, silt, and clay, PH-50 shows 20% clay,
72% silt, and 7% sand whereas PH-140 has 6% clay,
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Figure 4. Two grain size distribution graphs, one from a depth of
50 cm and another from 140 cm. The red, green, and blue lines are
the three measured runs. The black line is the calculated average
of the three runs and shows the average GSD for these samples.

26% silt, and 68% sand.

Mean grain sizes for the entire stratigraphic profile
sampled ranged from 11.7 pym to 197.6 um (Fig.
5).The largest mean grain size of 198.6 um was
recorded at depth 0 cm. The average of all sample
means (the average D50) is 56.8 um. The average
percent clay in the 16 samples was 12% with the
average silt and sand being 49% and 39% respectively;
although there were large ranges of variability in both
silt and sand percent volumes. Silt dominates samples
in three layers and sand is most abundant in four
layers of the column at KDPH.

I performed X- Ray Diffraction analysis to determine
the mineral identities present and found quartz as the
only distinguishable mineral.

DISCUSSION

At the top of the column the larger grain size and
lower relative abundances of Fe, Mn, and Pb suggest a
distinct change in depositional environment, which is
probably due to the removal of the dam in 1930.

The data show some positive correlation between
median grain size (D50) and the abundance of Mn,
Pb, and Fe (Fig. 5). At the top of the column, at 0 cm,
we see the largest particle size. On the other hand,
concentrations for Mn, Pb, and Fe are at low at the top
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Figure 5. The average D50 value for each KDPH sample depicted stratigraphically and placed next to similarly oriented graphs
depicting the abundance of Mn, Pb, and Fe throughout the column. The elemental abundance data gathered and provided by Madeline

Holicky at Beloit College.

of the column (and the least abundant of all samples
for both Fe and Pb. Following this trend, other spikes
in D50 occur at depths of 90 and 140 cm. At these
horizons, all metals have lower concentrations. This is
consistent with the hypothesis that layers with larger
particles will have overall lower surface area and
therefore not allow as much heavy metal adsorption
as smaller, more clay rich layers in the stratigraphic
column. The sample depths with smaller mean grain
sizes include 40, 100 and 150 cm. Between these
three samples the variation of general elemental
abundances fluctuates a bit more, though the trend
shows overall greater concentrations of Mn, Pb, and
Fe. This is especially apparent at a sample depth of
100 with Mn and Fe. The amount of Pb at this depth
is low, which might suggest a complex relationship
between abundance of Pb with the abundances of Mn
and Fe - Mn and Fe tend to trend similarly throughout
the column, with both showing alignment of peaks and
troughs.

CONCLUSION

Grain size analysis of a stratigraphic column of
millpond sediments along the Maury River in
Rockbridge County elucidates the relationships
between grain size and heavy metal abundances.
The legacy sediments studied at Polecat Hollow
have overall grain size means in the range of clay,
silt and sand. The association of smaller particles

with higher Mn and Fe abundance suggests the

metals are correlated with clay abundance. The larger
particles therefore are generally not compositionally
inclusive of the highest amounts of Mn, Fe, and Pb.
The larger sediments at the top of the column are
likely associated with the removal of Reid’s Lock

and Dam signifying a distinct change in depositional
environment. The top 30-40 cm of the stratigraphic
column has much larger grain sizes, with lower

levels of heavy metals. This can be pertinent for
contamination studies and for monitoring the region.
This also can inform the future of dam removal in
relation to legacy sediment remobilization. Legacy
sediments have overall grain size means in the range
of silt and the active floodplain has much larger grain
sizes, with lower levels of heavy metals. The history
of land use in this column was more difficult to deduce
because we lack age constraints and accumulation
rates of sediments during the time the dam was active.
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INTRODUCTION

Between the 17th and 19th centuries, thousands of
dams were put in place in the state of Virginia to
provide waterpower for agricultural and industrial
purposes which caused an increased rate of
sedimentation in the floodplains behind these dams
(Walter and Merritts, 2008; Pizzuto and O’Neal, 2009;
Balascio et al., 2019). These sediments are more
formally known as legacy sediments because of the
location and time frame in which they were deposited
(Walter and Merritts, 2008; James, 2013; Balascio et
al., 2019). These sediments are of interest because
when dams are removed the legacy sediments are
remobilized, and can release harmful pollutants that
have built up in these sediments into the waterways
(Walter and Merritts, 2008; Pizzuto and O’Neal, 2009;
Kirwan et al., 2011, Palinkas et al., 2019; Balascio et
al., 2019). This study hypothesizes that the changes in
elemental and isotopic composition in these sediments
reflect the changes in land use in the Maury River
watershed in Virginia. The Maury is a tributary of the
James River, which is part of the Chesapeake Bay
Watershed (Fig. 1).

This project is part of a Keck Geology Consortium
project focused on the historical and potential future
impacts of millpond dams on surface water quality.
This research will support the overall project by
providing data regarding changes in land use since
colonial times, the presence of geochemical pollutants
in the sediments, and how those can affect the water
quality in the Chesapeake Bay watershed.

Proxies

The proxies used in this study are as follows: total
organic carbon (TOC), total nitrogen (TN), carbon

Susquehanna Riwer Basin

Figure 1. Chesapeake Bay Watershed. Rockbridge County is the
gray polygon within the James River Basin. Map by Kallan Wilde.

to nitrogen ratio (C:N), nitrogen isotopes (6'°N),
carbon isotopes (6"3C), and trace metals (Mn, Fe, Pb).
The carbon to nitrogen ratio distinguishes between
the amount of aquatic organic matter and terrestrial
organic matter. TOC represents the fraction of organic
matter that accumulated, while C:N values identify
increases and decreases in the deposition of land
organic matter from changes in land use (Meyers,
1997; Dean, 1999; Meyers, 2001). 6N and 6"*C
values can indicate trends relating to anthropogenic
activities such as fossil fuel burning and atmospheric
fallout (Holtgrieve et al., 2011; Dean et al., 2014).
Changes in phytoplankton in lake matter can also
cause an increase in nitrates, used to complement the
C:N values to show an increase in land usage such

as an increase in agriculture following deforestation
(Hecky and Kilham, 1988; Meyers, 1997; Meyers,
2001; Balascio et al., 2019). The trace metals are
proxies for different land uses such as mining, metal
forging, and construction (Niemitz, et al., 2013;
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Balascio et al., 2019).

METHODS
Sampling

Samples from the banks behind removed dams were
collected at numerous locations, including Polecat
Hollow and Jordan’s Point (Fig. 2). In the vertical
river banks, a sediment sample was taken every 5 to
10 centimeters from the top of the bank to the bottom
(Fig. 3). We interpreted the bottom of the bank to

be the present water level of the river, based on the
presence of in situ tree stumps dated to the late 1700s,
consistent with the onset of milling activity in the
region (losso and Harbor, 2020).

Elemental Analysis

Sediments were dried overnight for 48 hours in an
oven at 35°C and were ground using a mortar and
pestle to homogenize the samples for total carbon and
nitrogen analyses. A subset of samples was rinsed with
HCI to remove inorganic carbon before pulverization
and elemental analysis. Carbon and nitrogen elemental
concentrations and stable isotope ratios for dried and
powdered sediment samples were determined using

a Costech ECS 4010 elemental analyzer coupled to

a Thermo Electron Delta Plus stable isotope ratio

mass spectrometer at Washington and Lee University.
Carbon and nitrogen isotope data were calibrated
using the USGS-40 standard. Elemental C and N were
corrected based on an acetanilide standard. Duplicate
measurements of unknowns were used to establish
precision: standard deviations were better than 0.007
for %N, 0.08 for %C, 0.1 for 8'°N, and 0.5 for 5'*C.

PXRF

Samples were analyzed using a Thermo Fisher
Scientific Niton XL3t GOLDD++ Handheld XRF
using the Test All Geo analysis mode at Beloit
College. The standards used were NIST 2709a (180-
649) San Joaquin Soil, Thermo Fisher 180-647 Si02
blank, USGS SGR-1b Green River Shale, USGS
SBV-1 Brush Creek Shale, AMIS 0547 Dolomite,
Olifantsfontein, South Africa, AMIS 0461 Limestone,
South Africa, and USGS W-2 Diabase. Mn, Fe, and
Pb were calibrated based on these standards using the

1 Rockbridge County, VA
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Figure 2. Legacy sediment and water sampling sites in Rockbridge
County, VA. Red pins are sample collection sites at extant dams
and green pins are sample collection sites where the dam has been
removed. The inset map is a close-up map of the sites on the Maury
River. The only sites reviewed in this study are Jordan s point and
Polecat Hollow. Map by Kallan Wilde.

method of Rowe et al. (2012).

RESULTS

We assigned three broad temporal zones to the
stratigraphy to contextualize changes through time

at each site. These zones were based on trends in the
proxies, some of which were consistent between sites.

Jordan’s Point

The lowermost zone of interest is from 350 to 140 cm.
In this zone, there are increases in C:N and 6*C and
they parallel one another throughout the column (Fig.
4). 6N steadily increases throughout this part of the
column, and Fe and Mn increase until they decrease
above 200 cm. Notably, the trace metals (Fe, Mn, Pb)
are sampled at a coarser resolution in this zone, which
limits our ability to compare their trends to the other
proxies.

The middle zone of Jordan’s Point chemostratigraphic
column is from 140 to 60 cm. A major spike occurs in
the C:N at 140 cm, and TC and TN steadily increase.
0N is invariable for the middle zone. There is a large
spike in both Mn and Pb at the beginning of this zone
after which they decrease. Fe decreases slightly over
the course of this zone (Fig. 4).

The uppermost zone is between 60 and 0 cm and is
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Figure 3. A photo of a student collecting samples from a bank at
the Jordan s Point locality.

distinguished by the overall decrease in C:N, "N,
0"3C, and the trace metals. There is a slight increase
in both the C:N and 4"C followed by a decrease in
both until 0 cm. At 60 cm a sharp decrease in the 6'SN
is present, the same trend occurs with the Mn, Fe, and
Pb. The TN and TC increase from 60 to 0 cm (Fig. 4).

Polecat Hollow

The lowermost zone of interest is from depths of 260
to 190 cm. In this zone the TOC and C:N trends both
increase at 230 cm after which they decrease. TN also
spikes at 220 cm, but in less magnitude than C:N and
TOC. The Mn and Fe trends increase steadily until a
depth of 190 cm, which marks the end of the zone.
Throughout the zone Pb ranges from 8 to 21 ppm (Fig.
5).

The middle zone of interest is from 190 to 90 cm. TN,
TOC, C:N, Fe, and Mn do not vary often throughout
this part of the column, except for their increases at
100 cm. The Pb concentrations are relatively invariant

(Fig. 5).

The uppermost zone begins at a depth of 90 cm where
a few of the trends change. There is a large increase in
C:N and a slight increase in TOC at a depth of 20 cm,
after which both trend to lower values. TN increases
at the beginning of this zone and then stays fairly

consistent. Fe and Mn decrease at 30 cm until depth of
0 cm while Pb starts to decrease at 20 cm until 0 cm

(Fig. 5).
DISCUSSION

Both Jordan’s Point and Polecat Hollow localities
show trends that relate to the hypothesis. These trends
are divided into zones of interest, which represent
three broad intervals of time: 1. post-colonial forest
clearing activities and early agriculture and mining in
the Shenandoah Valley region, 2. the stabilization and
continuation of agriculture in the area and the decrease
in mining, and 3. an overall increase in the effects of
anthropogenic activities like farming and burning of
fossil fuels as discussed below. Both sites show these
three broad zones, albeit at different levels in the bank
stratigraphy (Fig. 4, 5).

The zones are referred to by depth from the bottom

of the column to the top. The dates for the top and
bottom of the column were assigned based on when
the dam was put into place (bottom) and the present
(top) assuming the sedimentation rate was constant. A
constant sedimentation rate is unlikely, but there is not
currently an established age model that would more
accurately represent changes in sedimentation rate
through time. The river is still capable of overtopping
its banks and depositing sediments after dam removal
(Kirwan et al., 2011; Palinkas et al., 2019, Tosso and
Harbor, 2020), hence the date of 2021 at the top of the
bank.

The assigned zones for Polecat Hollow and Jordan’s
Point somewhat align. While the zones and some of
the trends in both represent the same three changes

in land use, there are differences in the lengths of the
zones along with differences in the trends overall (Fig.
4, 5). Because sedimentation rate changes while the
dams are in place due to the removal of trees in the
surrounding landscape, along with intense weathering
events, and then changes significantly after the dams
are removed due to changes in mean water level,
(Iosso and Harbor, 2020), it is very difficult to cross-
compare the localities’ chemostratigraphy by layer.

The geochemical analysis of sediments at Jordan’s
Point reveal land use changes based on elemental
changes seen in the chemostratigraphy. The lowermost
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Figure 4. Chemostratigraphic profile for Jordan s Point. Zones of
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Polecat

™ (%) TOC (%) CN Fe (ppm) Mn (ppm) Pb {ppm)
Hollow b i 10 20 Years
Depth 06— 500 1500 bt
{em) (\-’ T ?
o1
1
50| i
b (
00| - el
’
e 5
= i
150
(;- {K ‘\ll
200 { & §
. S <7 g

1863

05 115 [ 10 30
Figure 5. Chemostratigraphic Profile for Polecat Hollow. Zones
of interest are as follows: lowermost (green), middle (yellow) and
uppermost (orange).

zone is characterized by an increase in C:N and TC

in the lower depths of the column, which suggests an
increase in deforestation. Likewise, the concentrations
of Fe and Mn increase over this zone. These trends
are likely related due to the burning of trees to power
metal forges during the late 1800s into the early
1900s. (Miller, 1996; Wilkinson and McElroy, 2007;
Pavlowsky et al. 2017; Niemietz et al. 2013; Balascio
et al. 2019). These same trends in C:N, TOC, Fe, and
Mn occur in the lowermost zone of Polecat Hollow
(Fig. 5). Thus, it appears that deforestation can be
correlated with the increase in heavy metals related

to mining and forging of these elements in the region
as (Miller, 1996; Wilkinson and McElroy, 2007,
Pavlowsky et al., 2017; Niemietz et al., 2013; Balascio
etal., 2019).

The increasing trends for trace metals Fe and Mn
correlate with changes seen in C:N and may be
attributed to increases in mining and smelting in the
area (Balascio et al., 2019; Pavlowsky et al., 2017,
Scott 2015). Scott (2015) describes the fourteen
furnaces that operated between 1820 and 1920 and the
large number of iron ore deposits present in the area.
The furnaces needed a great amount of iron ore to
operate; on average it took 10 tons of ore to make one
ton of pig iron (Scott, 2015). The increases in Fe and
Mn in the lowermost zone at Jordan’s Point may be
related to this increase in mining and forging activity

(Fig. 4).

The middle zone of Jordan’s Point likely represents
the decline in mining in the area and the stabilization
of agricultural practices. There are increases in TOC,
C:N, Fe and Mn in Polecat Hollow’s middle zone

which can also be attributed to these land changes.
Balascio et al. (2019), describes how Lake Matoaka
showed significant fluctuations in TOC and C:N due
to the terrestrial-derived organic matter due to early
agricultural practices in the area. In this zone, there

is also a slight increase in Pb followed by Mn, and
which may all be related to the increase in agricultural
activity in the early 1900s (Niemitz et al., 2013,
Balascio et al., 2019). Niemitz et al. (2013) relates

the presence of heavy metals in agricultural soils and
sediments surrounding farms to fertilizer usage. The
increases in both Fe, Mn and Pb could be a reflection
of the increase in fertilizer usage, such increases are
also seen in the middle zone of Polecat Hollow in the
Fe and Mn (Niemitz et al., 2013; Balascio et al., 2019)
(Figure 4, 5)

The uppermost zone for both sites is characterized
by a decrease in C:N and all of the trace metals. At
Jordan’s Point, where isotopic values were measured,
there are declines in 8'°N, and 8'*C. The decrease

in 6"°N is consistent with the atmospheric fallout of
isotopically depleted nitrogen seen by Holtgrieve et
al. (2011), which is due to the increased, widespread
industrial N production in the past half-century. This
change in 8N is also related to 6"*C. A shift to lower
813C after ~1950 CE may be attributed to the increased
consumption of fossil fuels and increased use of
fertilizers (Dean et al., 2014).

Throughout most of this zone at both sites Fe and Mn
decrease gradually until the end of the column, which
could be attributed to the shift away from the Fe and
Mn mining and smelting operations (Figure 4, 5).
According to Scott (2015), the mining of iron ore and
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the iron industry in general, decreased significantly
after the 1920s (Miller, 1996). This could explain the
general decrease of C:N and TOC throughout this

zone in Polecat Hollow’s chemostratigraphy because if
less mining was happening, then less deforestation to
power forges would occur (Meyers, 1997; Dean, 1999;
Meyers, 2001; Balascio et al., 2019).

CONCLUSION

Based on the trends in the chemostratigraphic data, the
hypothesis of this research can be supported. Although
the age control of that data is lacking, there are general
trends whose order is consistent with the overall
history. Because of the trends relating to the mining of
iron ore, and agriculture, it is reasonable to conclude
that the sediments deposited behind 19th century
milldams preserve a record of human activities in the
Maury River watershed.

There were some limitations to the study, including
the lack of absolute time constraints for the data,
which made interpreting the timing of changes in land
use difficult. Another consideration is the effect of
fluvial processes on these sediments. This study was
conducted on Maury River bank sediments, whereas
many of the studies that apply similar methodologies
are based on lake sediment archives. Thus, there could
be influences on these geochemical data that are not
accounted for in our interpretations.

With more research on the legacy sediments, there
will be a greater understanding of the intensity that
human activities long term and short term have on
fluvial sediments and how those sediments impact the
environment overall.
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INTRODUCTION

Dam removals have increased in frequency in the 21
century (USGS Dam Removal Information Portal,
2020), and the environmental and geomorphological
impacts of dams have been a popular topic of scientific
study. Dams contribute to the fragmentation of rivers,
in which a free-flowing channel is restricted to a
number of slow-velocity or slackwater reaches (Graf,
1999). Slowed water velocity allows fine grains to
settle, causing a localized buildup of fine sediment
and depleting downstream areas of this material. By
interrupting the natural movement of eroded solids
and waters in rivers and changing the flux between
reservoirs, fluvial systems begin to interact differently
with the land through which they run (Marren, 2014).
Dams are able to propagate signals up and downstream
upon their emplacement; they cause an increase in
local base level and cause a significant obstruction in
the channel (e.g., Leopold & Bull, 1979; Merritts et.
al, 2013; Dow et. al., 2020). Similarly, the removal

of dams has the potential to interrupt the equilibrium
state of a river, causing bank instability and incision
into the riverbed, among other geomorphological
reactions (Simon, 1994). Short-term studies on dam
removals have been well-studied over the last few
decades, but long-term channel impacts are far less
understood (e.g., Merritts et. al., 2013).

The Maury River, a 42.8-mile-long tributary of the
James River, is characterized by a coarse bed load and
armor, consisting mostly of rounded Cambrian Keefer,
Rose Hill, and Tuscarora sandstone cobbles and
angular Ordovician Edinburg limestones. The Jordan’s
Point Dam (Fig. 1), a low head structure dating back
to 1805, is one of numerous mill dams and lock-and-

Figure 1. The Jordan s Point Dam, seen looking upstream, in March
2019. The structures downstream of the dam are concrete pylons,
which were part of an old railroad bridge (Young, 2019); they have
since been moved and now reside on river left downstream of the
dam.

dam structures constructed on the Maury River in
response to increased industrial activity. After a 70-
year obsolescence, the structurally unsound dam was
removed in May 2019; WLU student Chantal losso
(2020) established baseline conditions following the
removal of the dam and predicted future conditions.
Notably, she found that the dam did not store
significant quantities of fines during its emplacement.
My investigation aims to characterize channel
change over the last two years, using losso’s data

for comparison, in order to define the extent of post-
removal channel restructure and adjustment. I will
also provide quantitative data estimating change in
channel area and the approximate volume of sediment
mobilized since the dam removal.
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METHODS
Field methods

Cross sections were measured in Summer 2021.
Locations were selected based on cross sections
measured in losso and Harbor (2020) (Fig. 2). The
sections immediately above and below the dam
experienced the most channel change and restructuring
since 2019, and were thus subject to repeat
measurement. Cross sections were measured using a
TopCon GTS-301 Total Station to capture changes in
elevation or channel morphology, both of which can
indicate changes in river behavior. Channel width is
thought to have undergone negligible change from
2019 to 2021 due to the relatively short time frame
of the study; channel adjustments of this magnitude
generally occur on a longer timeframe (e.g., Simon,
1994; Wolman and Leopold, 1957; Merritts et al.,
2013).

Channel bed grain size analyses followed the Wolman
pebble count procedure using a gravelometer. Three
samples were measured at every meter along the
transect. We calculated the mean grain size, or d,,
with this formula:

(smallest grain size (mm) x # obs.) + ... (largest grain
size (mm) x # obs.)/ (total obs.)

We calculated d,, by multiplying total observations
by 0.9, then noting the value of the corresponding
observation. During these calculations, any specimen
with a grain size larger than 180 was assigned a size
of 180+ millimeters and a phi value of 256, pertaining
to the next largest size on a gravelometer. Given the
exceptionally coarse nature of the alluvium, such an
adjustment was performed numerous times. The focus
of the grain size sampling was to understand longer-
term changes in bed armor size and river competency.

Analytical methods

The resulting cross section plots constructed in
Microsoft Excel were used to calculate channel
measurements in three dimensions, including wetted
perimeter, change in channel area, and volume of
alluvium removed. Wetted perimeter was calculated
using Pythagorean’s Theorem. Waterline positions

.-‘.' - —
Figur 2. Aerial view of 2019 and 2021 cross section locations.
Inset map shows location of dam in the Maury River watershed.

= .

noted during fieldwork were used to denote the
boundaries of these measurements. Channel area was
calculated based on changes in bed elevation made
visible by the cross section projections. Trapezoidal
under-curve area was calculated for each year; 2019
and 2021 under curve areas were subtracted from each
other to determine total change in channel area.

The total volume of material removed between

each cross section was calculated using a piecewise
integration, which took distance and change in channel
area at each cross section into account. The resulting
value estimates the entire volume of sediment
removed by extrapolating the results from each cross
section onto the entire 376-meter-long study area.

Critical shear stresses for the d,; and d,, were
calculated in order to gauge changes to the mobile
fraction of alluvium; the following critical shear stress
equation, developed by Shields (1936) and modified
by Fischenich (2001) was used:

T, =0.06 x g(p, — p,, )d x Tane

Where t_ is the critical shear stress, g is the
acceleration due to gravity, p_ is the density of water,
p, is the density of the substrate, d is the particle size
of interest, and ¢ is angle of repose of the substrate.
Substrate density was assigned a value of 2659 kg/m?
according to the bulk density of Tuscarora sandstone,
a major unit making up the bed load in the Maury
River (Manger, 1963).
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RESULTS

Degradation, or localized removal of channel
sediment, is the dominant channel response in all
cross sections. Where alluvium has been removed, the
“pockets” of removed alluvium tend to be lenticular in
shape. Pockets in the upper reaches tend to be shorter
and deeper, occurring more as concentrated zones
rather than vast degradational areas found in the lower
reaches (Fig. 3). In comparing the 2019 and 2021
cross sections, the thalweg seems to have migrated
from the center of the river to river left and changed
in profile from a sharp ‘v-shape’ to a gentler-sloped
and wider zone of high-velocity flow, particularly

in the upper reaches. Despite the consistent trend of
degradation, channel shape is variable between the
upstream and downstream areas.

In the upper reaches (Cross Sections 6, 7, and

8), degradation signals were strong and channel
restructure was relatively consistent in shape and
distribution. Repositioning of the thalweg to the center
of the channel and significant erosion of material has
resulted in a trapezoidal channel shape, particularly at
Cross Sections 6 and 7 (Fig. 3); the thalweg is located
on river left at Cross Section 8.

In the reaches just above the dam (4 and 5), the

trend of degradation continues to a varying extent.
Cross Section 5 remained practically unchanged
between 2019 and 2021 and experienced only minor
degradation. Cross Section 4 was subject to a high
degree of degradation, and the elevation of the channel
bottom has been reduced by a noticeable amount.

Degradation continues at and below the dam, though
to a lesser magnitude than observed upstream.
Channel roughness increased between 2019 and 2021
at Cross Section 3 (site of the dam), and numerous
small v-shaped breaks in the dam structure have
developed. The channel at Cross Section 1 below

the dam is wider, flatter, and generally symmetrical
in shape. Degradation in this area is minor, but
distributed throughout the entire channel instead of in
pockets.

Channel area (Fig. 4) increased between 2019 and
2021 at every cross section. Minimal change in
arca was observed at the dam (Cross Section 3) and
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Figure 3. Example cross section from the upper reach, about 300
meters upstream of the removed dam.

the maximum observed change in area occurred

just upstream at Cross Section 4. Percent change in
channel area was disproportionately large at Cross
Section 6. Taking the changes in channel area into
account, an estimated 3,934.7 m? of alluvium has been
mobilized between 2019 and 2021 over the course of
the 376-meter study site.

Both average grain size and grain size distribution
increased between 2019 and 2021. 2019 d,, values

for Cross Sections 4, 7, and 8 were the same, but a
higher d,) value was recorded for Cross Section 4.
2021 measurements recorded the highest d, value for
Cross Section 1, and the highest d ;, values for Cross
Section 4. The d, at Cross Section 4 is double that of
Cross Sections 7 and 8, exceeding the 1.67x difference
observed in 2019. Between 2019 and 2021, the percent
increases in d, from downstream to upstream (4 to 8)
are 187%, 111%, and 101%. The percent increases in
d,, are 105%, 70.6%, and 70.6%. Greatest changes in
average and 90th-percentile grain sizes are present at
cross section 4, just upstream of the former dam site.
Shear stresses have declined between 2019 and 2021
at each cross section. Critical shear stress increases at
each cross section reflect the aforementioned changes
in grain sizes between 2019 and 2021.

DISCUSSION

Channel cross sections recorded a change in channel
area from 4-25 m?, with proximity to the dam and
channel substrate acting as the largest controls. Lowest
levels of degradation were recorded at Cross Section
5, the only location where limestone bedrock makes
up a significant part of the channel. Mobilization
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Figure 4. Calculated change in channel area between 2019 and
2021.

of this limestone bedrock is heavily dependent on
numerous conditions; entrainment, or ‘quarrying’ of
bedded carbonates is controlled by the location and
orientation of fractures as well as hydraulic conditions
(Miller, 1991). The evolution of bedrock channel
systems in response to disturbances is also understood
to operate on a longer timeframe than alluvial systems.
Thus, the retention of channel structure at this location
makes sense given the channel substrate.

The highest degree of degradation occurred just
upstream of the dam at Cross Section 4, where the
erosive effect of dam breaching would be strongest.
Distribution of degradation downstream of the dam
was measurable (7 m?) but shallow and relatively
evenly distributed within the channel, as opposed to
the pocketed removal visible in the upper reaches.
losso (2020) recorded higher channel bed elevations
in a sediment ramp immediately upstream of the dam,
but this was the only significant buildup of sediment
in the channel recorded in 2019. Iosso hypothesized
that grain sizes as large as cobbles (64-256 mm) were
able to be transported over the dam during high flow.
Pearson and Pizzuto (2015) made similar observations,
noting that transport of sediment over a low-storage
impoundment was aided by a sediment ramp.
Degradation at Cross Section 4 has likely recorded the
mobilization and leveling of this ramp, as opposed to
the incision of a legacy sediment package.

Changes in channel bed armor makeup reflect the
changes in flow conditions made evident by the
cross sections. Percent change in grain size decreases
in magnitude moving upstream, given the inverse
relationship between geomorphic signal intensity
and distance from the disturbance (Simon & Hupp,
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1987). Additionally, bed armor grain sizes in the
upper reaches tend to be smaller than those at and
downstream of the dam site; a wider range of values
was also observed in the lower reaches. The growing
range of grain sizes and diversity of channel structure
is reflective of a restoration of unobstructed flow, in
which flow conditions and sediment behavior differ
greatly depending on location (Kibler et al., 2011).
This is in contrast to the prior dammed status of the
river, wherein the river was restricted to a dammed
‘pool’ and was subject to slackwater conditions.

HEC-RAS modeling by losso (2020) found that a
significant increase in sediment transport capacity

was likely for the 500 meters of river upstream of the
dam; given the extent of degradation and coarsening
of the riverbed, this prediction appears to have been
correct. At the time of sampling, losso found that d,,
cobbles were mobilized by events as small as 2-year
floods; however, her recorded d,, values of 74-150
mm are comparatively smaller than the 128-256 mm
range observed in 2021. Floods are known to serve

as major geomorphic events that have the potential to
mobilize a large range of cobbles. Between 2019 and
2021, peak discharge was recorded as a 1.5 year flood
(USGS NWIS, 2022). Elevated transportation capacity
has likely played a major role in the shaping of the
channel. The relatively minor peak discharge between
2019 and 2021 was able to transport material, meaning
that high-discharge events will continue to erode the
mobile fraction of the subarmor. Currently, interplay
between sediment load and transport capacity continue
to define the extent of equilibration; as the bed armor
coarsens, mobile sediment supply is increasingly
limited. As expected from the increase in grain size,
critical shear stress of d,; sediment in 2021 (112.4 -
224.9 N/m?) is notably higher than 2019 (65.9 - 109.8
N/m?), and no observations support a significant
change in flow conditions following losso’s work.

CONCLUSIONS

Between 2019 and 2021, conditions in
the Maury River have been conducive to mass
mobilization of sediment and channel restructure. The
degradation of almost 4000 m?® of sediment from the
376 meter reach is consistent with observations from
other dam removals (e.g., Merritts et. al, 2013; Kibler
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et. al, 2011; etc), though this degradation has likely
occurred to a lesser extent due to the coarseness of
the alluvium. Bed armor grain size analyses support
an immediate winnowing of fine sediment stored in
the channel was induced by the dam removal and
subsequent base level fall. Mobilization of remaining
larger cobbles is ongoing, but peak sediment flux has
likely already occurred (e.g., Merritts et al., 2014).
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INTRODUCTION

An assessment of stratified reservoirs and their impact
on aqueous geochemistry is imperative to mitigate
the effects of Mn and N contamination. Seasonally
stratified reservoirs allow metals, such as manganese
(Mn) and iron (Fe), to accumulate in the water
column due to reducing conditions, and be released to
downstream rivers through dam discharge (Munger et
al., 2017). Dam removal can remobilize and release
soluble contaminants from impounded sediments to
water systems, and transport them downstream along
with the now remobilized sediments (Niemetz et al.,
2013; Curran and Coveleski, 2021). Mn and N are

of particular interest, due to their known impacts on
human and environmental health. This study aims to
better understand contaminants in water systems for
the purpose of improving water quality.

Manganese is a naturally occurring metal that has
been identified as a potential contaminant in Roanoke
County groundwaters (Kiracofe et al., 2017) and
dam impacted water (Munger et al., 2017). In oxic
waters, insoluble Mn is trapped in benthic sediments
as Mn (oxyhydr)oxide minerals or bound to stream
sediments via sorption processes, as evidenced by
changes in aqueous Mn concentrations downstream of
dams (Gordon et al., 1984; Hess et al., 1989; Dortch
& Hamlin-Tillman, 1995; Ashby et al., 1999). In
anoxic conditions (such as those at depth within a
lake or reservoir), Mn can be reduced to Mn?* which
is most stable in the aqueous phase, thereby allowing
the metal to become heavily concentrated (Davison,
1993). If waters are released via a bottom sluice gate
or dam tailrace, Mn?" can be transported downstream,
and may be present in the flowpath for months after
leaving reducing conditions (Munger et al., 2017).
When the tailrace transports anoxic impounded

sediments and water, the contaminants accumulate
further downstream, thereby impacting community
and environmental health.

Elevated concentrations of Mn?* and other
contaminants in water have a negative impact on the
quality of human life. When ingested over extended
periods of time even in relatively low concentrations,
Mn?** presents symptoms of headaches, depression,
and learning impairments in children (Spangler

and Spangler, 2010). Consequently, the EPA has
established an unenforceable Health Advisory (of 300
ppb Mn) in drinking water to decrease Mn** health
effects (EPA, 2004).

The greatest threat to the Chesapeake Bay Watershed
is eutrophication— the excessive nutrient enrichment
as a result of phosphorus and nitrogen in water causes
hypoxia, and a decrease in aquatic life (EPA, 2021).

P and N are of particular interest as, when released
from legacy sediments post-dam removal, they are
difficult to control (Riggsbee et al., 2011). Phosphate
is an anion that is naturally derived from phosphorus
in phosphate minerals,which are mined for agricultural
and industrial use (Florida Industrial and Phosphate
Research Institute 2017). Phosphorus and nitrogen
can enter watersheds as runoff from industrial,
agricultural, and household cleaning products
(European Environmental Agency, 2005). Increased
P in water systems leads to eutrophication, creating
anoxic water conditions ideal for Mn?* solubility.
Monitoring and identifying sources of excessive N
and P enrichment is imperative to restoring watershed
health. When a dam tailrace transports remobilized
sediments, impounded waters, and soluble metals, the
downstream water and ecosystems may be polluted
with Mn?*, N, and P.
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The area of focus is the Maury River in Rockbridge
County, Virginia (VA), located in the James Basin

of the Chesapeake Bay Watershed. The Maury

River contains many structures; our focus is a
combination of six obsolete as well as operating dams.
Most obsolete dams are along the river, with Lake
Merriweather at its headwaters (Fig. 1). McCormick’s
Mill Dam is located outside of the Maury River
watershed. Sites were selected to evaluate changes

in water geochemistry as a function of stratification
and location. In this assessment, we analyze aqueous
geochemical characteristics to evaluate potential
pollutants, with a focus on soluble aqueous manganese
([Mn?*"]), phosphorus and total nitrogen (TN).

METHODS

Data collected included GPS coordinates, water

at varying depths, and field data. To collect in situ
water chemistry field data (pH, dissolved oxygen,
temperature, and specific conductivity), a YSI 556
Multi-Probe System (MPS) was lowered to the desired
depth. All bottled samples were immediately sealed
and promptly refrigerated upon return to the lab. One
aliquot of each sample was filtered; another aliquot
was filtered and acidified. A phenolphthalein titration
with a bromocresol green-methyl red titration test
was used to collect alkalinity measurements. Filtered
but unacidified samples were analyzed for major
cation (e.g., Ca*", Mg*, Na*, K, NH,") and anion
(e.g., CI, SO,*, NO*, NO*) concentrations by ion
chromatography (IC) analysis. TN was calculated as
the sum of ammonia (NH,"), nitrate (NO>), and nitrite
(NO?*). To perform the inductively coupled mass
spectroscopy (ICP-MS) analysis (P, CI, K Al, Fe, Mn),
the filtered and acidified samples were diluted with

a 1:1 ratio with 2% nitric acid solution (trace metal
grade).

Sites of interest included reservoirs behind extant
dams, and former dam localities where pockets of
stagnant water remained (Fig. 1). Extant dams were
found at Lake Merriweather (LM), McCormick’s
Mill Dam (MMD), and Natural Bridge Dam (NBD).
Obsolete dams include Polecat Hollow (PH),
Stratton’s Dam (SD), Furr’s Mill Dam (FMD), and
Jordan’s Point (JP).

t Rockbridge County, VA

Legend
@ Active Dam ~county line
—Maury river

Removed Dam " lames River

om |

Figure 1. Sample sites in Rockbridge County, VA. Red points show
operating dams. Green points show demolished dams. Figure by
Kallan Wilde.

RESULTS

As expected, DO and temperature change as a factor
of depth. At McCormick’s Mill, where sampling

was repeated every 3-4 months, DO increases from
summer to winter as expected due to the temperature
dependence of gas solubility (Fig. 2A). Temperature
decreases with depth, as expected. The aqueous Mn
concentration generally increases from shallow waters
to deep waters (Fig. 2B). Total nitrogen varies with
depth, initially decreasing, before increasing towards
the bottom of the reservoir (Fig. 2C).

Lake Merriweather has the largest range of Mn?*
concentrations, and the greatest TN concentration of
all sample sites (Fig. 3A). Over 25% of data collected
at LM lies above the EPA human health advisory
benchmark of 300 ppb (HA). The upper quartile is
log(Mn?*)=1.93. The lower quartile is log(Mn*")=0.55.
McCormick’s Mill Dam contains the second highest
concentration of Mn?'. All other obsolete dams
contained Mn?* concentrations that did not exceed
EPA standards, but show a medium-large distribution
(Fig. 3). In comparison, NBD has negligible Mn?*
concentrations, and the smallest distribution of data.
Mn?* concentrations that exceed EPA standards are at
LM and MMD.

The highest concentration and distribution of TN is at
Lake Merriweather. TN exceeds HA EPA guidelines
at all sites (Fig. 3B) (EPA, 2009). Phosphorus does
not exceed SMCL EPA limits at any site on the Maury
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Figure 2. A) Relationship between dissolved oxygen (mg/L) and depth. DO decreases with depth for samples from Lake Merriweather
(LM) and McCormick’s Mill Dam (MMD). Chemoclines for (B) Mn(1l) and (C) total nitrogen. Mn(Il) increases with depth for both
samples from LM and all samples from MMD collected in summer. Only the water sampled in fall from MMD had no clear relationship

between Mn(1l) and depth.

River (Figure 3D). Iron exceeds SMCL only at Lake
Merriweather (Fig. 3C). The highest concentrations
for aqueous Mn?*, TN, and Fe are found at Lake
Merriweather. The largest concentration of P can be
found in the non-stratified reservoirs.

All non-stratified sites and Lake Merriweather have
similar hydrochemical facies (Fig. 4). These samples
present a calcium cation type, and a bicarbonate anion
type, which corresponds to a calcium bicarbonate
type. The samples demonstrate that weak acids exceed
strong acids. Finally, we can determine that alkaline
earths exceed alkalis in these samples.

With some minor differences in anion and cation
concentrations, MMD exhibits similar hydrochemical
facies to other sites (Fig. 4). The sample demonstrates
that weak acids exceed strong acids and that alkaline
earths exceed alkalis. Furthermore, MMD has higher
total dissolved solid (TDS) than all other sites.

IMPLICATIONS OF THIS WORK

Are waters behind dams stratified?

Three dams were tested for stratification: LM,

MMD, and NBD. LM and MMD are stratified, with
temperature and DO decreasing with increasing depth.
NBD is not stratified; its reservoir is not large enough
to allow for significant changes in temperature and
DO with depth. Similarly, all other sites (obsolete

dams) are not stratified.

Stratified reservoirs are characterized by changes in
temperature and DO with depth. Furthermore, this
study investigated the stratified characteristics of
specific conductivity; conductivity increases with
depth. Greater conductance reflects an increase in total
dissolved solids. Lastly, LM can be categorized as
‘more stratified’ than MMD — its lower temperature
and DO correspond with a low specific conductivity
and higher concentrations of Mn*".

Are contaminants, including Mn, present behind
dams?

All sites contain aqueous Mn** (Fig. 2A) with variable
concentrations. Mn** exceeds the Environmental
Protection Agency (EPA) human health benchmark

at LM and MMD (Fig. 3A), the only two stratified
reservoirs. At these two sites, Mn?* increases with
depth, where low oxygen conditions exist. Lake
Merriweather performs regular flushes; water mixing
as a result of water mobilization oxidizes the reservoir.
Under such conditions, soluble Mn may be mobilized,
but eventually decreases in concentration downstream
via oxidative precipitation or sorption processes
(Gordon et al., 1984; Hess et al., 1989; Dortch &
Hamlin-Tillman, 1995; Ashby et al., 1999; Munger

et al., 2017). This scenario can serve as a model for
‘dam removal’ and the resulting impacts on water
chemistry. If a dam is removed, then the reservoir no
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Figure 3. Box plot showing log(Mn?") distribution between LM,
MMD, and the non-stratified reservoirs of the Maury River. Non-
stratified reservoirs contain Polecat Hollow, Stratton’s Dam,
Jordan's Point, and Furr’s Mill Dam. Lower boundary has Natural
Bridge Dam. Blue boxes are the upper quartile of data; orange
boxes are the lower quartile. Red line marks EPA Secondary
Maximum Contaminant Level (SMCL) log(50 ppb), purple line
marks EPA Health Advisory (HA) log(300 ppb).

longer stratifies, and soluble materials are remobilized
in an oxidized environment, eventually changing to
insoluble forms. Less aqueous Mn?* results in less Mn
contamination.

Three other aqueous elements of interest (Fe, N,
and P) were studied, though only one was not found
at high concentrations. Iron is not the focus of this
study, but it was found to increase in concentration
as a factor of depth at LM and MMD similar to

Mn. Concentrations of phosphorus do not exceed
EPA standards at any sites. There are elevated
concentrations of TN throughout all sites tested on
the Maury River (Fig. 3D). Future impacts suggest
that high TN concentrations in water will acidify and
aggravate eutrophication downstream.

How do stratified reservoirs compare to non-
stratified reservoirs?

All sites can be categorized as a calcium and
magnesium bicarbonate type (Fig. 4), according to
their hydrochemical facies (Piper, 1944). However,
three sites deviate from this trend: LM, MMD,

and NBD. These three sites vary in their chemical
composition, but there is one link between them:
active dams. Two of the three sampling sites at LM
have calcium magnesium sulfate type waters; MMD
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Figure 4. Piper diagram showing hydrochemical facies for waters
from behind McCormick’s Mill Dam (MMD). Different colored
markers represent three sampled sites within the reservoir.

has a high TDS, and greater ionic concentrations;
NBD has a calcium magnesium sulfate type at depth.
At these stratified reservoirs, specific conductivity and
alkalinity increase with depth. LM is found in a shale
bedrock, while MMD is within a limestone bedrock.
The surrounding karst terrain increases alkalinity, the
buffering capacity of the solution, and conductivity.
High alkalinity and high conductivity are consistent
with high TDS observed at MMD.

CONCLUSION

Contaminant solubility of the Maury River is
dependent on stratified conditions, impacting the
aqueous chemistry downstream, and influences in-
situ chemical characteristics as well. The stratification
of reservoir dams like LM and MMD, at the head of
the Maury River, promotes ideal conditions for the
solubility of aqueous Mn*" and Fe?". Impounded water
at depth creates oxygen-reducing conditions ideal for
aqueous Mn** solubility and high conductivity. Lake
Merriweather and McCormick’s Mill Dam contain the
highest aqueous Mn*" concentrations. These sites are
stratified reservoirs, but other chemical characteristics
vary. Lake Merriweather is overall less conductive,
less oxygenated, and colder than McCormick’s Mill
Dam.

Some elements are not influenced by the stratification,
such as silicon and phosphorus. Sources of silicon,
phosphorus, and total nitrogen can be derived from
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surrounding bedrock or land use. LM source material
is derived from the surrounding shale bedrock, and all
other sites lie within a limestone bedrock. The bedrock
runoff can be accumulated at both stratified and non-
stratified sites. TN is potentially present as a result

of surrounding agricultural land use and wastewater
runoff. Future investigations could involve an
analysis of the aqueous chemistry of high TN waters
in comparison to Maury River reservoirs. Similarly,
silicon inputs and elevated concentrations are
dependent on location and proximity to the river, as
opposed to stratified conditions. Phosphorus does not
show significant impacts in the Maury River, perhaps
due to lower input of P.

The findings of this study are indicative of the Maury
River’s susceptibility to some water contaminants
from active impoundments. Elevated Mn?*
concentrations found at the stratified reservoirs pose
a potential health risk in the case of dam failure or
reopening the bottom drain sluice gate, closed since
2012 per Virginia Department of Environmental
Quality orders (Stuart, 2012). While there are low P
concentrations throughout the sites here analyzed in
the Maury River, high TN behind these impoundments
may increase the risk of eutrophication downstream.
Contaminant conditions are influenced by reservoir
size and stratified conditions, and are reflected by
changes in TDS.
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INTRODUCTION

In 1816 Virginia implemented one of the earliest
programs of infrastructure improvements, called

The Fund for Internal Improvement, designed to
enhance commerce after the American Revolution.
The program was implemented in response to a sense
of urgency within the state to share in the wealth of
the new country. Virginia implemented improvements
to its extensive river system, which facilitated these
commercial needs (McKee, 2003). By 1860 there
were approximately ten navigation-dam structures
and at least thirty mill-dam structures operating along
waterways in Rockbridge County, VA (Rockbridge
Co., Va. [186]).

Emplacement of dams caused a decrease in stream
velocity, which allowed suspended sediments to
settle behind the dam structures. These sediments,
hereafter called legacy sediments, can hold a record
of changes in land use such as agriculture, timbering,
and development that have replaced indigneous
stewardship (Walter and Merritts, 2008). The goal

of this study is to learn how dam emplacement or
removal and land use in Rockbridge County, Va
affected the waterways, in particular the Maury River,
over time.

The study area is located in the James and Maury
River watersheds. Geologically, Rockbridge
County is located in the Valley and Ridge province
of Virginia. Bedrock in the region is primarily
composed of limestone, calcareous shale, and
dolomite; however, there are some exposures of
sandstone and conglomerate in the region as well
(Wilkes, 2007). Four dam sites were sampled from

Rockbridge County, VA along the Maury River. This
study uses maps and other historical data to construct
GIS visualizations of past and present land use, and
create estimates of floodplain and water levels during
the various intervals of history in the watershed.

Age dating of sediment sampled in river banks was
attempted to create a more accurate timeline of
watershed history.

METHODS

During summer 2021, sediment and water samples
were collected from eight dam sites in Rockbridge
County, VA (Figure 1). After sample collection,
laboratory analyses were completed to create a
historical record of environmental changes from
pre-colonial times to present day and to identify
potential water contaminants. These samples are
being examined by me and four other colleagues

from various universities and colleges as part of the
Keck Geology Consortium 2021 Advanced Project.
Samples were taken from the banks of removed

dams for geochemical analysis and to establish
sedimentation rates. Samples were collected every
5-10 cm from near-vertical outcrops. Organic material
was isolated from the bank sediments collected using
the Center for Mass Spectrometry’s standard operating
procedures with the intent to radiocarbon (C14) date
the sediments collected, but could not be radiocarbon
dated due to concerns of potential contamination from
lab procedures. Future work for this study will involve
re-sampling to construct an age model using Pb-210.

My study was focused on identifying potential
pollution sources for the Maury River watershed from
historical data sets. ArcGIS software was used to
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Figure 1. Land use in Rockbridge County, VA prior to 2020
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categorized by

create maps at various points in history to construct

a visual timeline of events and evolution of land use
in the region over time. Data for these maps was
collected using historical maps, aerial photos, LIDAR
data, census data and other historic documents.

Maps and photos were converted into .tiff files and
georeferenced onto the base layer. Data from these
files was then highlighted using polygon, line, and
point feature classes.

2D models were made to compare water levels in
1964, 1977, and 2018 to compare topography from the
beginning, middle, and end of the study timeframe.
These years were selected based on available
topographic maps and to show changes in the
landscape through time. The modeling was done by
creating DEMs from the available topographic maps
and LiDAR data, and then highlighting the various
elevations in the county with different colorations.
3D models of areas downstream of Jordan’s Point
and Lake Merriweather were made by taking the 2D
map and converting it to a local scene, exaggerating
the elevation by 2.00 to give depth to the map, and
zooming into the sites of interest.

Discharge data for areas downstream of these two dam
sites was accessed from the USGS Water Data Online
Mapper (USGS, 02024000 and USGS 02021500).

The data was then imported to Excel to create graphs
depicting change in discharge downstream of two dam
sites: one showing before and after dam emplacement

(Lake Merriweather) and one showing before and after
dam removal (Jordan’s Point).

RESULTS AND FUTURE WORK

The Fund for Internal Improvement allowed Virginia
to implement improvements to its extensive river
system to facilitate its commercial needs (McKee,
2003). Figures 1 and 2 illustrate how land use in the
region has changed since the implementation of the
internal improvement through 1970. Figure 3 depicts
current day land use as of 2020.

During the study timeframe, a total of at least sixty-
four dams, including approximately forty-five mill
dams, fifteen lock dams, and four reservoir dams,
have operated in the county. Approximately seventeen
furnaces/foundries and twenty-three iron mines/
quarries have operated in the county. Approximately
twenty farms that operated/are operating in the
county have been accounted for, but this number is
certainly an undercount. Locations of farms found in
census records were difficult to find due to lack of old
property records, and have not been marked on the
maps (Rockbridge Co., Va. [186], U.S. Department of
the Interior, and Rockbridge County, Va.)

There was insufficient data from pre-colonial and early
colonial times to put together a map for these periods,
but based on the timelapse maps we know most of the
European land use practices were put in place before
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Figure 3. Land use in Rockbridge County, VA in 2020 categorized
by type.

the 1860s. We know of some dams that were built
and operated during pre-colonial or early colonial
times. One of the sampled dams, McCormick’s Mill
Dam, was created before 1760 but the exact date

of construction is unknown. There are other dams
that have recorded construction dates predating our
study timeframe. These include Pogues (Red) Mill
(1765-present), Beatty’s Mill (1750-?), and Hay’s
Creek Mill (1760-1957). There are likely others that
fall in this category, but specifics for many of these
old dams are unknown. The first modern reservoir
dam was the dam at Lake Merriweather, which was
created for recreation in 1966 (McKee, 2003 and U.S.
Department of the Interior).

There were also six furnaces that operated in the
region prior to our study timeframe: Bath Iron

Works (1820-1860), Jordan Furnace (1800-1860),
McCormick Furnace (1834-1854), Moore’s Furnace
(1849-1853), Mount Hope (1849-1853), and Vesuvius
Furnace (1828-1854). Operation dates for Grant’s
Furnace, McCowen Iron Works, and Lebanon Forge
are unknown and unlisted on the maps created (Scott,
2015).

The timeline of land-use changes shows that the
majority of improvements to the county occurred
between the Revolutionary War and the Civil War.
Progression of land use slowed down after the Civil
War. Information regarding land use in the region
after the 1900’s was difficult to acquire, and the maps

during this time period reflect this. The drop in land
use during the 1900°s from the 1860’s could be in
part due to destruction of certain industry operations
during the war. Lock and dam structures had almost
disappeared by 1950. In the 1970°s we started to see
land use move away from our major waterways. We
also see the first reservoir dam installed during this
time. Current day land use is dominated by farms

and most land use takes place farther away from our
major waterways than what was previous practice.
Lock and dam structures are no longer in use. Mining
is less common now than it had been in the 1800’s to
1900’s. Reservoir dams are more popular now, be it
for recreation, power, or water supply. Very few mills
are still in operation compared to the beginning of the
study at which they were at their peak.

The 2D and 3D models (Fig. 4) show that, historically,
the Maury had higher water levels in the regions with
dams than current day with these dams removed. The
Lake Merriweather dam had lower water levels than
current day with a dam in place.

The annual discharge data downstream of Lake
Merriweather at Rockbridge Baths was examined from
1929 to the present day. The graph (Fig. 5) shows that
after dam installation, the range of peak discharge
values increases from before the dam was installed.
This is an indication that the dam has created a
disruption to natural flow conditions. It is worth noting
that this dam is “flushed” periodically when sediment
infilling behind the dam becomes an issue, which
could be partly responsible for some of the discharge
peaks seen on the graph after dam installation.

CONCLUSIONS

The maps created for this study show a decrease

in land use over time and a shift from operations
centered around major waterways such as the James
and Maury Rivers to areas that are in contact with
minor tributaries to these major waterways. The maps
also show a shift in industry from more milling and
mining operations in the 1800°s to more farming in the
present day.

The 2D and 3D models show that the Maury and
James river water levels are lower now than they were
with the heavy dam intervention during the mid 1800s
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Figure 4. A) 2018 2D rendering of Rockbridge County based on elevation. B) 3D rendering of Rockbridge County based on the 2D
model.
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Figure 5. Yearly discharge data downstream of Lake Merriweather Dam graphed with a trendline. Information collected from USGS
National Water Information System Mapper. Site: 02021500..
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INTRODUCTION

Manganese contamination in drinking water

poses serious long-term health risks even at low
concentrations if exposure is chronic. Children and
infants are especially at risk, with the potential for
neurodevelopmental defects, including problems
with memory, attention, and motor skills (Williams
et al., 2012). In the United States there is no legally
binding standard for manganese in drinking water,
only a secondary unenforceable aesthetic standard of
50 parts per billion (Spangler et al., 2010). However,
recent studies have shown that exposure to as little

as 100 ppb can pose a serious health risk (Williams
et al., 2012). Manganese contamination can be
anthropogenic and geogenic in nature. A recent study
indicates that certain hydrogeologic provinces are
more prone to having groundwater contaminated with
manganese (Erickson et al., 2019). This current paper
focuses on the Shenandoah Valley region of Virginia.

Because manganese contamination can be geogenic
in nature, an understanding of an area’s geology and
hydrology is useful. Virginia’s geology generally
represents the products of advancing and retreating
ocean shorelines, and the deformation resulting from
the tectonic collisions that built the Appalachians in
the Paleozoic Era (Torsvik, 2017). Our area of study
lies in the Valley and Ridge province. The valleys
are usually underlain by the Edinburg Formation, a
limestone of Ordovician age. The ridges are usually
composed of sandstones (Heller et al., 2018). The
limestone has been preferentially weathered to create
the valleys, leaving the sandstone in place as the ridges
that generally run north-south.

One of these valleys, The Shenandoah Valley, lies
mostly in north-central Virginia, with its northern
terminus in Maryland. It is bounded by the
Appalachian Plateau province to the west, and the
Blue Ridge Mountains to the east. The Shenandoah
River eventually runs into the Chesapeake Bay,
flowing south to north for much of its course. Our
study examines springs from six different sites
throughout the Shenandoah Valley spanning from
Shenandoah County to Natural Bridge, VA. This
encompasses Rockbridge County in the south, through
Augusta, Rockingham, and Shenandoah Counties.
Whereas the southern end of our area of study may
lie in the culturally defined Shenandoah Valley,
hydrologically it does not. Our area of study can be
broken into two different watersheds: the Shenandoah
Watershed to the north and the James River Watershed
to the south, which exits the Shenandoah Valley
running from west to east through a gap in the Blue
Ridge. Streams in this region are generally gaining
streams, recharged with groundwater, responding
quickly to precipitation events (Swain et al., 1991).
Due to the tectonic history of the area the strata that
compose the Valley and Ridge dip steeply in many
places. Therefore, most wells will only penetrate the
unit found on the surface, making surface lithology a
good proxy for what unit a well will draw water from
(Trapp et al., 1997).

Manganese is naturally found at around 600 ppm in
upper continental rocks worldwide and 260 ppm in
soils on average in the Eastern United States (see
Cannon et al., 2017 for review). Manganese is a
redox active element with +2, +3, +4, +5, +6, and +7
oxidation states (Railsback, 2003). The oxidation state
of manganese controls whether or not manganese is
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bio-available or not when consumed. Of the oxidation
states most commonly found in natural systems
(+2,+3, and +4), soluble manganese is most stable as
Mn?*, being found in anoxic conditions, while more
oxic conditions, like a well mixed stream, oxidize
manganese to Mn*" or Mn*', precipitating out and
forming minerals such as pyrolusite, todorokite, or
buserite (Cannon et al., 2017).

In the Shenandoah Valley, Mn oxide ores are
commonly found in fault breccias contained within
the Antietam Sandstone (Carmichael et al., 2017). It
is thought that this Mn originates from Mn dissolved
in water percolating downward, into more reducing
conditions, allowing it to remain as soluble Mn?*".

As water then upwelled and discharged through
springs along faults, or directly into streams, the
manganese was oxidized, forming the oxide ores that
exist today (Carmichael et al., 2017). This model
explains the occurrence of manganese oxides in fault
breccia and ancient alluvium within the Shenandoah
Valley. The goal of this project is to analyze the
complex relationships that govern the redox state of
manganese in groundwater in the Shenandoah Valley
today. Through analyses of soil samples we hope to
gain a better understanding of the redox chemistry
that controls the oxidation state of manganese in
groundwater.

METHODS
Field Methods and Sample Treatment

Water samples were collected from a series of springs
and seeps across the Shenandoah Valley (Fig. 1) as
close as possible to the point where water emerged
from the subsurface. 250 mL polypropylene bottles
were primed three times with spring water before
sampling. An aliquot of each sample was filtered in
the field with 0.22 um filters, discarding the first I mL
of filtrate and saving the filter paper for microscopic
analysis of the filtered solids. Two aliquots of filtered
water were collected, one simply taken back to the
lab and refrigerated at 4°C for ion chromatography
analyses (to determine major anion and cation
concentrations). The other aliquot was acidified to 1%
nitric acid (trace metal grade) upon returning to the
lab and then refrigerated for major element and trace

Aqueous [Mn] in

Springs GW Wells
=50 ppb = =50 ppb
s 51-100ppb  ® 51-100 ppb

2 101-300 ppb  © 101-300 ppb
A 301-500 ppb @ 301-500 ppb
A 501-1000 ppb @ 501-1000 ppb
A >1000ppb @ >1000 pph

N

Figure 1. Map of aqueous Mn concentrations in springs (triangles)
and groundwater wells (circles) in the Shenandoah Valley, VA, with
increasing concentrations increasing the relative size of each data
point based on demarcations from <50 ppb (light blue) to 51-100
ppb (dark blue) to 101-300 ppb (vellow, above which low level
chronic exposure to Mn via drinking water may result in health
effects), 301-500 ppb (orange), 501-1000 ppb (light red), to >1000
ppb (dark red). Field sites for springs and seeps are denoted with
black circles.

metal analyses via inductively coupled plasma-mass
spectrometry. In the field, a YSI probe was used to
measure dissolved oxygen (DO), specific conductivity,
temperature, and pH.

Soil cores were collected as close as possible to the
spring or pond itself. Additional cores were also taken
up- and down-gradient of each spring and seep. Cores
were sealed in polyethylene bags and then refrigerated
upon return to the lab.

The Munsell soil classification is a system used to
sort samples of damp soil into different discrete color
categories. We used this system to separate soil cores
into different color-based horizons. A subsample was
collected from each Munsell defined horizon, and
dried at 1050 Celsius overnight. Samples were then
ground in an agate mortar and pestle for 8 minutes to
create a fine powder. An aliquot of sample was used
to make slides for X-Ray Diffraction (XRD) and

the rest was set aside for total elemental analyses by
X-ray fluorescence (XRF) and later soil sequential
extractions to assess the mobility of elements of
interest.

XRF Analyses



The Keck Geology Consortium, v. 34, 2022

Samples were dried and ground following the
protocols outlined above were then packaged in pXRF
cups. A Thermo Scientific Niton XL3t pXRF was set
to analyze samples with the “test all geo” program for
120 seconds. The instrument was calibrated for Mn
with USGS standards SGR-1b, AGV-2, and BCR-

2. At the start of each run, an initial calibration was
performed with the three standards, five samples were
analyzed, and then a second calibration was performed
with the same three standards. No systematic drift
associated with a drop in battery voltage was noticed
upon analysis. A calibration curve was created with
the standards and used to determine the concentrations
of Mn and Fe in each soil subsample.

RESULTS

When plotted, data from pXRF analysis of soil
samples visually shows a positive correlation

between total Fe concentration in soil and total Mn
concentration in soil, however owing to the wide
range of Fe concentrations, only has an R? of 0.074
(Fig. 2). A breakdown of total Fe concentration in soil
and total Mn concentration in soil by aquifer lithology
reveals no real trends in any of the aquifer lithologies.

(Fig. 3).

Data from pXRF analysis of soil samples and ICP-
MS analysis of water samples reveals that there is a
positive correlation between total Mn concentration

in soil samples and aqueous Mn concentration in
water samples taken from carbonate aquifers, with an
R? 0f 0.54 (Fig. 4). The same data set shows a slight
negative correlation between total Mn concentration in
soil samples and aqueous Mn concentration in water
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Figure 2. Plot of total Fe concentration versus total Mn
concentration in soil samples.
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Figure 3. Plot of total Fe concentration in soil versus total Mn
concentration in soil broken down by aquifer lithology. Balck
shale sites shown in red triangles, sandstone sites shown in yellow
squares, and carbonate sites shown in blue circles.
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Figure 4. Plot of total Mn concentration in soil samples versus
aqueous Mn concentration in water samples broken down
by aquifer lithology. Black shale sites shown in red triagnes,
sandstone sites shown in yellow squares, and carbonate sites
shown in blue circles.

samples taken from sandstone aquifers, with an R?
value of 0.34 (Fig. 4). There is no meaningful trend
one way or the other in black shale aquifers (Fig. 4).

DISCUSSION

Black shale aquifers do not exhibit a meaningful
correlation between aqueous Mn and total soil Mn.
There is a potential negative correlation between
aqueous Mn and total soil Mn in sandstone aquifers,
with an R? of 0.34 (Fig. 2). This negative correlation
between aqueous Mn and total soil Mn as observed in
sandstone aquifers makes sense; as a system becomes
more oxidizing, more Mn oxidizes and precipitates
from spring water and becomes trapped in the soil.

However, carbonate aquifers display a positive
correlation between aqueous Mn and total soil Mn.
It should be noted that all carbonate soil samples in
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this data set were obtained from the Maple Flats Pond
complex, a group of ponds with thick clay layers
overlying Antietam quartzite alluvial cobbles on top
of carbonates (Buhlmann et al., 1999). Dissolution

of the carbonates resulted in the formation of these
sinkhole ponds, while the thick clay layer allows these
ponds to periodically fill and retain water for extended
periods of time (Fleming & Alstine, 1999). Thus,
these ponds are unique systems in that there is no
contribution of Mn to these waters from groundwater
systems (with the exception of Spring Pond), thus

all Mn in these ponds must be derived exclusively
from soil weathering. Therefore, if aqueous Mn can
only be derived from soil weathering in these cases, it
follows that increasing soil concentrations will result
in increased aqueous Mn in the corresponding springs
and seeps.

One alternative explanation that does bear
mentioning is that carbonate aquifers often have
higher bicarbonate concentrations than other aquifer
rock types and therefore stabilize manganese
carbonate minerals such as rhodochrosite, MnCO,.
Rhodochrosite is more soluble (with a pKsp value
of 10.39) than Mn (oxyhydr)oxide minerals such

as birnessite (pKsp of 15.62), pyrolusite (pKsp of
17.84), and manganite (pKsp of 18.26) (Harris,
2016). However, the alkalinity of these waters from
the Maple Flats Pond complex are no greater than
the springs and seeps in sandstone and shale aquifers
here studied (Croy, 2022), thus this explanation is less
likely than the soil weathering hypothesis.

Although there are no clear correlations between total
Fe concentration in soil and total Mn concentration in
soil when broken down by lithology (Fig. 3), plotting
all data together reveals a positive correlation (Fig.
2). The broad range of Fe concentrations makes the
observed small R? very likely, even though it is clear
there is a general positive relationship between total
soil Fe concentration and total soil Mn concentration
(Fig. 2). Generally speaking, a positive correlation
between total Fe concentration in a soil core and

total Mn concentration is logical. Mn and Fe behave
similarly from a redox perspective (Harris, 2016).
Both aqueous Fe and Mn are most stable as divalent
cations. When oxidized to 3+ they will precipitate out
as an Mn/Fe (oxyhydr)oxide mineral.

Overall bulk Mn concentrations found in this study
differ somewhat from what past studies have found.
A survey of wells from across the United States
found bulk Mn concentrations of anywhere between
300 to 800 ppm (Cannon et al., 2017). Data from
pXRF analysis in this current study returned bulk Mn
concentrations much higher than found in Cannon

et al. (2017). The data in Cannon et al. (2017) was
collected around wells all across the United States,
including data from areas that may not be particularly
susceptible to having elevated levels of Mn in
groundwater. Considering that the average bulk Mn
concentration in soil worldwide is 650 ppm, some
samples from Cannon et al. (2017) clearly have

bulk Mn concentrations below average. It is also
worth considering that Cannon et al. (2017) used
data collected from around wells, not springs. Soil
around springs is much more likely to interact with
groundwater than soil around a well (Tolman, 1937).
Surface or rainwater that might be more likely to
interact with soil around a well, may be very different
from groundwater from a chemical perspective.

CONCLUSION

Understanding what factors are correlated with

high manganese concentrations in groundwater is a
public health imperative. Analyzing the chemistry

of the soil around springs is a good way to help
build that understanding. This study found that there
is a general positive correlation between total Fe
concentration in soil and total Mn concentration

in soil. This study also found that different aquifer
lithologies display different relationships between
total Mn concentration in soil and total aqueous Mn
concentration, with carbonate aquifers displaying a
positive relationship and black shale and sandstone
aquifers displaying negative relationships. These
relationships give valuable information about the
source of Mn contamination in systems. A positive
correlation between total Mn concentration in soil
and total aqueous Mn suggests that the soil itself may
be the major source of aqueous Mn contamination. A
negative correlation suggests that the redox conditions
of a system control where Mn appears in the system.
A more oxidizing system may cause Mn to end up as
oxides in soil, whereas a more reducing system may
cause Mn to mobilize and end up in the water.
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