Missouri State. BearWorks

U NI V ER S I TY

Institutional Repository

MSU Graduate Theses

Summer 2018

Spatial and Temporal Trends of Mining-Related

Lead-Zinc Sediment Contamination, Galena River

Watershed, SW Wisconsin-NW llinois

Dylan Alexander King

Missouri State University, King21@live.missouristate.edu

As with any intellectual project, the content and views expressed in this thesis may be considered
objectionable by some readers. However, this student-scholar’s work has been judged to have
academic value by the student’s thesis committee members trained in the discipline. The content and
views expressed in this thesis are those of the student-scholar and are not endorsed by Missouri State
University, its Graduate College, or its employees.

Follow this and additional works at: https://bearworks.missouristate.edu/theses

b Part of the Geochemistry Commons, Geomorphology Commons, Hydrology Commons, and

the Water Resource Management Commons

Recommended Citation

King, Dylan Alexander, "Spatial and Temporal Trends of Mining-Related Lead-Zinc Sediment Contamination, Galena River
Watershed, SW Wisconsin-NW Illinois" (2018). MSU Graduate Theses. 3302.
https://bearworks.missouristate.edu/theses/3302

This article or document was made available through BearWorks, the institutional repository of Missouri State University. The work contained in it may
be protected by copyright and require permission of the copyright holder for reuse or redistribution.

For more information, please contact BearWorks@library.missouristate.edu.


https://bearworks.missouristate.edu?utm_source=bearworks.missouristate.edu%2Ftheses%2F3302&utm_medium=PDF&utm_campaign=PDFCoverPages
https://bearworks.missouristate.edu/theses?utm_source=bearworks.missouristate.edu%2Ftheses%2F3302&utm_medium=PDF&utm_campaign=PDFCoverPages
https://bearworks.missouristate.edu/theses?utm_source=bearworks.missouristate.edu%2Ftheses%2F3302&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/157?utm_source=bearworks.missouristate.edu%2Ftheses%2F3302&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1053?utm_source=bearworks.missouristate.edu%2Ftheses%2F3302&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1054?utm_source=bearworks.missouristate.edu%2Ftheses%2F3302&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1057?utm_source=bearworks.missouristate.edu%2Ftheses%2F3302&utm_medium=PDF&utm_campaign=PDFCoverPages
https://bearworks.missouristate.edu/theses/3302?utm_source=bearworks.missouristate.edu%2Ftheses%2F3302&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:BearWorks@library.missouristate.edu

SPATIAL AND TEMPORAL TRENDS OF MINING-RELATED LEAD-ZINC
SEDIMENT CONTAMINATION, GALENA RIVER WATERSHED,

SW WISCONSIN-NW ILLINOIS

A Masters Thesis
Presented to
The Graduate College of

Missouri State University

In Partial Fulfillment
Of the Requirements for the Degree

Master of Science, Geospatial Science

By
Dylan Alexander King

August 2018



Copyright 2018 by Dylan Alexander King

il



SPATIAL AND TEMPORAL TRENDS OF MINING-RELATED LEAD-ZINC
SEDIMENT CONTAMINATION, GALENA RIVER WATERSHED,

SW WISCONSIN-NW ILLINOIS

Geography, Geology, and Planning

Missouri State University, August 2018

Master of Science

Dylan Alexander King

ABSTRACT

Alluvial sediments within the Galena River Watershed were severely contaminated with
heavy metals by historical zinc (Zn) and lead (Pb) mining operations during the early
1800s until 1979. Since the mines closed, there have been efforts to remediate on-site
mine waste. However, the effectiveness of these efforts to reduce metal concentrations in
stream sediments is unknown. This study compares present-day (2017) contamination
trends in the Galena River Watershed to trends reported 25 years ago. A total of 415
sediment/soil samples were collected and analyzed using X-ray florescence spectrometry
to determine sediment metal concentrations. The highest concentrations of zinc measured
were 23,577 ppm in the channel bed, 19,825 ppm in the channel banks, and 51,273 ppm
in tailings. Zinc concentrations averaged 198 ppm within the unmined Madden Branch
(n=10), 2,057 ppm within the main branch of the Galena (n=31), 9,569 ppm within the
heavily mined Diggings Branch (n=11), and 26,158 ppm in tailings (n=16). Present day
contamination trends show little difference compared to 25 years ago. However, stream
sediments collected downstream of some large-scale remediation projects have shown
significant decreases in Zn concentrations. Nevertheless, even with continued efforts to
remediate contaminated sediments in the Galena River, high concentrations will probably
persist far into the future.
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CHAPTER 1 - INTRODUCTION

Base metal mining for metallic ores has been occurring for millennia, but it was
not until after the 1960s that widespread concern began to develop for protecting the
environment from its adverse effects (Brown et al., 2009). Base metals include non-
precious metals such as zinc (Zn), lead (Pb), nickel (Ni), and copper (Cu) (Leblanc et al.,
2000). Base metal ores may also contain trace amounts of other metals such as cadmium
(Cd) and arsenic (As). Over the past two centuries, mining operations began to grow in
size and production creating contamination problems worldwide (Amezaga et al., 2011).
Early base metal mining and ore milling was inefficient and produced large quantities of
metal pollution (Pavlowsky, 1996). Regulations in the United States were not created at
the federal level until the mid-1970s, which required proper and thorough remediation
after mine closure (Brown et al., 2009). Even with an increase in regulations, most mines
today are large in order to compete within the market, resulting in a greater potential for
pollution. Further, many small operations in Latin America, Asia, and Africa are
unregulated or illegal and cause large amounts of contamination (Amezaga et al., 2011).

Many mining sites across the world were abandoned prior to regulatory closure
procedures leaving large areas of land covered in mine-related waste (Brown et al.,
2009). Mine waste, usually in the form of tailing piles, can be mobilized by erosion and
weathering causing heavy metal contamination of nearby soils, water, and alluvial
sediments (Knox, 1987). These contaminated sediments may become part of a stream’s
sediment load eventually being dispersed downstream within channel and floodplain

deposits during periods of high discharge. These contaminated deposits of sediments



become secondary sources of pollution that can be eroded, reworked, and transported
further downstream over time (Lecce and Pavlowsky, 1997). Due to the effects of
sediment mixing, dilution, and sedimentation downstream, the highest concentrations of
metals are typically found close to the mine source (Pavlowsky, 1996).

Many studies have examined the spatial trends of metal contamination within
entire watersheds (Adams, 1944; Swennen et al., 1994; Pavlowsky, 1996; Miller et al.,
1999; Sutherland, 2000; Lecce and Pavlowsky, 2001; Coulthard and Macklin, 2003;
Nieto et al., 2007; Vandeberg and Martin, 2011; Lecce and Pavlowsky, 2014). However,
what is lacking in the literature are studies of the temporal trends of mining
contamination in river systems. This thesis will address a gap in knowledge to evaluate
remediation effectiveness and associated sediment transport processes to reduce metal
contamination levels through time and better understand how fluvial systems recover

from the effects of mining.

Mining in the Upper Mississippi Valley Lead-Zinc District

This study focuses on Pb and Zn contamination in river sediments caused by
mining in the Upper Mississippi Valley Lead-Zinc District (UMVD) which started as
early as the mid-1600s and became widespread by the mid-1800s (Fig. 1) (Heyl et al.,
1959; Knox, 1987). The district is well known for rich Pb and Zn deposits found in
northwest Illinois, northeast lowa, and southwest Wisconsin (Knox, 1987). Mines
targeted sulfide ore minerals such as galena (PbS) and sphalerite (ZnS) contained in
carbonate host rock (Heyl et al., 1959). Lead mining peaked in 1845 several years prior

to the start of Zn mining (Fig. 2). Zinc smelting technology was not available until later
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Fig. 2. Production of Pb and Zn ore in the UMVD (Heyl et al., 1959).

years. After the 1850s, Pb mining declined as Zn mining began to boom in the district.
Zinc mining peaked in 1917 with nearly 60,000 Mg of ore being produced a year (Heyl et
al., 1959). After the Zn boom, the economy crashed in the late 1920s with a sharp
decrease in ore production. There was a short revival during the Second World War, but
only large producing mines were able to stay in business until the last mine closed in
1979 (Heyl et al., 1959, Knox, 1987). With a low price for Zn at the market as well as
growing concerns about the lowering of the local water table, river pollution, and air
contamination from diesel mining equipment and blowing dust, all mining activity ceased
as of 1979 in the Galena River Watershed (Brown et al., 2009). By the mid-1900s, most
operations were relatively large and few in number (Heyl et al., 1959). The last mining
operation to close was Shullsburg (Eagle Picher) Mine just south of the City of

Shullsburg.



In the UMVD, mining operations remained almost entirely unregulated and
decentralized under the General Mining Act of 1872 that promoted quick expansion of
mining activities rather than a sustainable economy with environmental protections
(Amezaga et al., 2011). It was not until the late 1900s that the act was amended to
include regulations on post-closure procedures (Brown et al., 2009). The Federal Land
Policy and Management Act of 1976 prevented unnecessary degradation to public lands
and required remediation of the land post-closure. Due to the difficult nature of locating
former owners and companies of abandoned mines, mines closed prior to 1976 (1974 in
Wisconsin) were “grandfathered” into the act and not required to clean up mine waste
(Brown et al., 2009).

This lack of regulation resulted in large quantities of tailing piles to accumulate
and remain at most abandoned mine locations throughout the watershed (Heyl et al.,
1959). Tailing piles are the after product of the milling process where mined rock is sent
to a mill to be crushed and separated (Figs. 3 and 4) (Johnson, 2018). Lead and Zn
concentrates are removed and sent to a smelter whereas the remaining waste is placed in
tailing piles. Early milling involved hand operated jigging which was extremely wasteful
and often resulted in tailing piles with grain sizes <2 mm in size with very high
concentrations of Pb and Zn (Taggart, 1945). Most tailing piles in the Galena Watershed
contained >1,000 ppm Pb and Zn (Pavlowsky, 1995). To reduce the waste of early
milling processes, steam powered gravity mills were introduced at the start of the 20™
century (Heyl et al., 1959). With this process, steam power operated machinery crushed
and separated the ores from waste rock more efficiently. The ore would be obtained by

separating crushed rock by specific gravity on shaker tables (Richards, 1909). Even at
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some mine locations, previous tailing piles would be re-processed through these new
more efficient mills (Heyl et al., 1959).

In 1929, the first flotation mill in the UMVD was built in Linden, WI (Heyl et al.,
1959). Later in 1938, the first flotation mill in the Galena River Watershed was built in
Cuba City. This process eliminated excessive ore waste, eliminated the need to
magnetically separate iron (Fe) impurities, and finally allowed the mill to remove barite
from Pb and Zn ores (Heyl, et al., 1959). In addition to crushing rock, the mill would
also grind the material until it was very fine. They would then separate and concentrate
the ore depending on specific gravity and chemical makeup using different oils
(Richards, 1909). This process produced very fine tailings which would be released into

slime pounds or nearby streams.

Source and Effect of Mining Contamination

The release of tailing material from mills into tailing piles is the primary source of
Pb and Zn contamination within the watershed (Appendices A1, A2 A3, and A4)
(Pavlowsky, 1996). Earlier tailing piles prior to flotation methods were mostly sand and
fine gravels which were loosely held together and heavily contaminated. The highest
tailing pile concentration measured by Pavlowsky (1995) from Galena River Watershed
in the early 1990s was 89,092 ppm Zn from Kennedy Mine. These tailings are prone to
increased erosion and mass wasting causing runoff to nearby streams.

Lead and Zn concentrations now within the stream network will be stored in
channel and bank deposits directly downstream of their source material (Lecce and

Pavlowsky, 1997). Metals stored within the stream channel can become remobilized



seasonally by floods and are considered the most recent sediments given their short
storage time. However, metals stored in bank material and floodplains may remained
stored for years to millennia if rarely reworked by lateral channel migration and bank
erosion (Lecce and Pavlowsky, 1997). If these deposits are remobilize they become a
secondary source of contamination where the river effectively contaminates itself. The
input of sediment contamination from secondary sources is commonly ignored in most
studies and remediation projects (CDM Smith, 2018). A Total Maximum Daily Load
(TMDL) report for the Galena Watershed has recognized dissolved metals and
abandoned mine sites as contamination sources in the Galena Watershed (CDM Smith,
2018). However, the TMDL has overlooked the potential for metals and mine wastes
stored in floodplain deposits to be important sources of metals to stream sediments
(Coulthard and Macklin, 2003).

An additional source of contamination can be the result of the chemical
breakdown (known as leaching) of tailing piles resulting in a dissolved loads of Pb and
Zn (Adams, 1944; Leblanc et al., 2000; Kemper and Sommer, 2002; Nieto et al., 2007).
The chemical breakdown of a sulfuric mineral can cause acid mine drainage where
sulfuric acids greatly lower the pH of a stream making it very acidic. While there is
continued potential for leaching and dissolved metals in the Galena River Watershed,
acid mine drainage is rare due to the primary host rock of the ore being dolomite, a
carbonate (Adams, 1944; Heyl et al., 1959; Brown et al., 2009). The high pH of dolomite
will commonly neutralize the low pH of sulfuric acid (Adams, 1944). The remaining

dissolved Pb and Zn tends to bond to fine sediments including clay particles and organic



matter (OM) (Horowitz, 1991). Moreover, contaminated fine-grained sediment can be
easily dispersed downstream by high flows and floods (Pavlowsky, 1995).

Tailing piles are also a source for several other metals that contaminate the
Galena River Watershed. Since most tailing piles are dolomitic, fine gravels and sand
particles in channel sediments near mine areas typically contain high calcium (Ca)
concentrations (Adams, 1944). Other metals such as Fe and manganese (Mn) are
byproducts of Pb and Zn mining and tend to have high concentrations within some tailing
piles where pyrite (FeS) and other sulfuric minerals were present in measurable amounts
(Heyl et al., 1959). Lastly, some metals such as As and Cd are released to streams as a
result of Pb and Zn mining and have the potential to accumulate in high concentrations in
some parts of the watershed (Leblanc et al., 2000).

Ultimately, all sources of metal contaminants within the watershed are at their
highest concentrations near their mining source (Lecce and Pavlowsky, 1997). The
further Pb and Zn are dispersed downstream, the more the metals will mix with
uncontaminated sediments in the stream bed or from tributaries (Marcus, 1987). This
level of dilution can be estimated by dividing the production mass of ore or metal by
drainage area at the sample point in the stream network. For this reason, contaminant ion
levels will be the highest in small watersheds with high production. The greater the area
and spacing between mines and the sampling point, the greater the rate of mining
sediment dilution (Pavlowsky, 1996).

Streams segments that are in close proximity to mines have received large
tonnages of tailing inputs that may result in harm to aquatic life in the Galena River

watershed (CDM Smith, 2018). The most recent TMDL of the Galena River states the



entire length of the river below the East Fork is impaired as a result of mining and
dissolved Zn load which is extremely high in concentration. According to a study
conducted by MacDonald et al. (2000), high concentrations of Pb (>128 ppm) and Zn
(>459 ppm) can be toxic to sediment-dwelling organisms. This study shows that focus
on dissolved metal concentrations may only indicate part of the toxic risk in mined
watersheds. Furthermore, nearly in all stream segments, excluding mostly unmined
branches, Pb and Zn concentrations frequently exceed these thresholds in the Galena

River Watershed according to the results of Pavlowsky (1995).

Purpose and Objective

The purpose of this study is to evaluate present day contamination trends within
the Galena River Watershed and compare them to contamination trends found in the early
1990s reported by Pavlowsky (1995). In addition, the study plans to determine where Pb
and Zn concentrations have decreased on average within the watershed and if remediation
resulted in decreased contamination over the past 25 years. The objectives of this study
are to (1) resample sites from the Pavlowsky (1995) study and add several new sampling
sites to the lower Galena River below Galena, IL; (i1) create a GIS database of
government documented remediation sites and assess all present day mine locations and
change over the past 25 years; (iii) determine the trends of present day sediment
contamination and their correlation with other variables such as Fe, Mn, Ca, and OM; and
(iv) assess the influence of sediment transport, sediment-metal storage, and remediation
in the watershed on contamination trends over the past 25 years. Many studies that focus

on mining-related metal contamination tend not to revisit the study area to assess change

10



over time with few exceptions, usually over shorter periods of time (Axtmann and
Luoma, 1991). Given the lack of current literature, it is relatively unknown what effect
remediation will have on the watershed and to what magnitude and extent. Revisiting the
Pavlowsky (1995) study sites of the early 1990s will give insight into the potential for
geochemical recovery of the Galena River as a result of nearly 40 years of mining
inactivity, reworking and sediment dilution, and ongoing remediation efforts over the

past 25 years.

11



CHAPTER 2 - STUDY AREA

The Galena River Watershed (525 km?) is located in southwest Wisconsin and
northwest Illinois (Fig. 1). The highest elevation is in the north part of the watershed at
380 m above sea level and the lowest elevation is at the confluence with the Mississippi
at 177 m above sea level (CDM Smith, 2018). The northern portion of the watershed is
located within Lafayette County and partially within Grant County of Wisconsin. The
southern portion of the watershed is located completely in Jo Daviess County in Illinois.
The headwaters of the Galena River originate just east of Platteville, Wisconsin and its
mouth on the Mississippi River is 16 kilometers downstream of Galena, Illinois at Harris
Slough (WVI, 2015b). Galena, Illinois (42.4167°N - 90.4290°W) is the largest city in the
watershed (USCB, 2017). Other significant villages and towns include Shullsburg, Hazel

Green, New Diggings, Belmont, and Cuba City in Wisconsin.

Geology

The Galena River Watershed is entirely within the physiographic region known as
the Driftless Area (Knox, 2006). During the Wisconsin Glaciation the Driftless Area
(which covers parts of Wisconsin, [llinois, Minnesota, and lowa) was unglaciated
resulting in a unique and river dissected landscape much greater in relief in comparison to
surrounding regions (Knox, 2006). The upland regions of the Driftless area are abundant
with loess deposits composed of fine grained sediments (Magilligan, 1985). Loess is the
result of wind-blown sediment from glacial outwash deposits in neighboring regions that

created up to four meter deposits in some areas (Magilligan, 1985).
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The surficial bedrock within the Galena River Watershed is middle Ordovician to
Silurian in age (Heyl et al., 1959). From oldest to youngest the bedrock is part of the
following formations: St. Peter sandstone, Platteville limestone, Decorah shale, Galena
dolomite, Maquoketa shale, and Edgewood dolomite (Mullens, 1964). All formations are
middle to late Ordovician while Edgewood dolomite is early Silurian (Fig. 5). Seen in
the geological map below, the majority of exposed bedrock is dolomitic and Ordovician
in age and mostly from the Platteville, Galena, and Maquoketa formations (Figs. 6 and 7)
(ISGS, 1967; GNHS, 1995).

A total of around 832,000 Mg of Pb ore and a total of around 44 million Mg of Zn
ore was mined between the early 1800s and the mid-1900s (Heyl et al., 1959). Most of
these ore deposits range between a few hundred to nearly four million Mg. However, the
majority of deposits produced less than 100,000 Mg (Heyl et al., 1959). The majority of
minerals that were mined included galena (PbS), sphaleraite (ZnS), pyrite (FeS), and
small quantities of smithsonite (ZnCQO3). Pyrite was primarily mined for the
manufacturing of sulfuric acid (Heyl et al., 1959). Most of these ores are retrieved from
dolomitic [CaMg(COs3):] base rock which has a neutralizing effect in local ground and
surface waters with primarily mined sulfuric minerals within the watershed (Adams,
1944; Heyl et al., 1959).

The most common soil in the Galena River Watershed is Tama Silt Loam (NRCS,
2017; CDM Smith, 2018). Tama Silt Loam is an upland soil with a moderate relief of 2-
6%, 1s well drained, and its parent material is loess over cherty residuum (NRCS, 2017).
Another common upland soil is Palsgrove Silt Loam also formed from loess. A common

drainageway soil is Worthen Silt Loam with a common relief of 2-6%, well drained, and
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Fig. 7. Bedrock geology of the State of Illinois. Study area located in northwest most
corner of state (ISGS, 1967).

parent material is silty alluvium. The most common floodplain soil is the Orion Silt
Loam which has a common relief of 0-3%, somewhat poorly drained, and parent material
is silty alluvium (NRCS, 2017). The most common soil order within both states and the
Galena River Watershed is an Alfisol (Fig. 8 and 9) (NRCS, 2009; Hartemink et al.,

2012).
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Climate and Hydrology

The climate of the City of Galena, IL is seasonally hot in summer and cold in
winter (CDM Smith, 2018). The table below lists average temperatures and precipitation
rates in the Dubuque, IA area over the past 30 years (Table 1) (NOAA, 2018). Dubuque,
IA is located about 26 kilometers northwest of Galena, IL. The average temperature for
Dubugque is highest in the month of July (22.2°C) and lowest in the month of January
(-7°C). Both June and July have the highest rate of precipitation annually at around
12.09 cm and 12.14 cm respectfully. The highest rate for snowfall on average takes place
during December at 27.69 cm. Annually, Dubuque has an average temperature of 8.2°C,
average precipitation of 91.97 cm, and an average snowfall of 106.17 cm. This data is

typical of the Dubuque area and is similar to the available Galena, IL records (NOAA,

2018).
Table 1
Average monthly climate data for Dubuque, IA for past 30 years.
Average Average High  Average Low Average Average
Month Temperature Temperature Temperature Precipitation Snowfall
6 6 () (cm) (cm)
JAN -7.0 7.8 -24.4 3.10 24.64
FEB -4.9 10.6 -20.6 3.63 25.40
MAR 1.9 20.6 -14.4 5.84 14.73
APR 8.7 26.1 -5.6 10.03 3.56
MAY 15.0 29.4 0.6 10.36 0.00
JUN 20.3 32.2 7.2 12.09 0.00
JUL 222 333 10.6 12.14 0.00
AUG 21.1 32.2 10.0 10.67 0.00
SEPT 16.8 30.6 2.8 7.62 0.00
OCT 10.0 26.7 -4.4 6.35 0.51
NOV 2.8 18.9 -11.7 5.64 7.37
DEC -4.6 10.0 211 4.57 27.69
ANNUAL 8.2 333 -26.7 91.97 106.17
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For hydrologic data, there are a total of four inactive streamflow gages within the
Galena River Watershed that were once operated by the USGS (CDM Smith, 2018).
Two of these gages were along the Madden Branch, one on Pats Creek, and one on the
Galena River. The gages located on Madden Branch and Pats Creek were only operated
for a short two year period between 1980 and 1982. The gage (USGS Gage 05415000)
on the Galena River at Buncombe, W1 (drainage area of 324 km?) was in operation from
1939 until it closed in 1992. Even though this gage has been closed for 25 years it offers
the only overall discharge record of this area. The mean annual discharge for the gage is
79 m>/s, the highest average monthly discharge from this gage is in March at 159 m?/s,
and the lowest average monthly discharge from this gage is in December at 54 m?/s. The
highest maximum flow recorded took place on June 29, 1969 at a peak of 3,400 m>/s

(USGS, 2018).

Settlement History and Land Use

The first known record of Pb mining in the UMVD was reported by French fur
traders in 1658 in the Dubuque area (Heyl et al., 1959). Since then there were small scale
mining operations by French, Native American, and American settlers until the beginning
of large scale mining in the early 1800s. It was in 1819 that large permanent settlements
started to appear throughout the UMVD (Heyl et al., 1959). A rapid increase in
settlement took place in 1820s as a result of increased mining operations, farming, and
logging (Knox, 1987). Many of these settlers came from the eastern states, southern
[llinois (majority of which migrated from Peoria County), and parts of Europe (GHS,

2012).
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This growth in population and increase in Pb and eventually Zn ore mining led to
a golden era of steamboat traffic for Galena, IL making it one of the greatest shipping
centers in the United States at the time (Heyl et al., 1959; GHS, 2012). The 1840s was
the golden decade of Galena steamboat traffic with large quantities of cargo being
shipped through the Mississippi River. By the end of the 1850s, steamboats were no
longer a significant shipping center in Galena, IL as the railroad out of Chicago
dominated the state’s shipping industry (Heyl et al., 1959; GHS, 2012).

After Zn mining peaked in 1917 mining operations were in decline until the final
mine closed in 1979. As mining operations decrease, logging and farming increased
within the district (Knox, 1987). Increased agricultural lands led to an increased rate of
sedimentation and flood magnitude within the watershed (Woltemade, 1994). Farm field
runoff as well as contaminated sediments from abandoned tailing piles would disperse
during high discharge events and settle along the banks of the Galena River. These
legacy sediments can be seen throughout the watershed and are known as post settlement
alluvium (PSA) or legacy deposits (Magilligan, 1985; James, 2013). A PSA deposit is
characteristic of a light colored, sometimes contaminated sediment overlaying late
Holocene floodplain deposits of a darker color (Appendices AS and A6).

The Galena River Watershed is primarily pastoral and agricultural with very little
industry and only small settlements the largest of which is Galena, IL (CDM Smith,
2018). As of 2014, the highest percent of land cover in the Galena River Watershed and
the neighboring Sinsinawa River Watershed is pasture/hay around 36% of the area (CDM
Smith, 2018). Other land uses are listed in the following table including the most

populous crop being corn and the most populous forest cover being deciduous (Table 2).
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Table 2
Land cover for the Galena River and Sinsinawa River Watersheds (CDM Smith, 2018).

USDA/NASS Land Use Area

Cropland Category (km?) Percentage
Pasture/Hay 306.24 35.95
Corn 248.08 29.12
Deciduous Forest 96.25 11.3
Soybeans 72.56 8.52
Alfalfa 37.09 4.35
Developed/Open Space 35.16 4.13
Open Water 18.13 2.13
Developed/Low Intensity 17.24 2.02
Woody Wetlands 7.68 0.9
Developed/Med Intensity 2.93 0.34
Grassland Herbaceous 2.68 0.31
Oats 2.44 0.29
Winter Wheat 1.25 0.15
Evergreen Forest 0.86 0.1
Herbaceous Wetlands 0.75 0.09
Shrubland 0.72 0.08
Developed/High Intensity 0.66 0.08
Barren 0.63 0.07
Other Hay/Non Alfalfa 0.39 0.05
Other 0.12 0.01
Total 851.87 100
Mining History

While some small operations existed likely as early as the mid-17" century, the
majority of Pb and Zn mining in the UMVD took place from the 1820s until 1979 (Heyl
et al., 1959). There were several well-known mining towns that formed during this
period such as Mineral Point, Dodgeville, Platteville, and Dubuque; however, two-thirds
of all the Pb and Zn ore coming out of the UMVD came out of Galena, IL and the Galena

River Watershed (Heyl et al., 1959). At the peak of Pb mining in 1845 a quick decline
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began as easily found sources decreased and the gold rush in California drove many
settlers away. After the start of the 20" century, Pb was primarily the byproduct of Zn
mining operations. As Pb mining started to declined, the technology for Zn smelting
became more readily available in the 1860s and Zn surpassed Pb production permanently
in the late 19™ century (Heyl et al., 1959; Knox, 1987). Zinc production remained high
throughout the First World War but depletion of readily available ore and the Great
Depression of the 1930s caused a steep decline in Zn mining from which the district
would never recover. With only a short revival during the Second World War, all mining
operations ceased in 1979 (Heyl et al., 1959; Knox, 1987; Brown et al., 2009).

Many of these abandoned mine locations were archived in the USGS report
created by Heyl et al. (1959). The map and table below show 171 known abandoned
mine locations in the Galena River Watershed and their estimated production.

Production values were estimated from averages found in the USGS report (Fig. 10;
Table 3). The majority of all mines (n=100) produced less than 100,000 Mg of ore
overall; however, some of the largest mines produced greater than two million Mg. The
tributaries with the largest number of historical mine locations is Shullsburg Branch at 44

mines (Heyl et al., 1959).

Mining Contamination of Channel and Floodplain Sediments (1992)

The following section will briefly discuss the contamination trends of Pb and Zn
found in the Pavlowsky (1995) study (Appendix B). As expected, the highest
concentrations of Pb and Zn were found in tailing piles throughout the watershed.

Pavlowsky (1995) surveyed 15 different tailing piles of which the highest concentrations
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detected were found at Kennedy Mine at 85,913 ppm Zn and at DeRocher Mine at 3,220
ppm Pb. Kennedy Mine had one of the highest rates of production within the watershed
at over 2,000,000 Mg overall (Heyl et al., 1959). The average of all tailing piles sampled
for the Pavlowsky (1995) study is 21,378 ppm Zn and 1,036 ppm Pb.

The background level of Pb and Zn from unmined tributary channel sediments
within the Galena River Watershed recorded for the Pavlowsky (1995) study was 146
ppm Zn and 40 ppm Pb. These concentrations represents the natural occurrence of Pb
and Zn in the watershed (Church et al., 2000; Mast et al., 2000). The average
concentrations for all recent channel sediments (mined or unmined) was 4,037 ppm Zn
and 411 ppm Pb. The highest sediment Zn concentrations were from Vinegar Hill
Tributary and the highest sediment Pb concentrations were from Ellis Branch (Table 4).

Floodplain samples from the Pavlowsky (1995) study were on average similar to
those within channel sediments if not slightly higher. The average concentrations for
floodplain samples was 5,839 ppm Zn and 811 ppm Pb. The highest soil Zn
concentrations were from Scrabble Branch and the highest soil Pb concentrations were

from Ellis Branch (Table 5).

Remediation

As of close in 1979, the Shullsburg (Eagle Picher) Mine, located just south of
Shullsburg, WI, has been required to follow the 1974 Wisconsin metallic mining
remediation regulations (Brown et al., 2009). Starting 1995, the remediation of the
remaining land began by the operator Terra Industries. The remediation project is still

active today.
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Table 4
Average recent channel sediment concentrations (1992).

Reach n Fe Mn Zn Pb oM
Upper Galena R. 14 17,858 1,088 486 70 5.2
Mid Galena R. 12 19,255 1,049 3,223 184 33
Lower Galena R. 6 20,258 1,025 2,685 215 4.5
Pats Cr. 5 19,817 1,252 645 41 5.0
Madden Br. 11 17,848 1,208 194 38 5.8
Blacks Cr. 1 35,958 1,426 1,159 124 5.0
Shullsburg Br. 19 25,225 1,510 2,427 421 4.7
Ellis Br. 14 26,131 1,193 6,499 685 43
Diggings Br. 11 37,383 996 10,270 427 3.2
Kelsey Br. 4 13,935 948 427 83 5.2
Coon Br. 6 56,819 1,045 5,881 648 3.6
Bull Br. 6 26,342 1,507 4,657 250 4.2
Scrabble Br. 3 23,127 850 4,646 337 5.8
Vinegar Hill 6 25,515 1,282 18,205 292 3.7
East Fork 5 19,364 1,026 396 127 49
Hughlett Br. 4 13,910 984 689 158 3.8
Total 127 25,633 1,223 4,037 411 4.4
Table 5
Average surface overbank floodplain soil concentrations (1992).
Reach n Fe Mn Zn Pb oM
Upper Galena R. 6 14,953 783 579 46 4
Mid Galena R. 9 17,570 927 1,857 285 4
Lower Galena R. 2 21,053 1,008 2,530 228 3
Shullsburg Br. 5 22,225 840 2,148 714 4
Ellis Br. 2 33,355 1,017 10,693 1,293 4
Coon Br. 6 36,316 913 4,851 903 4
Bull Br. 2 32,050 1,175 2,810 1,425 3
Scrabble Br. 1 33,897 987 19,825 1,236 3
Total 33 23,748 912 3,392 574 4

Other recent remediation projects (last 25 years) reported in government
documents include the consolidation project of Champion Mine (2007) on Diggings

Branch, Vinegar Hill EPA Superfund site at Inspiration and nearby Little Giant, and a
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few other large operations such as Graham-Snyder, Graham-Ginte, Cuba City, and West
Blackstone (Table 6) (Reinertsen, 1992; WDNR, 2001; WDNR, 2008; Brown et al.,
2009; EPA, 2018a; EPA, 2018b). The following figures briefly show locations of
remediated sites and reductions and removals of mine waste (Fig. 11) as well as
remaining mine waste including examples within 100 m of a stream (Fig. 12). Given
there have been several remediation efforts over the past 25 years it would be beneficial
for local and federal government agencies to know the effects of remediation on the

reduction of Pb and Zn within the watershed.

Table 6
List of government documented remediation projects in the past 25 years in the Galena
River Watershed.

Mine Name Aftected Stream Typ © Of Source
Remediation
Champion Diggings Br. Consolidation WDNR, 2008
Cuba City Coon Br. Removal WDNR, 2001
Eagle Picher Shullsburg Br. Ongoing Brown et al., 2009
Graham-Snyder Galena R. Removal Reinertsen, 1992
Graham-Ginte Galena R. Removal Reinertsen, 1992
Inspiration Vinegar Hill Ongoing EPA, 2018a
Little Giant Vinegar Hill Ongoing EPA, 2018b
West Blackstone Shullsburg Br. Removal WDNR, 2001
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CHAPTER 3 - METHODS

The field and, to a lesser degree, laboratory methods used for this thesis project
were based on those used by Pavlowsky (1995). Geospatial data were collected and
analyzed to approximate modern day conditions and compare the location of 2017
samples to those from 1992. Based on sample sites from 1992, samples were collected in
field and returned to the Ozarks Environmental and Water Resources Institute (OEWRI)
laboratory (oewri.missouristate.edu) at Missouri State University for further analysis.
These results were added to the new Galena River Watershed database and statistically
analyzed for geochemical, spatial, and temporal relevance.

The Pavlowsky (1995) study dataset was used as a guide to locate locations for
resampling as well as previous mine locations within the watershed. This dataset
includes the sediment concentrations of Zn, Pb, Fe, and Mn as well as OM% for each
sample and several tailing piles. Any data or information obtained about mine location
and production recorded in the Pavlowsky (1995) study was originally obtained from a
USGS report prepared by Heyl et al. (1959) discussing the geology of the UMVD. The
concentrations and spatial data from 25 years ago was analyzed and compared to the
newly obtained 2017 field data to determine trends and create several different maps and

graphs displaying the findings of this research (Xiao and Ji, 2007).

Geospatial Data and Analysis

ESRI ArcGIS software was used to conduct remote sensing based analyses,

compare heavy metal concentrations with area, distances, and spatial location, and map
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the final project to display the results. The first step was to geolocate hand-mapped
sampling locations from 7' quadrangle maps that were recorded in the early 1990s by
Pavlowsky (1995). Using USGS quadrangle digital downloads, sample sites and mine
locations were digitized into the new Galena River Watershed GIS database (USGS,
1952). Township and range coordinates tabulated in Pavlowsky (1995) were also used to
locate the previous sampling sites. In addition, supporting information such as roads and
state boundaries were obtained from the TIGER/Lines database on the United States
Census Bureau website (USCB, 2017). This information helped with in field navigation
during sampling and later digital display of the results. In addition, a digital elevation
model (DEM) of the Galena River Watershed was obtained from the USGS
EarthExplorer website and used to delineate the Galena River Watershed (NASA and
METI, 2011).

Lastly, data was obtained to analyze mine location and changes to remaining
waste over the past 25 years. SSURGO soil data obtained from the United States
Department of Agriculture was used to reference soil types within the watershed and
locate areas denoted as mine waste (NRCS, 2017). The original soil survey was published
in Grant County in 1961, Lafayette County in 1966, and Jo Daviess in 1996. While the
[llinois soil survey in Jo Daviess is more representative of the Pavlowsky (1995) study
findings, the Wisconsin soil survey will represent soil features in the 1960s around 40
years prior to the Pavlowsky (1995) study. In the soil survey, mine wastes, tailings, and
disturbed soil were mapped with the symbol, Mp (NRCS, 2017).

Aerial imagery was used to verify mine location and condition as a potential

pollution source. Several image files were obtained from both Wisconsin View and the
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Ilinois State Geological Survey for both the year 2005 and the year 2015 (ISGS, 2015a;
ISGS, 2015b; WVI, 2015a; WVI, 2015b). Tailing pile presence was noted for each year
and change was recorded. Using both SSURGO and aerial imagery a general idea of
mine waste cleanup from the 1960s to present can be analyzed and compared to the
results of the sediment concentration analysis. In addition to the aerial image analysis,
several different sources were contacted within the WDNR, IDNR, EPA, and local
governments at county level to obtain any information about remediation within Grant,

Lafayette, and Jo Daviess Counties.

Field Methods

Sampling was completed by four 2-4 person teams over three days in July 2017 to
obtain samples from the original 153 sites from the Pavlowsky (1995) study (Fig. 13).
Field maps were created to guide sampling teams to 1992 sample sites. Overall, 124 sites
were revisited and both channel and floodplain samples were collected. There were five
new sites sampled along several different tributaries. In addition, 12 new sites were
sampled along the Lower Galena River and 14 tailings pile samples were collected.

At each site at least three samples were collected using a shovel at no more than
five cm deep (Appendices A7, A8, and A9). Two sample duplicates were collected from
within five m along the stream segment point bar. Samples from these locations
represent recently active sediment temporarily stored and remobilized during seasonal
flood events (124 sites sampled, total of 242 samples) (Pavlowsky, 1995). A third
sample was collected from the bank-top of the bench or low floodplain deposits (114

samples obtained). Duplicates from recent channel sediments will be compared to the
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first to determine precision of sampling using relative percent difference (RPD) as well as
the variation of concentrations located within the point bar sampled.

Samples collected from the Lower Galena River required a canoe and an Eckman-
dredge type sampler to retrieve sediments from the bottom. Additional samples were also
obtained from fine-grained deposits along the lower bank surfaces above the low
waterline. All samples collected in the field were GPS located and placed into a quart
sized Ziploc freezer bag and returned to the OEWRI laboratory in Springfield, MO.

Channel characteristics were recorded for future use to better understand the
geomorphology of the channel (Appendices C1, C2, and C3). Channel depth, width, and
bank height were all recorded to form a generalized cross-section of the sample site. The
condition of the banks at each site were also recorded to determine the effects of erosion
on the river’s banks including tree debris that may be protecting a bank from erosion.

Any visible PSA found within river banks was described.

Laboratory Methods

All samples were analyzed in the OEWRI laboratory located at Missouri State
University (oewri.missouristate.edu). Each sample bag was opened and drained to let air
dry overnight. The samples were dried in heating ovens at 60°C. Depending on the level
of saturation, some samples remained in the oven for several days. Once dried, each
sample was disaggregated with mortar and pestle and put through a 2-mm sieve to be
used for further analysis (OEWRI, 2007b).

XRF Analysis. All samples from the original sample sites and the Lower Galena

were analyzed using an x-ray florescence (XRF) analyzer (X-MET3000TXS+) that has
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been calibrated to determine Zn, Pb, Fe, Mn, and Ca concentrations within sediments and
soils (OEWRI, 2007b). A total of 39 samples during this analysis fell below the level of
Pb detection by the XRF. For these samples, they will be known as non-detect (ND) and
assumed to have a concentration of 15 ppm Pb.

For XRF analysis each <2 mm sample was placed in a small metal-free bag,
which was then placed in a Pb box and activated with x-ray radiation for 90 seconds to
determine the concentrations of metals in the sediment. In order to stay consistent with
testing, three standards with known concentrations were used before and after a set of
samples including a blank to assure the instruments performance. Standards were used
every ten samples. Every tenth sample was analyzed twice as a laboratory duplicate.
Laboratory accuracy for all samples had very low coefficient of variation (Cv%) with
almost all samples below 10% excluding Mn which had an average Cv% of 40%. The
precision for all metals on average remained below 10 Cv% resulting in little variation
between laboratory duplicates.

Aqua-Regia Analysis and Ratio Corrections. A subset of 33 samples was sent
to the ALS Global Laboratory in Reno, NV to verify XRF results and expand the range of
metals evaluated for this study. The samples were digested using an aqua-regia solution
made of 3:1 nitric acid and hydrochloric acid and analyzed by inductively coupled
plasma-atomic emission spectrometry (ALS, 2009). This method was similar to that used
to determine sediment metal concentrations by Pavlowsky (1995). Therefore, converting
XREF values to representative aqua-regia values should improve the accuracy of site

comparisons between the 1992 and 2017 sediment studies.
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Relationships between XRF and aqua-regia analyses were evaluated for each
metal in two ways. First, correlating XRF values to other routine analyses is a standard
procedure for validating XRF results (EPA, 1998). Following, aqua-regia over XRF
concentration regression equations indicated strong linear trends for all metals with a
power function (log-log regression) producing the best results with the following R?
values: Pb, 0.966; Zn, 0.947; Fe, 0.929; Ca, 0.859; and Mn, 0.823. Log-Log regression
generally explained 17% and 24% more variance compared to arithmetic/linear equations
for Zn and Pb, respectively.

A second method was used in this study to correct XRF concentrations to
predicted aqua-regia values based on regression equations between the XRF metal
concentration and the ratio between the paired aqua-regia and XRF concentrations (not
the aqua-regia concentration itself). This procedure can produce more accurate results
for non-linear relationships that may develop over wide ranges of geochemical
concentrations spanning several orders of magnitude as involved in this study. In
addition, the original spatial variability of sediment geochemistry is maintained in the
corrected data set, rather than reducing the natural variability of the sample to a single
linear trend line (Pavlowsky et al., 2017).

Regression equations between XRF concentrations and aqua-regia: XRF ratios
were developed for this study to convert sediment XRF results to aqua regia-based values
(Table 7). The raw or original XRF concentration was multiplied by the ratio value
predicted from the equation. In some cases, such as with Ca and Fe, a single “best-fit”
ratio value was prescribed based on curve-fitting and error evaluation judgements.

Comparisons of measured and predicted aqua-regia concentrations tend to plot close to a
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1:1 trend with relatively low errors, typically in the range of +20%. For Zn, the RPD
values (i.e., predicted - measured/measured x 100) had a median of 9% ranging from a
25%-tile value of -6% to a 75%-tile value of 31% (Fig. 14). For Pb, the RPD values had
a median of 5% ranging from a 25%-tile value of -10% to a 75%-tile value of 11% (Fig.
15).

LOI Test. Loss on ignition (LOI) is a laboratory test used to determine percent
OM for each sample tested. Organic matter is strongly correlated with clay sized particle,
both of which have high surface areas and tend to absorb free heavy metal ions during
transportation (Lecce and Pavlowsky, 2004). Lead and Zn associated with OM may have
a higher chance to be transported further downstream. LOI is a test that ignites the OM
in a muffle furnace to determine CO> weight loss by ignition. The LOI method used here
is based on Sparks (1996) and the OEWRI standard operating procedures manual in
which five gram samples are ignited at 600°C for eight hours (OEWRI, 2007a).

Laboratory duplicates were taken for LOI testing during every burn (OEWRI,
2007a). Each burn could hold one rack which contained anywhere between 13-15
crucibles. On each rack there would be one duplicated sample to determine the precision
of LOI testing. The average precision of all the duplicated samples is 1.3 Cv%. This
means overall there was very little variation between all duplicated crucibles. There were
a total of only four sets of duplicates yielding Cv% values between 10-20 Cv% while

other 29 sets were all <10 Cv%.
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Statistical Analysis

Several different statistics were conducted on the results from the 2017 field and
laboratory samples as well as the 1992 database. Pearson’s correlation was used on the
different variables of different segments of the watershed to determine strength and
direction of the relationships between Pb, Zn, Fe, Mn, Ca, and OM (Carnahan et al.,
2008; Navarro et al., 2008). In addition, regression models may also be normalized using
other variables such as OM, Fe, and Mn to determine their effect on the overall
concentrations and trends (Horowitz, 1991).

Finally, an overall paired t-test sample sets by tributaries will be conducted on
both sample concentrations between 1992 and 2017 as well as locations below mine sites
to determine the significance of remediation effects on sediment metal concentrations
(Acosta et al., 2011; Mehrabi et al., 2015). The hypothesis for this test will be that there
has been no change over the past 25 years. The test will either reject the null hypothesis
that there has been a significant change to Pb and Zn concentrations over the past 25
years or it will fail to reject it meaning there is no significant evidence to say there is any

difference between the two means. Each test will use the 95% confidence interval.
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CHAPTER 4 —- RESULTS AND DISCUSSION

During field work in July 2017, 415 sediment samples from stream channels
(n=270), floodplains (n=121), and tailings piles (n=24) were collected and later analyzed
at the OEWRI Laboratory at Missouri State University (oewri.missouristate.edu). Repeat
samples occurred at 124 sites from Pavlowsky (1995) (Appendix B). Duplicates (n=135)
were taken at channel sediment sites to evaluate the precision of field procedures and
results. Further, 12 additional sites were collected from the Lower Galena River (below
the East Fork) and 7 sites from the Harris Slough. The Harris Slough sample results are
not discussed in great depth in this thesis.

Overall, the precision of channel geochemistry and OM analyses was good,
typically below 20-30% RPD (Appendix D). Only Madden Branch, Kelsey Branch, East
Fork, and Hughlett Branch were above 30% median RPD for Pb and Hughlett Branch for
Zn. For Pb, 33% of branches were below 10% RPD median, 46% were between 10%
and 30% RPD, and 15% were above 30% RPD. For Zn, only 7% of branches were below
10% RPD, 87% were between 10% and 30%, and 7% were above 30% RPD. For the rest
of the metals analyzed only Mn for Scrabble Branch was above 30% RPD. For Mn, Ca,
and OM almost all branches were between 10% and 30% with Ca completely between
these two values. For Fe, 73% of branches were below 10% RPD.

There were typically three conditions that caused relatively high relative
variability of Zn and Pb concentrations among the tributary segments. First, streams with
low mean values will tend to have higher relative error (Madden Branch Pb = 94% RPD;

East Fork Pb = 51% RPD). Second, low sample size will increase error since standard
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deviations will tend to be larger (Kelsey Branch Pb = 42% RPD). Finally, some stream
segments have both heavily contaminated reaches and relatively less contaminated
reaches reflecting the spatial variability of non-uniform sediment mixing from both

mining and background sources (Hughlett Branch Zn = 51% RPD).

Metal Concentrations in Sediments and Tailing Samples (2017)

Tailing Materials and Background. The primary source of pollution to stream
sediments within the Galena River Watershed is tailing materials created from the milling
process of historical mining operations (Heyl et al., 1959; Knox, 1987; Pavlowsky,

1995). Concentrations within tailing piles of Pb (max=2,342 ppm), Zn (max=31,500
ppm), Fe (max=193,657 ppm), Mn (max=1,823 ppm), and Ca (max=151,523 ppm) are
greatly elevated in comparison to channel and floodplain samples (Table 8; Appendix E).
Generally Pb and Zn will be relatively concentrated in tailing piles as a result of Pb and
Zn mining while high concentrations of byproducts such as Fe and Mn are also found
within tailing piles. Calcium concentrations are also very high as a result of the primary
tailing material being dolomite (21% Ca) with some calcite (40% Ca) (Adams, 1944).

The variability between tailing pile samples is high for both Pb and Zn samples
(Table 9). When taking a sample from a tailing pile, the concentration can greatly change
depending on location and depth. For this reason, samples from tailings cannot
accurately represent trends downstream (Pavlowsky, 1995). However, tailing samples
can still show examples of high concentrations representing a source material for
contamination throughout the watershed mixing with background concentrations.

On the other hand, background levels are represented by unmined tributaries
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Table 8
Tailing pile averages in 2017.

Mine Name Pb Zn Fe Mn Ca OM%
Blackstone 1,371 28,157 51,129 1,105 143,400 3.59
Century 922 5,163 62,292 1,143 67,659 5.89
Champion 463 12,081 68,653 1,592 144,406 4.74
Federal 959 22,292 62,422 1,190 151,523 4.86
Hoskins 499 10,448 40,754 1,206 136,589 2.88
Kennedy 552 12,183 73,488 1,823 75,474 3.69
Little Dad 1,243 19,994 45,366 1,023 151,070 4.73
Little Giant 2,037 20,972 62,680 1,270 121,519 5.68
Lucky Twelve (1) 316 9,651 42,955 1,271 146,436 3.75
Lucky Twelve (2) 1,141 17,315 193,657 980 112,951 4.79
Monroe-Longhorn-Little Joe 2,342 28,520 48,503 1,111 130,081 3.50
Old Ida Blende 705 31,500 162,742 1,445 77,403 6.57
Sally Waters 946 25,544 43,396 1,251 145,381 2.59
Vinegar Hill 1,474 27,866 84,137 1,217 146,403 6.76

Table 9
Variability of average tailing pile samples.

MetalOM  25% 50% 75% 25%-75%  Mean SD Cv%

Pb 590 953 1,339 749 1,069 591.9 55.36
Zn 12,106 20,483 27,286 15,179 19,406  8,388.5  43.23
Fe 46,150 62,357 72,280 26,130 74,441 46,176.8 62.03
Mn 1,119 1,212 1,271 152 1,259 226.2 17.97
Ca 115,093 139,995 146,148 31,055 125,021 30,070.4 24.05
OM% 3.61 4.73 548 2 4.57 1.3 28.64

within the watershed. The only two tributaries that do not have records of historical
mining operations are Madden Branch and East Fork. The average Pb concentrations for
Madden Branch and East Fork are 33 ppm and 267 ppm respectively and for Zn
concentrations are 244 ppm and 656 ppm respectively. Madden Branch better represents
background levels while other external sources could be causing higher concentrations

within the East Fork (i.e. roads and rails) (Adams, 1944).

43



Channel Sediments. Both Pb (max=1,622 ppm) and Zn (max=16,428 ppm)
concentrations are extremely high within channel sediments from the Galena River
Watershed (Figs. 16 and 17; Appendix F). For Pb concentrations, the highest average
occurs in Coon Branch (731 ppm) and for Zn concentrations the highest average occurs
in Diggings Branch (7,797 ppm). Metal concentrations within each tributary can also
vary greatly depending on proximity to the nearest mine location as well as the density of
mine locations and the watershed area (Marcus, 1987; Pavlowsky, 1995). For this
reason, the Cv% of most large streams for Pb and Zn samples are high (i.e. Ellis,
Diggings, Coon, Bull, Scrabble, Vinegar Hill).

Other concentrations analyzed such as Fe (max=116,036 ppm), Mn (max=1,990
ppm), and OM content (max=23.9%) have a much lower Cv% and have a more
consistent spatial distribution throughout the watershed (Figs. 18, 19, and 20). The
highest average concentrations for Fe was found in the Coon Branch (60,077 ppm), Mn
in Bull Branch (1,382 ppm), and OM content in Vinegar Hill Tributary (9.0%). The Fe
outlier in Coon Branch is a result of a historical roaster pile located near Cuba City and
the headwaters of the Coon Branch causing acid mine drainage and the transport of rich
Fe sediment from the processing plant to tailing piles and mill effluents that ultimately
entered the stream system (Fig. 18) (WDNR, 2001). Even though this roaster pile is now
removed, there are still high Fe concentrations today (Appendix A10). Another anomaly
includes the high OM content in Vinegar Hill. For Fe, Mn, and OM content, Vinegar Hill
has one of the highest Cv% while other tributaries are mostly below 30%. The maximum
at Vinegar Hill is likely an outlier causing a high average or a sample taken in error that

is resulting in a great Cv% for Fe, Mn, and OM content.
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Calcium concentrations (max=150,669 ppm) are similar in trends to those of Pb
and Zn (Fig. 21). The highest average for Ca was found in the Ellis Branch (102,908
ppm). The highest concentrations of Ca are found near tailing piles due to the high Ca
content of dolomitic bedrock within the tailings (Adams, 1944). For this reason, the
source of Pb and Zn is strongly associated with Ca concentrations (Pavlowsky, 1995).
Similar to Pb and Zn, Ca also has a wide variation in Cv% throughout the watershed.

In addition, seven sites were sampled in the Harris Slough of the Mississippi
River near the confluence of the Galena River as a pilot project with the University of
Wisconsin — LaCrosse (Appendix G). Averages for Pb (221 ppm), Zn (1,906 ppm), Fe
(22,019 ppm), Mn (738 ppm), Ca (32,016 ppm), and OM content (5.8%) were calculated
for the slough. For all metals, the Harris Slough average is slightly lower than the Lower
Galena average yet remains well above background levels (Appendix H). As a result,
contaminated sediments from the Galena River Watershed may be responsible for recent
contamination as well as historical contamination of the Mississippi River’s backwaters,
sloughs, and wetlands.

Channel versus Floodplain Bank Samples. The floodplain samples collected from

nearby banks are very similar in concentrations to those samples retrieved from the
channel bed (Appendices F, I, J, and K). Floodplain and channel samples collected at the
same site are strongly correlated with each other using a logarithmic regression line
(Table 10; Figs. 22 and 23). For Pb, the logarithmic formula is y=0.632x!%! with R?
value of 0.899 and for Zn the logarithmic formula is y=1.047x%""! with a R? value of

0.918 (y = floodplain Pb or Zn; x = channel Pb or Zn). This trend indicates almost a
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Fig. 21. Average concentrations of Ca by branch averages and Cv%.
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Table 10
Correlation matrix between floodplain and channel sediment concentrations.

Sample Type n Pb Zn Fe Mn Ca OM

Tributaries 77 0906* 0.898* 0.898* 0473* 0.770* 0.323°%
Main Channel 29 0.786* 0.712* 0.524* 0.287  0.568*  0.196
All Samples 106 0.886* 0.862* 0.881* 0.436°* 0.729* 0.342°

a. Correlations that are significant at the 0.01 level
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perfect 1:1 relationship suggesting that bed and bank sediment are similar in source and
transport pathway.

In addition, the correlation analysis shows that nearly all channel metals and OM
content have a strong positive correlation with their floodplain counterparts (Table 10).
The strongest relationships between floodplain and channel sediments are seen in Pb, Zn,
and Fe concentrations with only Mn and OM content showing significant yet lesser
relationships. Tributaries show a greater positive relationship over the main branch of the
Galena and the strongest relationship is between channel and floodplain concentrations
for Pb in tributaries. Ultimately, this strong relationship suggests that mining-metals are
still being moved into long-term storage in alluvial floodplain deposits by channel
sediment transport. These metals are then released back to the channel by bank erosion
overtime (Knox, 1987).

Ecological Toxicity. The ecological thresholds of threshold effect concentration

(TEC) and probable effect concentration (PEC) are commonly surpassed in the Galena
River Watershed in most tributaries (MacDonald et al., 2000). From this analysis, only a
few samples fell below the TEC threshold (<121 ppm Zn and <35.8 ppm Pb) while the
majority of all samples exceeded the PEC (>459 ppm Zn and >128 ppm Pb) (Tables 9
and 10). A few samples from the Upper Galena River (31%), Madden Branch (60%),
Shullsburg Branch (5%), and East Fork (20%) were the only samples to fall below the Pb
TEC threshold. There were no samples that fell below the Zn TEC threshold. These
results show that samples from the Upper Galena, Madden Branch, and East Fork are the
least contaminated in the watershed. However, even these streams contain elevated Zn

and Pb concentrations (Tables 11 and 12). It is possible that high concentrations of Pb
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Table 11

Percent of samples above the PEC and below the TEC thresholds (Pb).

Percent of Sites (Pb)

Stream n
<TEC TEC-PEC >PEC
Upper Galena River 13 31 46 23
Middle Galena River 12 0 100
Lower Galena River 6 0 100
Pats Creek 0 50 50
Madden Branch 10 60 40 0
Blacks Creek 1 0 0 100
Shullsburg Branch 19 5 11 84
Ellis Branch 8 0 25 75
Diggings Branch 11 0 0 100
Kelsey Branch 3 0 0 100
Coon Branch 4 0 0 100
Bull Branch 4 0 50 50
Scrabble Branch 3 0 0 100
Vinegar Hill 6 0 17 83
East Fork 5 20 20 60
Hughlett Branch 4 0 25 75
Table 12
Percent of samples above the PEC and below the TEC thresholds (Zn).
Stream n Percent of Sites (Zn)
<TEC TEC-PEC >PEC
Upper Galena River 13 0 46 54
Middle Galena River 12 0 100
Lower Galena River 6 0 100
Pats Creek 0 50 50
Madden Branch 10 0 100 0
Blacks Creek 1 0 0 100
Shullsburg Branch 19 0 16 84
Ellis Branch 8 0 100
Diggings Branch 11 0 100
Kelsey Branch 3 0 33 67
Coon Branch 4 0 0 100
Bull Branch 4 0 25 75
Scrabble Branch 3 0 0 100
Vinegar Hill 6 0 17 83
East Fork 5 0 40 60
Hughlett Branch 4 0 25 75
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and Zn in unmined streams are a result of historical use and runoff of tailings being used
for roads and rails (Adams, 1944).

On the other hand, all samples from branches including Middle Galena, Lower
Galena, Blacks, Diggings, Coon, and Scrabble are above the PEC threshold (Tables 11
and 12) (MacDonald et al., 2000). Only the unmined Madden Branch remains entirely
below the PEC threshold. A total of 67% of Pb samples and 76% of Zn samples within
the entire watershed exceed the PEC causing great potential for harm to sediment
dwelling organisms. These concentrations stay elevated from continued input of
contaminated sediments released from tailing piles and floodplain storage (Knox, 1987).
In addition, other metals from the aqua-regia analysis (Appendix L) show that As (8%)
and Cd (46%) also exceed the PEC threshold (ALS, 2009). Both As and Cd are potential
trace elements of Pb and Zn mining and can also cause ecological harm (Leblanc et al.,
2000). According to MacDonald et al. (2000), the current concentrations of
contamination within the Galena River Watershed would be dangerous for sediment

dwelling organisms.

Sediment and Mining Source Effects

Pearson’s correlation analysis indicates strong relationships among geochemical
components for most sediment types (Table 13). The strongest positive relationship is
between Pb and Zn concentrations with all categories having a relationship above 0.5.
The strongest positive relationship between Pb and Zn is found in the main branch of the
Galena River from floodplain samples (0.959). This relationship is also very strong in

the main branch of the Galena River from channel samples (0.892). Other metals have a
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Table 13

Correlation matrices for metals and OM.

Metal Tailings Background - Channel - .Floodp lain.
Trib. Main Trib. Main
n 24 15 82 31 82 31
Pb-Zn 0.573 ¢ 0.605 ® 0.556*  0.892% 0.736* 0.959°
Pb-Fe 0.033 0.435° 0.623%  0.615% 0.732% 0.876°
Pb-Mn -0.169 -0.218 0.009 0.395*  -0.105  0.592°?
Pb-Ca 0.177 0.404 ® 0.371%  0467% 0.441°% 0.566°
Pb-OM 0.194 -0.109 -0.006  -0.368*  0.079 0.080
Zn-Fe 0.176 0.755° 0.419°  0.438% 0.62 0.867 2
Zn-Mn -0.075 -0.230 0.245* 0356*  0.093  0.606°
Zn-Ca 0.246 0.366 0.634%  0.648%  0.56*  0.624°
Zn-OM 0.251 0.079 -0.030  -0.448°*  0.213 0.127
Fe-Mn 0.285 0.266 0.121 0.482°% -0.137 0.622°?
Fe-Ca -0.44° 0.347 0.124 0.111  0.264° 0.339°
Fe-OM  0.579°¢ 0.094 0.136 0.023 -0.020  0.058
Mn-Ca -0.080 0.075 0.218*  0461% 0.296% 0.596%
Mn-OM 0.199 -0.396° -0.177%  -0.131 0.046 -0.018
Ca-OM  -0.165 -0.099 -0.288"  -0.414%  0.047 0.178

a. Correlations that are significant at the 0.01 level
b. Correlations that are significant at the 0.05 level

weaker relationship with Pb and Zn as they represent more of a byproduct of historical

mining in the Galena River Watershed (Heyl et al., 1959). For example, Fe also has a

strong positive relationship with both Pb and Zn with the strongest relationship in the

main branch of the Galena River floodplain samples. To a much lesser degree, Mn has a

positive relationship with Pb and Zn in most channel and floodplain samples. This

relationship indicates that variations in Fe and Mn are associated with tailing inputs as

byproducts of Pb and Zn mining. Furthermore, Ca concentrations also have a strong

positive relationship with Pb and Zn concentrations due to high concentrations of Ca in
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the ore host rock (Adams, 1944). Overall, all metal concentrations tend to be connected
due to source contaminates from tailings input.

On the other hand, most metals have a negative or weak relationship with OM
content within the watershed. Naturally, this relationship would be expected stronger as
OM will transport metals by sorption (Horowitz, 1991; Pavlowsky, 1995). Organic matter
relationships are strongest within floodplain samples of both the tributaries and the main
branch suggesting OM may be binding Pb and Zn within floodplain soils at a greater rate
than within the channel. Fine-sediment particles containing OM with Pb and Zn may be
deposited during overbank floods on floodplains more than in higher energy channel
environments. Additionally, background and tailing samples also have much lower
relationships between all metals and OM content. The reasons for these may be due to
the variability of tailing pile samples in general as well as lower metal concentrations in
background streams overall that would not show strong relationships to OM given

detection limit errors and mixed sediment sources.

Zn and Pb change trends between 1992 and 2017

Temporal changes in sediment contamination for repeated sampling sites were
evaluated in two ways. First, average metal concentrations were calculated for all sites
within a tributary and compared at the segment-scale (Figs. 24 and 25). Second, metal
concentrations from each site were compared by regression analysis between the values
from the two sampling years (Figs. 26 and 27). Lead and Zn concentrations in stream
sediments in 2017 have changed very little since 1992. Accordingly, Pb and Zn

concentrations continue to remain very high within the watershed.
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Fig. 24. (A) Zn concentration comparison between 1992 and 2017 (n). (B) Zn
concentration difference (n). Note: Vinegar Hill value is -13,470 ppm. (C) Zn
concentration percent difference. Between red lines represents no change. Values >30%
change are significant.
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Segment-Scale Averages. For Zn concentrations, the Middle Galena, Lower
Galena, Shullsburg, Ellis, Diggings, Coon, Bull, and Vinegar Hill all exhibited an
average decrease over the past 25 years (Figs. 22 and 23). Only Ellis Branch had a
decrease for Pb concentrations (-20%). Segments with an increase or decrease greater
than 30% are higher than the average range of duplicate error showing some level of
significance while values below 10% will show statistically no change. For Zn
concentrations most segments did not see much change (Table 14). Only the Upper
Galena and Pats Creek saw a >30% increase while Coon Branch and Vinegar Hill saw a
>30% decrease. Several sites for Pb had a >30% increase including Upper Galena,

Middle Galena, Pats Creek, Blacks Creek, Kelsey Branch, Scrabble Branch, Vinegar Hill

Table 14
Average Zn percent change by stream branch.

Stream Decrease? No Change® Increase®
Segment >30% 10%-30% +10% 10%-30% >30%
Upper Galena® XX
Middle Galena XX
Lower Galena XX
Pats® XX
Madden X
Blacks XX
Shullsburg XX
Ellis XX
Diggings XX
Kelsey X
Coon® XX
Bull XX
Scrabble XX
Vinegar Hill° XX
East Fork X
Hughlett XX
Watershed XX

a. X = less than PEC but above TEC and XX = above PEC (MacDonald et al., 2000)
b. Significant Change
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Branch, East Fork, and Hughlett Branch (Table 15). However, only a portion of these
sites are above the PEC threshold making their change far more significant. There were
no >30% Pb decreases.

The magnitude of the percent change in metal concentrations can be influenced by
the level of contamination in the segment. Segments with low contamination will have a
smaller absolute change, but potentially a higher relative percent change such as Upper
Galena, Madden Branch, and East Fork. For this reason, branches with the greatest
absolute change would be the decrease at Vinegar Hill for Zn concentrations and the
increase at Scrabble Branch for Pb concentrations. However, the large decrease at

Vinegar Hill Branch may be due to the fact that the 1992 average for the tributary is

Table 15
Average Pb percent change by stream branch.
Decrease® No Change® Increase?

Stream Segment >30%  10%-30% +10% 10%-30% >30%
Upper Galena X
Middle Galena® XX
Lower Galena XX
Pats X
Madden X
Blacks X
Shullsburg XX
Ellis XX
Diggings XX
Kelsey X
Coon XX
Bull XX
Scrabble® XX
Vinegar Hill® XX
East Fork X
Hughlett® XX
Watershed® XX

a. X = less than PEC but above TEC and XX = above PEC (MacDonald et al., 2000)
b. Significant Change
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extremely high compared to other branch averages. While it is possible that a sample
was collected in very close proximity to a tailing pile input in the early 1990s, Pb
concentrations were rather low, possibly because Pb production had much declined in the
early 1900s when the mine was most active in producing Zn ore (Heyl et al., 1959; Knox
1987). Additionally, the decrease of Zn contamination may be the result of a continued
EPA Superfund site at Little Giant and Inspiration on Vinegar Hill Branch (EPA, 2018a;
EPA, 2018b).

Site-level Regression Trends. Compared to differences between segment metals
trends, comparisons of changes in metal concentrations by site over the past 25 years
indicate to a further degree the relatively small differences overall between the two study
periods (Figs. 26 and 27). Almost half of all the recent channel sediment sample sites
(42%) indicated a decrease in Zn concentrations over the past 25 years while Pb samples
indicated a smaller average site decrease (31%) over the past 25 years. Both Pb and Zn
concentrations have a high R? value and fit the regression model well. Comparison to the
1:1 line shows that samples between 1992 and 2017 have not changed much over the past
25 years. Furthermore, the regression model shows a slight increasing trend for less
contaminated sites and a slight decreasing trend for the most contaminated sites. The
decrease in high concentrations is likely due to a more direct response of sediment metal
contamination to mine inactivity. The slight increase in less contaminated streams
possibly reflect the use of tailings for fill and road pavements that may have subtly added
metals to local streams.

Factors affecting the reduction or increase of sediment contamination within

tributaries in the Galena Watershed over the past 25 years may include the: (1) Rate mine
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production and waste inputs into the stream system (Heyl et al. 1959), (2) degree of
contaminated sediment stored and released by erosion from channel and floodplain
deposits (Knox, 1987; Pavlowsky, 1996), (3) dilution rate of contaminated sediment
being dispersed downstream (Marcus, 1987; Pavlowsky, 1996), (4) variable geomorphic
and sediment transport process that influence sediment and channel conditions overall
(Knox, 1989; Coulthard and Macklin, 2003), (5) type and distribution of mining land
remediation, and (6) systematic effects of sampling and analytical errors on metal
concentration values. In summary, Pb and Zn concentrations have changed very little
since 1992 if the effects of sampling variability and differences in analytical procedures
on geochemical results are considered (Table 14 and 15).

Paired T-Test. To more objectively test the changes in sediment geochemistry
over the past 25 years a paired t-test using SPSS was used to evaluate differences
between the two sampling periods at a 0.05 significance level (Tables 16 and 17)
(Simmons, 2008; IBM, 2016). On average there has been very little significant change
over the past 25 years with nearly all samples showing insignificant results. While
changes in metal concentrations greater than and less than +10% occurred, relatively low
sample sizes and high sediment variability reduced the number of significant differences.
For Pb, the Middle Galena, Kelsey Branch, and East Fork indicated a small significant
increase over the past 25 years. For Zn, no stream indicated significant change.
However, all samples together show a weak significant decrease overall within the
watershed for Zn samples. Overall, neither Pb nor Zn concentrations within any branch
showed significant decrease over the past 25 years. It is possible that due to a large-scale

remediation project that the Vinegar Hill Tributary has made a surprisingly large
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Table 16

Paired T-test for Pb by channel average (significance level=.05).

Sig (2- Sig.
Reach n t df taﬁe(d) Diffeince
Upper Galena River 13 -0.3 12 0.77 No
Middle Galena River 12 -4.056 11 0.002 Yes
Lower Galena River 6 -0.806 5 0.457 No
Pats Creek 4 -1.85 3 0.161 No
Madden Branch 10 0.493 9 0.634 No
Shullsburg Branch 19 0.164 18 0.871 No
Ellis Branch 8 -0.028 7 0.978 No
Diggings Branch 11 -0.387 10 0.707 No
Kelsey Branch 3 -9.743 2 0.01 Yes
Coon Branch 4 -2.002 3 0.139 No
Bull Branch 4 0.748 3 0.509 No
Scrabble Branch 3 -1.26 2 0.335 No
Vinegar Hill 6 -0.889 5 0.415 No
East Fork 5 -2.823 4 0.048 Yes
Hughlett Branch 4 -1.971 3 0.143 No
Watershed Total 124 0.624 123 0.534 No
Table 17
Paired T-test for Zn by channel average (significance level=.05).
Sig (2- Sig.
Reach n t df taﬁe(d) Difference
Upper Galena River 13 -1.933 12 0.077 No
Middle Galena River 12 0.315 11 0.759 No
Lower Galena River 6 -0.038 5 0.971 No
Pats Creek 4 -1.147 3 0.335 No
Madden Branch 10 -0.884 9 0.4 No
Shullsburg Branch 19 0.868 18 0.397 No
Ellis Branch 8 -1.153 7 0.287 No
Diggings Branch 11 1.725 10 0.115 No
Kelsey Branch 3 -3.954 2 0.058 No
Coon Branch 4 0.61 3 0.585 No
Bull Branch 4 1.507 3 0.229 No
Scrabble Branch 3 -0.001 2 0.999 No
Vinegar Hill 6 1.184 5 0.289 No
East Fork 5 -1.733 4 0.158 No
Hughlett Branch 4 -0.813 3 0.476 No
Watershed Total 123 1.99 123 0.049 Yes
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recovery for Zn concentrations. However, excluding the high outlier from the Pavlowsky

(1995) study, the change is less.

Remediation Influence on Stream Contamination

The analysis of mine pit and waste locations from SSURGO soil maps and
disturbed mine lands and tailing piles on aerial imagery showed an overall decrease in
mine waste area over time (Appendix M) (Heyl et al., 1959). Mine wastes were not
observed (2015) at 47% of original mine sites documented by Heyl et al. (1959) (Fig. 28;
Table 18). However, the majority of mine locations that have been removed were of the
lowest production rate (about 5,000 Mg). In fact, all abandoned mines classified as
having the highest production in the District (about 2,000,000 Mg) still have relatively
large areas of tailings and other wastes potentially available for transport to local streams.
As a result, the remaining mines within the watershed represent the largest historical and
contemporary sources of tailing materials, seepage, and eroded contaminated sediment to
the stream system. Moreover, many of the smaller mines may not have initially produced
waste or released contaminated sediment due to lack of production and/or potential for
significant land disturbance (Heyl et al., 1959). Therefore, the supply of mine waste
inputs to streams may not have reduced greatly since the last mine closed. Following,
more effort needs to be placed on remediation of the largest mines and tailing disposal
sites in the watershed to reduce the risk on ongoing contamination from abandoned
mining areas.

Remediated Segments. In the stream segments where mine site remediation

occurred, sediment-Pb concentrations increased and Zn concentrations generally
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Table 18
Percent of remaining historical mines by production.

Segment Tptal % of remaining historical mines by Production (Mg)?
Mines? <100,000 100,000-400,000 >400,000
Galena 50 32 45 40
Pats 3 100 100 -
Madden 0 - - -
Blacks 3 50 0 -
Shullsburg 44 45 73 100
Ellis 12 60 100 100
Diggings 10 0 83 100
Kelsey 3 100 0 -
Coon 17 42 0 75
Bull 8 50 100 100
Scrabble 13 14 67 33
Vinegar Hill 4 - 100 -
East Fork 0 - -
Hughlett 4 0 0 -
Total 171 20 57 59

a. production values and mines obtained from Heyl et al., 1959.

decreased between 1992 and 2017 (Table 19 and 20). Of the five stream segments with
remediated mines, Vinegar Hill Branch had the highest decrease of sediment-Zn (-74%
change) and a small Galena Tributary with Graham-Snyder and Graham-Ginte Mines had
the highest sediment-Pb increase (92% change) (Table 19). Stream segments with the
fewest mine sites remaining from the Heyl et al. (1959) inventory did not show consistent
decreases in metal contamination since 1992. However, it is not clear when the mines
were cleaned up or if they ever were associated with tailings inputs. Nevertheless,
Hughlett, Blacks, Kelsey, and Scrabble Branches indicated very little change in sediment-
Zn concentrations and slight increases for Pb concentrations over the past 25 years (Figs.

24 and 25; Table 18). Ultimately, even with nearly half of the historical mines and
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tailings piles now gone today, there are still very high concentrations of Zn and Pb in
stream sediments with historical mine sites.

Remediated Sites. Of the six remediated mine sites, only about half produced
decreases in metal concentrations at sampling sites directly downstream of the site
location (Table 20) (Brown et al., 2009). The largest decrease decreases to sediment-Zn
was downstream of Inspiration/Little Giant Mines in Vinegar Hill Branch (-95% change)
and the largest increase was below the Eagle Picher mine in Shullsburg Branch (1,249%
increase). The only decrease to sediment-Pb was below Cuba City (-5% change) and the
largest increase was below the Inspiration/Little Giant Mines (809% change). The recent
and ongoing remediation work at Eagle Picher Mine may be causing increased erosion
rates as material is disturbed while being removed. For this reason, ongoing remediation
projects may not see expected decreases in Pb and Zn concentrations until after
construction with time for recovery.

Even through sediment-Zn concentration decreased below some mine sites over
the past 25 years, there are many other mines that have had equal if not greater decreases
that were not considered remediated. This result suggests that even though there is a
decrease in sediment-Zn concentrations downstream of some remediated mines, it is just
as possible that these decreases are caused by random sediment processes, overall mining
inactivity, and movement of wastes into alluvial storage independent of remediation
activities (Knox, 1987). On the other hand, the effects of remediation of a mine source
may not be apparent until the effects of dilution and transport by uncontaminated

sediment lowers channel sediment metal concentrations. Nevertheless, removal and
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stabilization of historical tailing piles is important to long-term improvement in sediment

quality and more monitoring is needed to accurately evaluate effectiveness.

Present-Day Contamination Problems

Even with past and on-going remediation efforts and nearly half the mines
cleaned-up, the concentrations of Pb and Zn within the Galena River Watershed have
remained relatively high over the past 25 years with very little change. Therefore, these
metals are probably being maintained by other sources within the watershed including
other abandoned tailing piles, remobilization of contaminated channel bar and bed
deposits, and secondary storage within the floodplain and banks as have been previously
recognized in the Galena Watershed and other streams in the district (Knox, 1987;
Pavlowsky, 1996; Lecce and Pavlowsky, 1997).

Present day concentrations in floodplain deposits are similar to channel sediments
showing that present day floods are storing metals within the banks of the river for future
remobilization. To better understand the long-term environmental risk due to the release
of metals from floodplain storage back to the stream, a study of the spatial patterns of
bank erosion rates and associated sediment inputs and contaminant loads for the Galena
River and its heavily mined tributaries should be completed. Historically, sediment yield
to the Galena River and its tributaries has been decreasing every few decades due to
modern conservation practices (Knox, 1987; Trimble, 1999). However, the role of bank
erosion in maintaining high metal concentrations in channel sediments has not been

evaluated.
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To date, the influence of remediation efforts at abandoned mine sites on the
reduction of channel sediment contamination has been limited and long-term effects are
unknown. This study may have identified local improvements in sediment quality below
remediated sites. However, the sampling design for the present study was focused on the
repeat sampling of 1992 sites and not assessing the specific effects of remediation
projects. In addition, channel disturbance and reworking of tailing piles as part of
ongoing remediation projects may itself be a source of contaminated sediment to nearby
streams. Therefore, additional channel contamination assessments of remediated reaches
and the long-term monitoring of contaminated streams is needed. More focused and
short-interval sampling from above to below remediation sites with a pre-treatment
control assessment would be beneficial to address our lack of knowledge regarding the
role that site clean-up may have on improvements in water and sediment quality in the
Galena watershed.

Sediment contamination by historical mine sites and ongoing remobilization from
tailing piles and alluvial sediments still pose a risk to aquatic life including sediment
dwelling organisms in the Galena River and its tributaries (MacDonald et al., 2000). The
recently USEPA-approved TMDL for the Lower Galena River in Illinois did not address
mining sediment contamination directly, but focused on dissolved Zn impairments (CDM
Smith, 2018). In addition, TMDL recommendations included mine site treatments and
broader-aimed nonpoint sediment control practices to reduce future mine water
discharges, tailing inputs, and channel sediment contamination. However, stored
contaminated sediment in floodplains within the watershed is probably an important

secondary source of pollution that has not been addressed in long-term watershed
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management plans for the Galena River. The results of this thesis and previous studies
have shown that Galena River Watershed sediments, both recent and stored, are heavily
contaminated with Pb and Zn more so than surrounding watersheds such as Blue River
(Lecce and Pavlowsky, 2004). For this reason alone, the Galena River Watershed should
continue to be monitored and to better support remediation efforts of mine-waste in the
future. More focus on contaminated sediment as a long-term metal source to the Galena

River Watershed is needed.
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CHAPTER 5 — CONCLUSION

Even after more than 40 years of mining inactivity, the Galena River and its
tributaries remain heavily contaminated with metals from historical Pb and Zn mining. In
2017, a total of 415 samples were collected from the Galena River Watershed for this
study. Results showed that all tributaries including the main branch of the Galena River
and some unmined areas contain environmentally toxic concentrations of sediment Pb
and Zn as well as Cd, and to a lesser degree As (MacDonald et al., 2000). Since the
Pavlowsky (1995) study sediments were sampled in 1991-92 there have been several
remediation projects and clean-up efforts. However, these projects appeared to have only
local effect on current overall Pb and Zn concentrations. The key findings of this study
are as follows:

1. Concentrations of sediment Pb and Zn are high in 2017. Concentrations of
2017 channel sediments range from <30 to 1,261 ppm Pb and 130 to 14,223 ppm
Zn while concentrations for floodplain sediments range from <30 to 1,626 ppm
Pb and 136 to 16,441 ppm Zn. The concentrations of Pb (67% of sites) and Zn
(76% of sites) are on average well above the PEC threshold for toxic effect on
sediment dwelling organisms (MacDonald et al., 2000). Additional metal
concentrations from the aqua-regia analysis show that Cd (46%) and As (8%)
concentrations are also above PEC threshold. In addition, relatively high
concentrations extend from the Galena River mouth out into the Harris Slough of
the Mississippi River system averaging 221 ppm Pb and 1,906 ppm Zn. The
average channel background concentrations not affected by documented mining
operations for the Madden Branch were 33 ppm Pb (Cv=74%) and 243 ppm Zn
(Cv=34%).

2. There are strong associations among elements in sediments reflecting the
strong control of tailing wastes and their mineralogy and sediment
geochemistry. Channel sediment metals have strong positive relationships with
other metals such as Pb, Zn, Fe, and Ca. The greatest relationship in any location
is a strong positive correlation between Pb and Zn concentrations. Lead and Zn
also share a positive relationship at most sites with Fe and Ca. To a lesser degree,
Mn has a strong positive correlation with Pb and Zn concentrations only in the
main channel of the Galena. Typically, mining metals are associated with OM as
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a result of binding of dissolved metals downstream. However, most metals
appear to have weak relationships with OM suggesting that contamination is
related more to tailings and fine-sediment particles to a significant degree
(Pavlowsky, 1995).

There is a strong positive relationship between 1992 and 2017 samples. On
average, there were very few significant decreases in Pb and Zn concentrations by
branch averages over the past 25 years. For Pb concentrations, every branch
increased except the Ellis Branch (20% decrease). For Zn concentrations there
were several overall slight decreases in 8 different branches and several overall
slight increases in 8 different branches. Of these decreases, three were below
10%, three were between 10%-30%, and the last two were above 30% decrease.
Overall, Zn concentrations as a whole indicated a weak significant decrease over
the past 25 years. This can be further explained by the strong positive relationship
between 1992 and 2017 Pb and Zn channel concentrations. This suggests that
even though there has been some clean-up and 40 years of mining inactivity,
recovery to background levels is slow and can take centuries.

There has been little effect from mine waste remediation. The majority of
mine sites cleaned-up prior to the Pavlowsky (1995) study were mostly low
producing mines that created very little waste (Heyl et al., 1959). Most high-
producing historical mines continue to have large tailing piles effecting local
streams. Even in tributaries with the most mine clean-up activities, Pb and Zn
concentrations have barely changed and in some cases have increased. The
majority of documented remediation projects in the past 25 years have seen a
slight decrease in Zn concentrations in sediment within 3 km of the mine site with
the highest decrease in Vinegar Hill for Zn at Inspiration and Little Giant. With
only Eagle Picher mine showing a large increase, remediation appears to have
some effect on the reduction of downstream contamination locally. However,
similar changes also occurred at some mine sites that have not been remediated.
It is possible that the small decreases and lack of an overall trend may be due to
lack of time for recovery of remediated mine sites. More monitoring is needed to
evaluate effectiveness of remediation on stream sediment metal concentrations.

Continued high Pb and Zn concentrations are likely due to remaining tailing
piles and contaminated floodplains and banks. Even though mining ceased in
1979, many tailing piles still remain throughout the watershed with 21% of all
remaining tailing piles located within 100 m of a stream (Pavlowsky, 1996).
These tailing piles have extremely high Pb and Zn concentrations and will
continue to be a source of metals to the watershed. Additionally, contaminated
banks and floodplain deposits will continue to be a secondary source to the
channel during floods, erosion, and reworking (Knox, 1987; Lecce and
Pavlowsky, 1997). 1t is likely that Pb and Zn concentrations will remain high
well into the future even with continued remediation projects.
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In conclusion, the Galena River Watershed channel and floodplain samples are
heavily contaminated with Pb and Zn and there has been little to no decrease over the
past 25 years in most branches of the watershed. To date, remediation efforts appear to
have little or unknown effects on channel sediment concentrations with the largest
decrease being at an EPA Superfund site. The results of this analysis show that TMDL
reports that only focus on dissolved Zn concentrations are severely underestimating the
scale of metal contamination in Galena River sediments (CDM Smith, 2018). Watershed
management goals to improve water quality should include sediment as a risk as well as a
potential future source of pollution released from storage in channel deposits and

floodplain soils.

76



REFERENCES

Acosta, J. A., Faz, A., Martinez-Martinez, R., Carmona, D. M., Kabas, S., 2011.
Multivariate statistical and GIS-based approach to evaluate heavy metals behavior

in mine sites for future reclamation. Journal of Geochemical Exploration 109 (1-
3), 8-17.

Adams, C., 1944. Mine Waste as a source of Galena River bed sediment. The Journal of
Geology 52, 275-282.

Australian Laboratory Services (ALS), 2009. ME-IC41 trace level methods using
conventional ICP-AES analysis. ALS Global, Reno, NV.

Amezaga, J. M., Rétting, T. S., Younger, P. L., Nairn, R. W., Noles, A., Oyarzun, R.,
Quintanilla, J., 2011. A rich vein? Mining and the pursuit of sustainability.
Environmental science & technology 45, 21-26.

Axtmann E. V., Luoma, S. N., 1991. Large-scale distribution of metal contamination in
the fine-grained sediments of the Clark Fork River, Montana, U.S.A. Applied
Geochemistry 6, 75-88.

Brown, B. A., Hunt, T. C., Johnson, D. M., Reid, D. D., 2009. The Upper Mississippi
Valley Lead-Zinc District revisited: mining history, geology, reclamation, and
environmental issues thirty years after the last mine closed. Illinois State
Geological Survey guidebook 38, 1-19.

Carnahan, E. A., Hoare, A. M., Hallock, P., Lidz, B., Reich, C. D., 2008). Distribution of
heavy metals and foraminiferal assemblages in sediments of Biscayne Bay,
Florida, USA. Journal of Coastal Research 214(1), 159-169.

CDM Smith, 2018. Galena/Sinsinawa Rivers Watershed TMDL Report. Illinois
Environmental Protection Agency, Springfield, IL.

Church, S. E., Fey, D. L., Blair, R., 2000. Pre-mining bed sediment geochemical baseline
in the Animas River Watershed, southwestern Colorado. USGS Open-File Report
00-034, 12-25.

Coulthard, T. J., Macklin, M. G., 2003. Modeling long-term contamination in river
systems from historical metal mining. Geology 31(5), 451-454.

Environmental Protection Agency (EPA), 1998. Field portable x-ray fluorescence
spectrometry for the determination of elemental concentrations in soil and
sediment. EPA-SW-846-6200. Environmental Protection Agency, Washington
D.C. (32 pp.).

77



Environmental Protection Agency (EPA), 2018a. Superfund Site Information: Inspiration
Mines. U.S. Environmental Protection Agency, Washington, D.C.

Environmental Protection Agency (EPA), 2018b. Superfund Site Information: Little
Giant Mine. U.S. Environmental Protection Agency, Washington, D.C.

Galena Historical Society (GHS), 2012. Galena-Jo Daviess County Historical Society.
Galena Historical Society, Galena, IL. Retrieved from
http://www.galenahistory.org/.

Geological and Natural History Survey (GNHS), 1995. Bedrock geology of Wisconsin.
University of Wisconsin, Madison, WL

Hartemink, A. E., Lowery, B., Wacker, C., 2012. Soil maps of Wisconsin. Geoderma
189-190, 451-461.

Heyl, A. V., Agnew, A. F., Lyons, E. J., Behre, C. H., Flint A. E., 1959. The geology of
the Upper Mississippi Valley Zinc-Lead District. US Geological Survey
professional paper 309.

Horowitz, A. J., 1991. A Primer on sediment-trace element chemistry. Lewis Publishers,
Chelsea, M1, 136 pp.

linois State Geological Survey (ISGS), 1967. Bedrock geology, 1967. University of
[llinois, Urbana-Champaign, IL.

Illinois State Geological Survey (ISGS), 2015a. 2005 Illinois NAIP digital orthophoto
quadrangle data. University of Illinois, Urbana-Champaign, IL.

[linois State Geological Survey (ISGS), 2015b. 2015 Illinois NAIP digital orthophoto
quadrangle data. University of Illinois, Urbana-Champaign, IL.

International Business Machines (IBM), 2016. IBM SPSS Statistics 24 system user’s
guide. IBM Corporation. Retrieved from ftp://public.dhe.ibm.com/software/
analytics/spss/documentation/statistics/24.0/en/client/Manuals/IBM_SPSS_Statist
ics_Core_System User Guide.pdf.

James, L. A., 2013. Legacy sediment: definitions and processes of episodically produced
anthropogenic sediment. Anthropocene 2 (2013), 16-26.

Johnson, D., 2018. Wisconsin mines. Mining Artifacts. Retrieved from
http://www.miningartifacts.org/Wisconsin-Mines.html.

Kemper, T., Sommer, S., 2002. Estimate of heavy metal contamination in soils after a

mining accident using reflectance spectroscopy. Environmental Science
Technology 36(12), 2742-2747.

78



Knox, J. C., 1987. Historical valley floor sedimentation in the Upper Mississippi Valley.
Annals of the Association of American Geographers 77, 224-244.

Knox, J. C., 1989. Long- and short-term episodic storage and removal of sediment in
watersheds of southwest Wisconsin and northwestern Illinois. Sediment and the
Environment 184, 157-164.

Knox, J. C., 2006. Floodplain sedimentation in the Upper Mississippi Valley: natural
versus human accelerated. Geomorphology 79, 286-310.

Leblanc, M., Morales, J. A., Borrego, J., Elbaz-Poulichet, F., 2000. 4,500 year-old
mining pollution in southwestern Spain: long-term implications for modern
mining pollution. Economic Geology 95, 655-662.

Lecce, S. A., Pavlowsky, R. T., 1997. Storage of mining-related zinc in floodplain
sediments, Blue River, Wisconsin. Physical Geography 18(5), 424-439.

Lecce, S. A., Pavlowsky, R. T., 2001. Use of mining-contaminated sediment tracers to
investigate the timing and rates of historical flood plain sedimentation.
Geomorphology 38, 85-108.

Lecce, S. A., Pavlowsky, R. T., 2004. Spatial and temporal variations in the grain-size
characteristics of historical flood plain deposits, Blue River, Wisconsin, USA.
Geomorphology 61, 361-371.

Lecce, S. A., Pavlowsky, R. T., 2014. Floodplain storage of sediment contaminated by
mercury and copper from historic gold mining at Gold Hill, North Carolina, USA.
Geomorphology 206, 122-132

MacDonald, D. D., Ingersoll, C. G., Berger, T. A., 2000. Development and evaluation of
consensus-based sediment quality guidelines for freshwater ecosystems. Archives
of Environmental Contamination and Toxicology 39, 20-31.

Magilligan, F. J., 1985. Historical floodplain sedimentation in the Galena River Basin,
Wisconsin and Illinois. Annals of the Association of American Geographers 75,
583-594.

Marcus, W. A., 1987. Copper dispersion in ephemeral stream sediments. Earth Surface
Processes and Landforms 12, 217-228.

Mast, M. A., Verplanck, P. L., Yager, D. B., Wright, W. G., Bove, D. J., 2000. Natural

sources of metals to surface waters in the Upper Animas River Watershed,
Colorado. USGS Open-File Report 00-034, 67-76.

79



Mehrabi, B., Mehrabani, S., Rafiei, B., Yaghoubi, B., 2015. Assessment of metal
contamination in groundwater and soils in the Ahangaran mining district, west of
Iran. Environmental Monitoring and Assessment 187 (727), 1-23.

Miller, J., Barr, R., Grow, D., Lechler, P., Richardson, D., Waltman, K., Warwick, J.,
1999. Effects of the 1997 flood on the transport and storage of sediment and

mercury within the Carson River Valley, West-Central Nevada. The Journal of
Geology 107, 313-327.

Mullens, T. E., 1964. Geology of the Cuba City, New Diggings, and Shullsburg
quadrangles, Wisconsin and Illinois. United States Geological Survey bulletin
1123-H.

National Oceanic and Atmospheric Administration (NOAA), 2018. Quad Cities.
Quad Cities Weather Forecast Office, Davenport, IA.

Natural Resources Conservation Service (NRCS), 2009. Illinois suite of maps. United
States Department of Agriculture, Washington, D.C.

Natural Resources Conservation Service (NRCS), 2017. Web soil survey. United States
Department of Agriculture, Washington, D.C. Retrieved from
http://websoilsurvey.nrcs.usda.gov/

Navarro, M. C., Pérez-Sirvent, C., Martinez-Sancheza, M. J., Vidal, J., Tovar, P. J., Bech,
J., 2008. Abandoned mine sites as a source of contamination by heavy metals: a

case study in a semi-arid zone. Journal of Geochemical Exploration 96 (2-3), 183-
193.

Nieto, J. M., Sarmiento, A. M., Olias, M., Canovas, C. R., Riba, 1., Kalman, J., Delvalls,
T. A., 2007. Acid mine drainage pollution in the Tinto and Odiel rivers (Iberian
Pyrite Belt, SW Spain) and bioavailability of the transported metals to the Huelva
Estuary. Environmental International 33, 445-455.

Ozarks Environmental and Water Resources Institute (OEWRI), 2007a. Standard
operation procedure for: organic matter in sediment, loss on ignition method.
Missouri State University, Springfield, MO.

Ozarks Environmental and Water Resources Institute (OEWRI), 2007b. Standard
Operating Procedure for: X-MET3000TXS+ Handheld XRF Analyzer. Missouri
State University, Springfield, MO.

Pavlowsky, R. T., 1995. Spatial variability of mining-related zinc and lead in fluvial

sediments, Galena Watershed, Wisconsin-Illinois (Unpublished doctoral
dissertation). University of Wisconsin Madison, Madison, W1.

80



Pavlowsky, R. T., 1996. Fluvial transport and long term mobility of mining-related zinc.
Tailing and mine waste 1996, 395-404.

Pavlowsky, R. T., Lecce, S. A., Owen, M. R., Martin, D. J., 2017. Legacy sediment, lead,
and zinc storage in channel floodplain deposits of the Big River, Old Lead Belt
Mining District, Missouri, USA. Geomorphology 229, 54-75.

Reinertsen, D. L., 1992. Guide to the geology of the Galena area. Illinois State
Geological Survey guidebook 1992B, 1-56.

Richards, R. H., 1909. A test book of ore dressing. McGraw-Hill Company, New York,
NY.

Simmons, J. A., Currie, W. S., Eshleman, K. N., Kuers, K., Monteleone, S., Negley, T.
L., Pohlad, B. R., Thomas, C. L., 2008. Forest to reclaimed mine land use change

leads to altered ecosystem structure and function. Ecological Applications 1, 104-
118.

Sparks, D. L. 1996. Methods of soil analysis part 3: chemical method. Soil Science
Society of America Book Series 5.3.

Sutherland, R. A., 2000. Bed sediment-associated trace metals in an urban stream, Oahu,
Hawaii. Environmental Geology 39, 611-627.

Swennen, R., Van Keer, 1., De Vos, W., 1994. Heavy metal contamination in overbank
sediments of the Geul river (East Belgium): its relation to former Pb-Zn mining
activities. Environmental Geology 24, 12-21.

Taggart, A. F., 1945. Handbook of mineral dressing: ores and industrial minerals. John
Wiley and Sons, New York, NY.

Trimble, S. W., 1999. Decreased rates of alluvial sediment storage in the Coon Creek
Basin, Wisconsin, 1975-93. Science 285, 1244-1246

United States Census Bureau (USCB), 2017. TIGER/Line Shapefiles and TIGER/Line
Files. United States Department of Commerce, Washington, D.C.

United States Geological Survey (USGS), 1952. 7.5 minute quadrangle series. United
States Department of the Interior Geological Survey V861.

United States Geological Survey (USGS), 2018. USGS 05415000 Galena River at
Buncombe, WI. United States Department of the Interior, Washington, D.C.

United States’ National Aeronautics and Space Administration (NASA), Japan’s Ministry

of Economy, Trade, and Industry (METT), 2011. ASTER global digital elevation
model. USGS EarthExplorer ASTGDEMV2 0N42W091.

81



Vandeberg, G. S., Martin, C. W., 2011. Spatial distribution of trace elements in

floodplain alluvium of the upper Blackfoot River, Montana. Environmental Earth
Sciences 62, 1521-1534.

Wisconsin Department of Natural Resources (WDNR), 2001. Grant-Platte Rivers state of
the basin report, Volume 3, Galena River Watershed. Wisconsin Department of
Natural Resources, Madison, WI.

Wisconsin Department of Natural Resources (WDNR), 2008. Waste registry screening
worksheet for Champion Mines. Wisconsin Department of Natural Resources,
Madison, WI.

Wisconsin View Imagery (WVI), 2015a. 2005 NAIP Co. University of Wisconsin,
Madison, WI.

Wisconsin View Imagery (WVI), 2015b. 2015 NAIP Co. University of Wisconsin,
Madison, WI.

Woltemade, C. J., 1994. Form and process: fluvial geomorphology and flood-flow
interaction, Grant River, Wisconsin. Annals of the Association of American
Geographers 84, 462-479.

Xiao, H., Ji, W., 2007. Relating landscape characteristics to non-point source pollution in

mine waste-located watersheds using geospatial techniques. Journal of
Environmental Management 82, 111-119.

82



APPENDICES

Appendix A. Photo Log (July 2017)

Appendix A-2. ailins and waste rock at Federal Mine, Wisconsin
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pendix A-4. Tailing pile at Vinegar Hill Mine, Illinois
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Appendix A-7. Example of sample site on bank/floodplain on the Middle Galena River,
Wisconsin
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Appendix A-8. Geomorphological survey example, Shullsburg Branch, Wisconsin
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Appendix A-10. Example of acid mine drainage near previous roaster pile site
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Appendix C. Channel Characteristics

Appendix C-1. Channel Characteristics (m)

Site B‘ed Bagkfull Water  Bankfull B.ar Bepch Bank Height
Width width Depth depth Height Height Left Right
2 1.5 33 0.3 0.7 0.6 0.5
4 1.9 3 0.3 1 1 0.7
6 3.1 6.1 0.25 0.75 0.25 0.7
7 2.7 6 0.25 0.6 1.75
8 5.5 8.8 0.28 1.4 0.25 1.3
9 5.5 8.6 0.4 0.7 0.3 1.8
11 6.8 10.5 0.45 1.9 2.2 0.6
12 12.6 16 0.76 3 1.56 1.3 3
14 7.9 14 0.85 2.8 0.1 1.85 2.8 2.6
16 13.5 21 0.62 2.3 0.7
17 12 21 0.6 1 0.7 14
19 14.6 16.6 0.75 1.8 1.15 1.3
20 20.4 22.7 0.48 1.7 1.9 1.3
21 12.8 15.8 0.6 1.84 0.35
22 14.7 18.1 0.8 1.5 2.75 0.5
26 15 25 0.9 3 1.2 1.2
27 20 31 0.6 3.5 1 2
29 17.5 30 0.9 4.2 1.7 1.6
30 13 28 0.5 2
31 11.3 23.7 1.3 33 1.6 1.9
33 1.7 33 0.11 0.8 0.2 0.8 0.8
34 12.8 21.3 1 2 2 2
37
39 17 23 0.71 32
40 23.5 32.5 0.5 2.7
42 4.2 2.7
43 2.5 2.5
46 2.3
47 43
49 5 7.6 0.2 0.5 0.3 0.3
50 2.5 44 0.3 0.5 1.4 0.4
51 3.1 4.7 0.3 0.4 0.3 0.3
52 4 6 0.25 1.2 0.75 0.55
53 0.6 1.6 0.005 1.6 0.1 1.2
54 2 7.5 0.22 1.2 0.4 1.2 1.2
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Appendix C-1 continued. Channel Characteristics (m)

Site B‘ed Bagkfull Water  Bankfull B.ar Bepch Bank Height
Width width Depth depth Height Height Left Right

55 1.3 1.9 0.12 0.7

56 5.5 6 0 1

57 2.2 5 0.35 1

58 2.7 3.6 0.4 1 0.75 1

60 33 4.2 0.4 0.75 0.7 0.6

61 4.8 11.2 0.5 1.3 0.8 0.6

62 0.8 3.6 0.15 1.2 1.2 1.35

63 7.7 9.5 0.31 1.7 1.9 1.7

65 1.3 2.5 0.6 1.1 1.1 1.3

66 4.47 5.1 0.18 0.6 1.15 0.4

67 4.1 5.8 0.45 0.9 0.8 0.9

68 1.95 2.2 0.43 0.55 0.55 0.55

69 2.5 6 0.45 0.65 2 0.75

70 6.1 10.5 0.45 0.65 0.6 0.55

71 2.8 8.5 0.28 0.9 0.35 0.4

72 4.5 8.2 0.22 1.1 1.1 0.6

74 54 9.3 0.38 2 1 1 2 1.38

75 2.1 8 0.3 1.6 0.3 0.5

76 1.1 6 0.19 1.1 0.8 0.7

77 1.7 2 0.28 1.3 0.7 1.1

78 6.1 14.1 0.64 1.8 1.2 2

79 2.3 14.3 0.43 1.4 1.2 1.4

80 3.2 10.5 0.33 1.5

81 9.2 10 0.25 1.1 0.4 1.1

82 2.2 8 0.3 0.6 0.6 0.4

83 4.3 9.1 0.2 2 0.3 1.5

84 1 1 0.05 0.5 0.3 0.3

85 1.55 3.7 0 1.6 0.85 0.7

86 3.15 9 0.24 0.5 0.3 0.9

87 4.1 7.1 0.29 2 0.3 1

88 1.65 2.9 0.32 0.7 0.4 0.7

89 1.5 9.4 0.08 0.4 0.1

90 14.7 14.7 0.5 1.5 0.6 1.5

91 1.4 53 0.24 0.7 0.4 0.8

92 1.2 7.5 0.2 0.6 0.3 1
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Appendix C-1 continued. Channel Characteristics (m)

Site B‘ed Bagkfull Water  Bankfull B.ar Bepch Bank Height
Width width Depth depth Height Height Left Right

93 5.5 16.2 0.27

94 6.2 19 0.45 1.2 0.7 1.2

95 1

96 1 1.5 0.2 0.4

98 1.7 3 0.4 0.8

102 2.6 4 0.2 0.7

103 1.3 2.7 0.2 0.95 0.2 0.5

104 1.25 2.7 0.2 0.75 0.4 0.35

105 1.15 5 0.35 1.15 1.15 1.15

106 14 44 0.18 1 0.6 1

108 0.8 2 0.2 0.65

109 2.3 2.7 0.23 0.7 0.7 0.6

110 2 4 0.21 1.6 0.8 0.9 1.6

111 1 1 0.1 0.8 0.1

112 0.5 0

113 3 3.8 0.28 1.8 1.8 0.8

114 2.2 53 0.14 1.1 0.14 1.1 1.1

115 2.7 4.8 0.23 1.2 0.23 1.2 1.2

116 3 7 0.28 1 0.28 1 1

117 2.5 4 0.3 1.2 0.4 1.2 1.2

118 2.5 5 0.35 1.2 0.4 1 1.2

119 2.3 7.7 0.15 1.3 1.7 0.7

121 4

122 6.5 12 0.2 2 0.6 1.4

123 1.5 35 0.21 1.4 0.5

124 2.4 5 0.38 1.85 0.45

127 5 5.5 0.7

128 2 6 0.2 2.6 2 2.5

131 3.8 5 0.22 0.6

132 0.5 1.5 0.15 1

133 2.9 3.1 0.22 1.1

134 4.6 8.3 0.2 1.2

135 0.5

136 2.1 2.7 0.16 0.7 0.5

137 3 5.5 0.21 1.2 0.4
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Appendix C-1 continued. Channel Characteristics (m)

Site B‘ed Bagkfull Water  Bankfull B.ar Bepch Bank Height
Width width Depth depth Height Height Left Right

138 2.4 6 0.2 1 0.3 1 0.8
139 3.6 7.5 0.25 1.6 0.35 1 1.6
140 2.9 6 0.42 2.5 0.5 2.5 1.5
142 1 0 0.3

143 15.3 223 0.65 1.8 1 1.8 1.8
144 2.6 7 0.31 0.5 0.5

145 1.35 7.35 0.13 1 0.3 0.4
146 34 7.4 0.41 1.7 1.2 1.4
147 2.8 13.8 0.3 1.6 0.6 0.4
148 7.5 150 0.61 1.8 1 1.4
149 9.2 18 0.71 2

150 2.4 3.7 0.1 0.4

151 1.4 2 0.18 0.3 0.25 0.25
152 3 5.25 0.25 1.25 0.6 0.6
153 5.8 9.9 0.6 24 1.6 1.6

Appendix C-2. Bank Stability
Site Left (%) Right (%)
Stable Steep Raw Artificial Stable Steep Raw Artificial

2 80 15 5 0 100 0 0 0
4 100 0 0 0 100 0 0 0
6 100 0 0 0 0 100 15 0
7 100 0 0 0 0 90 15 0
8 100 0 5 0 50 50 5 0
9 100 0 0 0 100 0 80 0
11 100 0 0 0 100 0 0 0
12 5 95 20 0 95 5 5 0
14 5 95 80 0 100 0 0 0
16 100 0 10 30 70 50 10
17 95 0 100 0 0 0
19 5 95 0 0 50 50 0 0
20 100 0 0 40 60 10 0
21 85 15 15 0 66 33 20 0
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Appendix C-2 continued. Bank Stability

Site Left (%) Right (%)
Stable Steep Raw Artificial Stable Steep Raw Artificial

22 100 0 100 0 100 0 0 0
26 100 0 0 0 100 0 0 0
27 20 0 80 0 0 0 100 0
29 90 0 10 0 0 100 0 0
30 95 0 0 100 0 0 0
31 75 20 0 100 0 0 0
33 70 30 10 0 70 30 10 0
34 2 98 0 0 100 30 0
37 100 0 0 0 70 0 30 0
39 90 0 10 0 100 0 0 0
40 0 50 50 0 80 20 0 0
42 100 0 100 30 100 0 100 30
43 100 0 100 10 100 0 100 10
49 100 0 0 0 100 0 0 0
50 0 100 20 0 100 0 0 0
51 100 0 0 0 100 0 0 0
52 40 30 30 0 25 25 50 0
53 10 90 10 0 50 50 0 0
54 100 0 10 0 100 0 5 0
55 0 50 50 0 0 0 100 0
56 0 80 20 0 0 80 20 0
57 100 0 0 100 100 0 0 0
58 100 0 15 0 50 50 10 0
60 100 0 0 0 100 0 0 0
61 100 0 0 0 100 0 0
62 0 34 66 0 0 100 0
63 0 90 10 0 70 30 0
65 80 20 0 0 0 95 0
66 0 95 5 0 95 0 0
67 90 0 10 0 90 0 10 0
68 25 0 75 0 20 0 75 0
69 0 100 0 100 0 0
70 100 0 0 100 0 0
71 100 0 0 0 0 90 10 0
72 0 0 100 0 100 0 0 0
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Appendix C-2 continued. Bank Stability

Site Left (%) Right (%)
Stable Steep Raw Artificial Stable Steep Raw Artificial

74 20 80 60 0 0 100 0 0
75 10 80 10 0 100 0 0 0
76 80 0 20 0 80 0 20 0
77 80 0 20 0 70 0 30 0
78 0 0 100 0 0 80 20 0
79 90 0 10 0 80 0 20 0
80 0 0 100 0 0 0 100 0
81 80 0 10 10 85 0 10 5
82 0 90 10 0 100 0 0 0
83 0 80 0 20 100 0 0 0
84 100 0 0 0 100 0 0 0
85 0 0 100 0 0 0 100 0
86 25 0 75 0 95 0 0
87 80 0 10 10 0 90 10
88 0 10 90 0 100 0 0
89 80 0 20 0 95 0 0 5
90 0 0 100 0 0 10 90 0
91 100 0 0 0 100 0 0 0
92 78 0 20 2 50 0 50 0
93 90 10 0 0 10 80 0 10
94 55 15 30 0 90 10 0 0
96 0 90 0 10 0 100 0 0
98 10 80 10 0 0 100 0 0
102 0 90 10 0 100 0 0 0
103 100 0 10 0 100 0 0
105 50 50 0 0 100 0 0
106 10 90 10 0 100 0 15 0
108 100 0 0 0 80 20 0 0
109 90 10 60 0 90 10 70 0
110 100 0 2 0 95 5 0
111 90 10 10 0 100 0
113 50 50 10 0 100 0
114 100 0 3 1 100 1
115 100 0 0 0 80 20 30 0
116 100 0 0 0 100 0 0 0
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Appendix C-2 continued. Bank Stability

Site Left (%) Right (%)
Stable Steep Raw Artificial Stable Steep Raw Artificial

118 90 10 0 0 10 90 50 0
119 0 0 100 0 0 0 100 0
122 100 0 0 0 100 0 0 0
123 90 10 0 0 100 0 0 0
124 80 20 2 0 90 10 2 0
127 33 66 30 0 0 100 0 30
128 100 0 0 0 0 0 100 0
131 95 0 80 0 20 0
132 10 80 10 0 0 95 5 0
133 20 30 50 0 15 80 0
134 80 0 20 0 0 100 0
135 100 0 0 0 100 0 0 0
136 10 80 10 0 100 0 0 0
137 100 0 0 95 0
138 100 0 80 20 0
139 100 0 0 5 60 40 20 5
140 20 80 70 0 90 10 10 0
142 100 0 0 0 100 0 0 0
143 70 30 20 0 80 20 10 0
144 100 0 0 0 100 0 0 0
145 100 0 0 0 100 0 0 0
146 0 0 100 0 0 0 100 0
147 100 0 0 0 100 0 0 0
148 40 0 60 0 60 0 40 0
149 80 0 20 0 0 95 5 0
150 0 50 50 0 90 0 10 0
151 0 0 0 10 0 0 0 10
152 20 80 0 0 20 80 5 0
153 100 0 10 30 100 0 100 30

100



common)

Appendix C-3. Bank Condition (O=not present, 1=present, 2

Right
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Tree Fallen Toe Tree Fallen Toe
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Site

Slumps

Slumps

Tree

Roots

Tree

Roots

11

12
14
16
17
19
20

21

22
26

27

29

30
31

33

34
37
39
40

42
43

46

47

49

50
51

52
53
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common)

Appendix C-3 continued. Bank Condition (0=not present, 1=present, 2

Right
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Appendix C-3 continued. Bank Condition (0=not present, 1=present, 2

Right

Left

Tree Fallen Toe Tree Fallen Toe
Erosion Erosion

Site
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Tree
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Tree
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Appendix C-3 continued. Bank Condition (0=not present, 1=present, 2=common)

Left Right
Site Tree Fallen Slumps qu Tree Fallen Slumps To.e
Roots Tree Erosion Roots Tree Erosion
136 0 0 0 0 0 0 0 0
137 0 0 0 0 1 0 1 0
138 0 0 2 0 0 0 2 0
139 0 0 0 1 0 0 1 2
140 0 0 2 1 0 0 2 1
141 0 0 0 0 0 0 0 0
142 0 0 0 0 0 0 0 0
143 2 2 2 1 1 1 1 1
144 0 0 0 0 0 0 0 0
145 0 0 0 0 0 0 0 0
146 0 0 0 0 2 1 0 0
147 0 0 0 0 0 0 0 0
148 0 0 0 0 0 0 0 0
149 1 0 1 0 0 0 0 1
150 0 1 0 1 0 0 0 1
151 0 0 0 1 0 0 0 1
152 1 0 0 0 0 1 0 0
153 1 0 0 2 1 0 0 0
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Appendix L. Aqua-regia results (ppm)

Site Type Ag  Al(%) As B Ba Be Bi Ca Cd Co
2 Channel <0.2 1.01 7 <10 160 05 <2 32,500 0.6 7
2 Floodplain  <0.2 1.06 10 <10 160 06 <2 35800 <05 11
9 Channel <0.2 1.14 6 <10 160 0.5 2 11,600 0.8 8
9 Floodplain <02  0.93 4 <10 140 05 <2 37400 09 8
19 Channel 0.2 1.02 7 <10 170 0.5 <2 65300 23 8
19  Floodplain <0.2  0.72 7 <10 150 <05 2 64,300 2.6 7
33 Channel 0.3 0.5 18 <10 90 <05 2 136,000 164 9
33 Floodplain 0.6 037 21 <10 70 <05 <2 128,000 465 10
40 Channel 0.2 076 10 <10 200 <05 2 93,000 6.8 10
40  Floodplain <0.2  0.61 11 <10 170 <0.5 120,000 6.5 9
60 Channel <0.2 1.34 6 <10 150 0.7 <2 12,400 <0.5
60  Floodplain  <0.2 1.09 5 <10 130 05 <2 24200 <0.5
69 Channel <0.2 1.02 8 <10 150 05 <2 59,200 0.8 11
69  Floodplain <02  0.94 5 <10 140 05 2 33,800 0.8 7
94 Channel 0.2 086 11 <10 490 05 <2 52,7700 6.2 11
94  Floodplain 0.2 059 12 <10 590 <05 2 99,000 6.9 9
105 Channel 0.4 025 23 <10 190 <05 3 162,000 14.6 7
105  Floodplain 0.5 043 25 <10 350 <05 <2 109,000 16.4 10
115 Channel 0.5 051 26 <10 70 <05 2 123,000 23.6 13
115  Floodplain 0.6 043 36 <10 80 <05 <2 110,000 272 18
134 Channel 1.5 022 62 <10 70 <05 <2 166,000 42.1 27
134 Floodplain 0.6 057 35 <10 90 <05 <2 96,000 193 28
146 Channel <0.2 098 12 10 370 0.5 <2 56,500 0.6 10
146  Floodplain <02 096 12 10 230 05 <2 32900 0.6 9
151 Channel <0.2  0.65 9 <10 90 <05 2 69,100 1 7
151  Floodplain <02  0.55 7 <10 70 <05 <2 73,000 1.1 6
5 Bank <0.2  0.69 8 <10 140 <05 <2 29300 25 7
5 Channel 0.2 0.46 6 <10 110 <0.5 <2 127,000 4.8 6
8 Bank 0.2 1.23 11 10 180 06 <2 18300 3 10
8 Channel <0.2  0.87 9 <10 170 <05 2 63,200 6.2 10
136 Tailings 1.3 0.17 108 10 10 <05 2 142,000 264 92
104 Tailings 0.5 0.09 48 <10 30 <05 2 172,000 199 10

T144  Tailings 0.8 021 49 10 10 <05 <2 146,000 46.1 16
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Appendix L continued. Aqua-regia results (ppm)

Site Type Cr Cu Fe Ga Hg K(%) La Mg(%) Mn Mo
2 Channel 17 10 17,400 <10 0.025 0.11 20 1.84 687 <1
2 Floodplain 18 11 21,700 <10 0.03 0.12 20 2.01 1,370 <1
9 Channel 18 11 19,600 <10 0.031 0.11 20 0.66 769 1
9 Floodplain 15 11 17,900 <10 0.032 0.12 20 1.96 932 <1
19 Channel 16 12 22,100 <10 0.032 0.12 10 1.5 1,060 <1
19  Floodplain 13 9 18,200 <10 0.062 0.07 10 2.02 879 <1
33 Channel 8 15 28,500 <10 0.036 0.07 10 7.25 1,395 <1
33 Floodplain 16 32,900 <10 0.096 0.07 10 6.89 1,320 <1
40 Channel 12 12 21,700 <10 0.041 0.1 10 4.05 1,095 <1
40  Floodplain 10 10 19,200 <10 0.029 0.08 10 506 1,100 <1
60 Channel 20 17 20,200 <10 0.036 0.15 20 0.47 902 <1
60  Floodplain 17 15 18,300 <10 0.035 0.11 20 0.99 633 <1
69 Channel 15 11 20,000 <10 0.022 0.11 20 3.45 1,270 <1
69  Floodplain 14 12 16,800 <10 0.021 0.13 10 1.63 914 <1
94 Channel 15 12 24,600 <10 0.053 0.12 10 1.78 1,075 <1
94  Floodplain 11 9 21,800 <10 0.037 0.18 10 432 1,200 <1

105 Channel 5 33 29,700 <10 0.068 0.05 10 8.13 1,325 <1

105  Floodplain 8 34 37,500 <10 0.077 0.06 10 6.05 1,190 <1

115 Channel 9 13 32,100 <10 0.108 0.08 10 6.36 899 <1

115  Floodplain 7 16 40,100 <10 0.147 0.06 10 6.19 1,045 <1

134 Channel 7 22 46,400 <10 0.085 0.05 10 798 1,585 <l

134 Floodplain 10 19 34,100 <10 0.068 0.08 10 517 1,325 <1

146 Channel 15 20 23900 <10 0.025 0.12 20 3.22 796 <1

146  Floodplain 15 19 20,900 <10 0.034 0.13 20 1.89 860 1

151 Channel 12 19,200 <10 0.025 0.08 10 4.08 1,375 1

151  Floodplain 11 19,100 <10 0.022 0.06 10 407 1,380 <1
5 Bank 13 17,800 <10 0.023 0.09 10 1.05 508 <1
5 Channel 9 17,700 <10 0.039 0.06 10 628 1,140 <1
8 Bank 18 20 23,000 <10 0.056 0.13 20 0.59 717 <1
8 Channel 15 13 23,000 <10 0.053 0.11 20 2.75 956 <l

136 Tailings 4 71 76,000 <10 0.11 0.08 10 6.67 1,710 1

104 Tailings 46 47,100 <10 0.082 0.03 <10 838 1,170 <1

T144  Tailings 11 68,700 <10 0.126 0.12 <10 479 1,175 1
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Appendix L continued. Aqua-regia results (ppm)

Site Type Na(%) Ni P Pb S(%) Sb Sc Sr Th  Ti(%)
2 Channel 0.02 13 670 28 0.06 <2 2 21 <20 0.02
2 Floodplain ~ 0.02 16 1,630 26 0.04 <2 2 27 <20 0.02
9 Channel 0.02 16 530 64 0.03 <2 2 17 <20 0.02
9 Floodplain ~ 0.02 15 940 47 0.05 <2 2 24 <20 0.02
19 Channel 0.02 15 940 150  0.13 <2 2 37 <20 0.02
19  Floodplain  0.02 13 810 155 0.06 <2 2 33 <20 0.02
33 Channel 0.03 16 1,090 823 0.71 <2 1 42 <20 0.01
33 Floodplain  0.03 16 940 2,540 1.54 <2 1 37 <20 0.01
40 Channel 0.03 17 870 281 0.27 <2 2 37 <20 0.02
40  Floodplain  0.02 14 970 274 0.16 <2 1 42 <20 0.01
60 Channel 0.02 17 880 47 0.06 <2 3 18 <20 0.02
60  Floodplain  0.02 14 870 28 0.12 <2 2 20 <20 0.02
69 Channel 0.03 18 800 38 0.07 <2 2 30 <20 0.02
69  Floodplain  0.02 12 860 32 0.1 <2 2 24 <20 0.02
94 Channel 003 24 910 362 0.26 <2 2 32 <20 0.02
94 Floodplain  0.02 17 1,080 351 0.26 <2 1 44 <20 0.01

105 Channel 0.03 11 910 753 1.44 <2 1 50 <20 0.01

105  Floodplain  0.02 16 800 947  0.66 <2 1 35 <20 0.01

115 Channel 0.03 19 1,230 1,060 1.21 <2 1 39 <20 0.01

115  Floodplain  0.02 22 900 1,660 0.91 <2 1 34 <20 0.01

134 Channel 003 40 1,130 798 2.52 <2 1 47 <20 0.01

134 Floodplain  0.02 36 1,010 680 1.07 <2 1 30 <20 0.01

146 Channel 0.03 18 1,560 780 0.1 <2 2 35 <20 0.02

146 Floodplain  0.02 19 930 635  0.05 <2 2 22 <20 0.02

151 Channel 0.02 14 690 609  0.08 4 2 26 <20  0.02

151  Floodplain  0.02 12 680 335 0.05 <2 1 26 <20 0.02
5 Bank 0.02 13 670 155  0.12 <2 2 20 <20 0.02
5 Channel 0.03 10 1,100 185  0.16 <2 1 42 <20 0.01
8 Bank 0.02 23 900 227  0.12 <2 2 20 <20 0.02
8 Channel 0.03 18 1,100 211 0.26 <2 2 32 <20 0.02

136 Tailings 0.02 174 1,160 985 4.5 <2 1 44 <20 <0.01

104 Tailings 0.03 18 650 582 449 <2 1 49 <20 <0.01

T144  Tailings 0.02 31 1,310 1,010 6.77 <2 2 65 <20 <0.01
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Appendix L continued. Aqua-regia results (ppm)

Site Type Tl U \Y \ Zn
2 Channel <10 <10 22 <10 231
2 Floodplain <10 <10 32 <10 125
9 Channel <10 <10 28 <10 315
9 Floodplain <10 <10 23 <10 295
19 Channel <10 <10 22 <10 1,140
19 Floodplain <10 <10 17 <10 1,100
33 Channel <10 <10 13 <10 8,860
33 Floodplain <10 <10 11 <10 23,900
40 Channel <10 <10 19 <10 3,300
40 Floodplain <10 <10 16 <10 3,120
60 Channel <10 <10 28 <10 111
60  Floodplain <10 <10 24 <10 94
69 Channel <10 <10 24 <10 530
69  Floodplain <10 <10 22 <10 304
94 Channel <10 <10 22 <10 3,130
94  Floodplain <10 <10 16 <10 3,430
105 Channel <10 <10 7 <10 5,950
105  Floodplain <10 <10 11 <10 6,570
115 Channel <10 <10 13 <10 10,850
115  Floodplain <10 <10 12 <10 12,250
134 Channel <10 <10 9 <10 23,600
134 Floodplain <10 <10 16 <10 10,850
146 Channel <10 <10 24 <10 291
146  Floodplain <10 <10 24 <10 282
151 Channel <10 <10 20 <10 837
151  Floodplain <10 <10 17 <10 909
5 Bank <10 <10 18 <10 1,510
5 Channel <10 <10 12 <10 2,220
8 Bank <10 <10 28 <10 1,720
8 Channel <10 <10 21 <10 2,950
136 Tailings <10 <10 4 20 20,200
104 Tailings <10 <10 3 <10 9,060
T144  Tailings <10 <10 4 <10 21,900

128



yasard 0 90610061 150°C 66L5°06° CCos T =0 ATy
yasard L99L1 s0761-9161 SPILcE 1£'06° 6855'TH samaag LY

0 50561 '6761°8T61 (99699 SITF 06 LPS'Tr AqqeRg sALLAY

0 s761-€161 (59669 SHOF 06 P69s Tr neo)) PP -aseop (g

0 000091 S11 06" SLEFTE WaEny Wanag-pea] ong

0 000091 90T 06 LOFE T WaEny Wanag-pea] ong

0 Sit'st 89CT 06" POSSTF  Emasymys (3ol “AprH) sdeg

0 sT6l-rIel 349143 £00€'06° 34k k| Mooy

0 9761-9161 SP1LCE £E06" SIS Ty samadg auoselg

0 50561 '6161°9T61 (59669 CTH 06" FISs Ty AqqeRg wang
yasard 0 L161-9161 000'091 6585'06" 1 ETRED) feqng
yasard 8695 150°¢ L9606 605°TF ETRED) we ] #ig

0 50£61 150°C 9665 067 GEre Y ETRED) ], dig

0 0T61-L161 SP1LCE P9 06" Fore I ETRED) g dg

0 6061-8061 gLY'Er TOTH 06" PrCO'TE ETRED) Iy

0 0ze1-6161 Sit'er 96806 8795 T neo)) ¢4 PIH-jeamEeg

0 TI61F061 gLY'Er TE6E 06" 80797 ETRED) e

0 cea1-0061 (59669 160t 06" [SEs'Tr g wapeg

0 FRG1-TH61 SLY'Er €LOE 06" 155Tr s Lvd

0 th61 ‘60611061 (<) TreT 06" [egcy  Amasyuys JpmE g

0 S061-8061 SLY'Er 1£8¢ 06" D133 ETRED) uojapddy

0 Gr61-L 6l 150°C T06T 06" [815°TH Aaspay TOY[E y, STy
yasard 70067 CCH1Trs1 000'091 9087 06" TLPS'Tr s SMAIPUY
yasad FILT 150°¢ CELT06" 9Tr dmasqnys UOSIIp]Y

CIoT wseyy  nos dpy ualp (@) mononpord  pryEUeT  ApmnE] WEL S SUE N

uoppnposd pue woredoe| amyy ‘y vpuaddy

129



0 50631 150°S 6967 06 §ILETr  Bmas[uys ToTsiEdy
0 G61-TH61 150°s TTE06" 18,07 Emgsyuus ooy pe Smwy
0 0161-7061 000'091 €055 06 69L5TF  Emqsmys [Emqspg-emg
0 0161-7061 000'091 POCE 06 FISCTr  dmgsynus [Emqspig-emg
0 5098 1-50581 SLtEr +38T 067 TFRCTE  Emasynus [908°T SIRA] PUmE J5aTLrg
0 000°091 1975 06° 1666k Bmasymas ssaudiry
0 GLET-6F61 EF1°L5E LTHT 06 gIFsTr  Emqsuys BRI ofdey
] 1161-6061 000091 goe 06 (i g BUHED) Ty
wesand 0 TC61-50F6T ‘LEGT-SE61T SLFct 97LT 06 €65 T amasmis BRgRd
0 CH6T "3061-L061 SLE et Gl 06 CLFOTE EURED) (man Q) deaq
0 TCRT1-0561 “T161-F061 eF1°LCE 1655 06° FOEO T EUS{EL) oo pue [eg
0 CPET-FT61 150°s F3hE 06" 661S T EUR{ED) AL
0 Wi STTH 06 4T nooes) (s8myey) A equy
1] 6061 150°¢ 800F 06 6979 TF ETRED) Apg ey
0 9E61-1£61 (99'999 105F 06 BCTETE AQERS PIOJMEL)
SOFTE 150°S S1EE 06 Fd fespey PR B
0 or61-7161 EF1LGCE CEsT 06" 958c Ty Emqsmus (Agempy) myyEnes
0 50061 A= 150'c BLES D6 £785TH EUS{ED) ¥1§ Pa{O0L) pe 11o))
ysad LTLE §761-T61 ‘6161-L161 (99°999 615706 GE9CTF  Emqsuys pEpade]
ysad 0 [FE1-9F61 150°s 818506 ik %k nooes) paIEptesue])
0 0761-8161 000'091 T0LE 06 POF9 T EUR{ED) { puE | 0T Smesme)
0 0761-8161 000'091 9195 06" 6859°TH EUR{ED) { pue | O Smastme)
0 9061-6481 SLYEY BCE 06" 6L95TF BUS{EL) wEng[e )
0 SOF6T L161-CC81 EF1LGCE G615 06" 8675 TF Qe pERAID
0 OF61-5161 EFILEE LOSE 06 ECECTR SEMEI totduret )
CIOT Mseyy,  og dpy ) (@) wouonperd  ePWIEUCT  SPWLE] WE0G TN

uonnpoad pue uonexo| amyy "panunued y xipuaddy

130



0 €061 8Lt EF FI8E 06 [0T9°TH ER[ED 0T S T-SeTE]

0 6F61-CH6T ‘9061-T06T 8Lt Er TLSE06 61HS TH ETR[ED) SPUOTIEL] Jo foef

0 L16T-E06T it Er +885°06 CI9CTh o)) (mosme(T) sqni) o Foef
Jmasard 0 WiN 90TF 06 1967 TF  IMH Edemp ogendsy
masand TF6F1 CT6T-6161 EFT°LCE STIE 06" e Tr sBmES] (Aqdmpy) prmoyy werpy
masard 66001 8Lt ct FCIE 06 TILCTF  Emasmys EMO]-TRACO-Terrading
ymasard 0 SH61-Ct6T ‘9T61-L161 [99'999 1025 06 A || sp[aL S0y
masard 850T 150°¢ CIHF 06 6597 TF He[qEnH BIE00H

0 061 2 150°¢ CTTF 06 [9TCTH 3[qqes qog yssuoy

0 L161 150°¢ CB65 06 CHOCTH uso)) T oN POH
ymasard 005¢ CI61-€161 150°¢ CCHE06 199C°TF oo T oN pIH
Jmasard 031¢ 0161-LO6T 150°¢ FEOF 06 8LT9TF EIR[ED EPSLIE
masard s T6T ‘8681-068T 000091 705 06 FOLCTE  Emgsmus [EPIREO T R
ymasard 0 CHET-0F61 8Lt Er 9CTH 06 6LFCTF B[qQEDG a215) [BZEH
masand 0 0618681 [99'999 6TLE 06 IO TF ER[ED g Ao
masard 9cC01 0618681 [99'699 €LE06 C0E9'TF EIR[ED ug Ao

0 0618681 [99'999 TLLE 06 90£9°TF EIR[ED wg g

0 LCAT-CCHT "SCRT-LTBT 000°000°C £8TH 06 3 A e ER[ED BpAng-TETELD
Jmasard (9619  OF6I-EH6T ‘0T6T-CI61 er1'LCE §TTH 06" COLF TF ETR[ED) ST SH0O-TETELS)
masard 0 L16T-9061 [99'999 8185706 GOECTH moas) %0 g

0 s0F61 “0T61-0161 8Lt Er LETE 06 S0ECTH sdmIsLg g r=ddp) sppeig

0 LP6THH6T [99'999 1965 06 601C Tk EUR[ED) [E=pag
Jmasard 0 B Er GEC06 FOCTH Emasmys T2} MojuRg-ALRE

0 BT ET SOFE 06 FOCTE  BmIug 25 noRg-ALe

0 150°C TL0E 06 9I8CTH  Smqsmus mRan) e g

CIOT sy, g dpy mdQ (B} mononporg  SpWEmOT  EpOE] 2GS B N]

monanpoad pue monedo 2y penunued [y xpuaddy

131



rasard F6LS CIGI-E161 LV ek €801 06" 989 Tt EUR{ED) T[ILIG SERY
yasand €E91T  9r61-Trel ‘61615161 (99'999 TLE 06 FISS T uoey) e
ymasand 0 0061 A% 150 PLIY 06 FEIC T AQEDS nesIpER]
ymasad 0 I+61 git'eh 88LT 06 TIssTF s aud]
yasand A bl cI61-T161 000°091 £OTE 06" LLES'TH sEMEEIQ anfEm], Ao

0 9061-+061 000°091 T85T06" 9960 T Emasys WH Aopu]

069 CT6I-€161 Lt Er 68LE°06° COECTH uoes) (faqsuadg) AmetEuo]

L1l SLV'EF F097 06 SISCTr  EmQsnus (34 BURED-JUEID B[N
yasand +0Z61 git'ch 9T 06" 9r8CTE  EMQEMS (PR EMRED-WEID SWIT
Jasand 0 (Aqeorpord) [ p51-6551 WIN L90TF 06  6UAFTF  IH mEsmpy WD) 3]

0 9061 git'eh 66506 6LICTH mg peq S1g-peq W]
ymasand 0 9061 TR #0006 CITSTr meg peQ S1g-peq ]
rasand 98TF1 LFGT-TH6T ‘50681 1505 F997 06 (8STr amasmys MY AT
yasand L6t9 or61-ch61 erI'LCE CILE 06 969 Tt EUR{ELD) Apaqr]

0 SHOT-TH6T ‘0161-L¥81 Lt'Ek 16%5 06" €L Tr EUR{ED) FUIPES ]
ymasad 0 C161-8061 000091 CITH 06 CIESTH AEDS FNBLNE]
ymasand 081 LI6T-E161 000°091 CELE 06 C6F9° T sed FIBLME]

€CCLl 9061 1508 8T8 06 GEFSTH s CERG G
yasand 0 git'eh 6LLE06 €159°Tr sed ey

0 1505 €0LE 06 L165°TE EIR[ED TETE]ATY

0 S161-F161 er1'Lcs 806806 1955°TF ooy SONTH

0 6161-1581 000'000°'C L5006 TLTS'TF g Apaumay
yasand 0 S161-0161 1505 1L5°06 COLETH ETR{ED) ST
yasand TLOT  S0S61-50K61 60611061 150 (95806 9e9c Ty Emesys puEH Enp

0 LS61-T061 000091 89T 06 BLCCTH DS uosRya[

cl0Z @y [og djy Q) (@) mononpord  spmiEueT  @pUue] IS STE ]

uonanpoad pue gonexo| amyy “panunuoed jy xipuaddy

132



133

0 1F61-L 561 ERILCE L13T 06" SI9CTF  EmAsys TP MBN]
6060k, FH61-Er61 150'¢ LTST 06" GRLCTE  Emasumus AEpL MBN
yasand 96751 0E61-9761 000°091 CLOE 06" €075 TF Aaspay TLIOT[ET0] MaN]
yasand 8E661 000°091 9€ 06" T09s T EUR{ED) apuag BP[ Map
yasaad T6TET 000°000°C FrLT 067 IrLETy  Emasuysg AmH MmN
yasand £658E 000°000°T FLT 06 CE9LTF  Emasuyg Y MmN
TL6E6 000°000'T TE9T 06" 1ZLety  Emasys Y MmN
0 S0C61-9F61 TRl C0TE 06" 97y Emasuys WEIEIHO.) MBN]
esand 18551 50561 ‘FFE1-TH61 Lt Er £61F 06" EICCTE g wang map
esand 151 LV EF 8C1E 06" 919¢ Tty Emqsunus g sAmp HN-IT-IN
yasand CET6 it Er BLIE 06" 17957y Emasuys e samp HN-IT-ON
yasand LL58 Lt Er CH1E 06" (79cTy  Emasymys €6 samp HN-WT-2N
0 BLEEY TETE 06" €09 Tr  Emasuys €6 S HN-IWT-ON
0 6061-£061 BLEEY 6911 06 LBES T AqEDS Aqempy
0 CLBI-T861 000'091 FLLT 06 BEC T samaag Aty
yasaad 661S  LPBI-TP61 "0T6T-LI6T [99'999 CETE 06" TrEC'Tr SAMEE1(] SO
esand 0 §T61-+T61 ER1LCE LTIF 06" FOrs I g TANGIe
8061-9061 150'¢ TETr 06" L9T9°TH EUR[ED AempIpy
F061-0061 150°¢ 95T 06 6rre T AqEDS eI
yasand 0561-FF6T "0T61-0931 000°091 £0£E 06" 1855°TH s M0sq0Y P Ao[RfY
ysand 8E61 150'¢ 088 06 8650 TF sjed (1estu)) Ba01D) SRR
ymsand 8E61 150°¢ £OLE 06" €650 T EUR{ED) JACID) SRR
C161-F161 150'¢ £0TF 06" FISTh AqEDS T[RRI
50061 AlET 150°¢ F895 06 1285°TF EUR[ED MO
LA T Lt Er 109€ 06" L085'TF BUR[ED) eI
NUREERN 1l (Ep uomonpold  ApMIENOT  apmuET IS FUME ]

uonanpoid pue gonelo  mpy "panunuod Jy xipuaddy



134

0 TH61-LE61 SPTLEE L18T06 S19CTF  Bmqs[mus TR M3N]
0'60FL FH61-ch61 150°s LTST 06 SrLCTE  Emasuis Areonpy aap
mesard 9675 0£61-9761 000091 CLOE 06 €075 TF fasey TLIOTETOT MBN]
yrasand 8E661 000091 9¢06° C09% T EUR[ELD) IPULE EP] MBI
yasand T6TET 000'000'C ¥HLT 06 IHETy  Bmasmus Y map
yrasand £6E8E 000'000'C FLT 06" CE9CTF  Bmasymys AEH MBI
TL656 000'000'C 9706 10Lsty  Emqsyos Ay map]

0 S0C61-961 BLY'EF £07E°06 119c{y  Emgsuys WRT[ETTHe ) BN
yasand 18551 50561 ‘FR61-Th61 8Lt Er t611°06 €TS8 TH g nang man]
yrasand 15Tk BLY'EF 851706 919c Tk Emasuus 9¢ SN HN-PUT-ON
yasand CET 8Lt Er L1706 109cty  Emqsymus & SN HN-PUT-ON
yrasand LLES BLY'EF 6106 (79CTr  Bmaqsyuus €6 AP HA-T-ON

0 8Lt Er 1£25°06 €09¢'Tr  Emaqsymus €€ P HN-PIT-ON

0 6061-€061 BLY'EF 691406 LSS TH e AnpeLmpy

0 ) R 000°091 FLLT 06 gEC T sEMA] ArEaqpy
yrasand 6615 LPSI-1#61'0T61-LI61 L99'999 CETE06 TPEsTr SEMEI JOMISY
yasand 0 8T61-+T61 SPI'LES LTI 06 FOrS T g TAnOIoR]

8061-9061 180 LETH 06" L9T9' Tk ETR[ED) Aemprpy
FO61-0061 180 9ET 06 6+bS Th RS eI}
yrasand 0561-FF61 ‘0761-0981 000091 €05E°06 1655 TF il 0500 P AS[PJY
yasand 8¢61 180 F08¢ 06 8659 Tt sJEd (Jestuy) 2a010 SRR
yasand 8E51 180 €0LE°06 €650 TH EUR[ELD) JNCID) SR
S161-F161 180 £0ZH 06 FISTh RS TR
50061 A1 180 F805°06 1285°Ck ETR[ED) mE P
LA AL 8Lt Er 1095706 LO8S'Tk EUR(ED) eI
NUEETN Q) (@) nononporg  epmisme  ApmmE] NS IMME ]

nonpnpoad pue uonedo| 2wy "panunuod jy xipuaddy



0 Th61-LE6T SrILEE L18T°06 319CTr  Bmasnis TR MR
50'60bL Fh61-ch61 150°s LTST 06 6PLCTE Bmasymus AR M3
yrasand 96L51 0£61-9761 000091 CL0E 06 €075 TF fespy TLIOT[ENOT MAN]
wasad se6al 000091 98067 T09S'TH EUR{ED) IPUR{E EPL MAN]
yrasad L6CEl 000'000°T LT 06 IPLSTr  Emgsuys Ay mapn
yrasand £658¢ 000°000°T FLT 06" (690 T Emasymyg Ay map
(1656 000'000°T (59706 ICLety  amgsnyg Sy map]

0 5056 1-9t61 8L¥'Ek £07E 06 1196y Smasnyg URTETHe) MAN]
prasad 18551 50561 ‘Fr61-Th61 LV ek £61+'06° €TCCTH meg HER it PRI
yrasad Is1¥ 8Lt ek 851706 919¢ Ty  Emgsnys 9¢ S HN-P TN
wasad CET6 git'ch 815706 1LocTy  Emgsymius & S HN-IT-DN
prasad LLE8 LV ek L6106 (79CTr  Emasng €6 AP HN-T-ON

0 8it'ch 1£08°06 €09CTr  Emagsymug €€ SMP HN-IT-IN

0 6061-5061 sLt'eh 691406 LBES'TH QEDRS Anpdmpy

0 CCHI-TEBI 000091 FLLT 06 gec it sEMEE] AtEanpy
yasad 661S  LP6I-1h61 “0T61-L161 (99'999 CETE06 Thes T sEMEE(] J0Mopy]
yrasad 0 §T61-+I61 erI'LeE LTI 06 FOrS TF mg TANOIIe

0 3061-9061 150°s eI 06" (979 Tr EUR{ED Aemptpy

0 FO61-0061 150°s 9E It 06 6FFS TF Aqqeg prenLEpy
yrasad 6EFIT  0S61-Fh61 “0T61-0081 000091 05506 1855 TF s MOS0 PUE AC[RJY
yasad 997 8€61 150°s +08¢ 06 8659° Tt sied (195T07]) 30010 SRR
yrasad 0£06T ge61 150°s £9LE°06 €659 T EUR{ED) JN0ID) SRR

0 S161-F161 150°s £t 06 ¥16Th AERS MR

6178 50061 A% 150°s 89506 1285°TH ERED eI

0 LA A 8it'ch 1095706 {085 TH BR{ED eI

clo |sEy,  mes dpy wlQ (BP0 mononpord  SpTiEuMeT  SpmnE eSS FUMEN]

uonanpoad pue uonexo| wmpy "panunuod y xipuaddy

135



yasand (19T€  0£61-T161 €061-9F81 150°¢ BPEE 06 £6¥5 TF Sl BIRL)-2{29q5TEy
ysaad 061LE 1161-9061 150°c CLOE 06 (8LETH EUR{ED) SEWEE1(] PrEfmng)
masard  HCRETE §LVER £OLE 06" STI9'TH EUR{ED) Emqsmg
asard BEET 150°S 1685 06- $019'TH syl sl g
b LPSTI 150°c 161t 06 68LETH EIR{ED) qomy 107 g
yasard 1650F [99'099 GCTE 06" LGES'TH SEmEELT  (morsmedid) uoNEg-emEg
yasaad 68TL 150°S 91£°06° COLCTE  Bmas|ng [PART saR[sER g
0 Sir'sh LOV 06" 8899 It EUR{ED) ARl TgRoERg
asard 9iP0T  6P6T-SEI ‘SEAT-0T61 §LVER 9187 06" 1960°TH Bmasynys apenbeg
yasad 0 150°S £90€06° COLETE EUR{ED) RUIp-0EI0)
asaad §T0LT 1161-50031 000°091 £19¢ 06" T6vs T EUR{ED) [12g #MM10
pasard  gTLLL LF Y Ot 06- S I HelEnH ERqUIPI0
asaad 0 L161-6061 [99°999 800€ 06 95rs T s (5T, PIOY
asaad CEE86 CI6T-EL81 150°c (95506 SFISTH BIR{ED) [ERRPIE90 PIO
yasand LTFTT FR6I-1461 ‘S0161 000°091 ELCT 06" oriCTr  Emgsnug AEap PIO
yasad 0 EF1°LGE 098 06" £8CL T EUR{ED) apuag epl PIO
yesard 0 150°S 61E06° €860y Emasynys WETETO]) PIO
yasand €8FLE THET-TH61 150°S (34T 06 £665Tr  Emasumug IO
yasard 0 150°S F197 06 18ccF  Smasyys (948 PIREEQ
asaad 8190C 000°091 6565067 €0C'TH MM mEampy TLREMTON]
yasard 0 EF1LCE {30+ 06 COSTr MM mEampy A o]
ysaad i 133 FEET-Er61 SLVEY 6L0F 06" L8STr 1ee]) (qdeg) w1 mop]
yasard 8L001 LE61-8561 150°¢ 9505 06" LELSTF  Emasumug (san1) pan, pare dip]
€18 Tre1 " FI61-0761 000091 €THE 06 g66CTr  Emasynus sESmYEN
asaad 0 0161-0061 150°c BLCE 06 9IS TF EIR{ED) [ENRPI30) M3
CTOT mseyy  Tog Ry ) (Ep) uononperd  spnyiEueT  ApmuE] uEIn g UM

uonpnpoid pue nonexo|amypy “panunuod py xipuaddy

136



s 0 rral-Eral OrG1-8561 EPTLCE 606T 06" NG s Jduyy
pasad 19113 €761 siv'sh 1667 06" 1155 s frommyy
prasad 9810¢ 0161-6061 000091 6565 06" 965 Th se1g HOSAIL Y
pasad 0 6l 150°S §78¢ 06" EPSsTy uoa]) Aopn A -ASfeT Ay
jasad €L8LT orel 150°c resE 06" BLSSTH uea)) Arogan - Sareryy
pasad SOPOT er1'LcE 9L8T 067 glSCTy  Emasnys o) selg Jsayy
3341 €61 ‘LOGT-0061 150°¢ TITE 06" tpleTy  Emagsys RIS T
pasad F005¢ SLtEY LGET 06" LETF T BTR[ED SIEN
prasard 86S5T FI61-8061 er1'LCE S1H' 06 806F'TF  IH mEemp IH redatm
0 CI61-L06T SLY'Eh (TEE'06° 9619'TH BTR[ED TR TGP
Toro1 061 Sit'sh 188¢06° F605 Th BH[ED) IH [smm

0 000091 8565 06" 1) 19k 4 meg EHEMAL],

0 50061 Al (99'999'1 6565067 STLS'Th uoa)) HaAJE ) el J-ezuedal],
pasad Troot sit'st 105€06" S1zeTY BTR[ED (Z) nosdwmor],
prasard 99607 (Arevpornd) opa1-F161 (99669 £E0E 06" TLES' T samId uosduor]],
yasad 61656 0161-1981 sit'st 105506 899¢'TF BTR[ED fatooy pue gung
prasard obiFe  TREI-1FGI ‘£061-0061 160 CELE 06" F8ES Th uoa)) spuo|g ALBqMEng

0 er1'LcE 8014 06" sy IH medamp, Ay qneg
yasad Gh6EE 50061 Al SLtEr CLTH 06" ThIsTh e A1) AqqeLg
pasad TLLT s0r61 L161-T061 000°091 9615 06" 661 TH 2| (preuo ) swieyy Aes
pasad 9C6LL ¢161-50081 siv'sh 9E85 06" 9cICTr uoa]) Aoy
yasad SPLTF 0161-L061 SLY'Eh 88LE 06" b (o syelg Jeaasooy
pasad 8S6LT S061-9061 150°S LELE 06" 1197 BTR[ED oaryg
yasad L60TF 50061 Mg 150's 9565 06" FOTSTF mg (F1g) spreyarg

CIOT Wseyy  nes dpy ) @Fppuonanpord  epriEmOT  apTUnET WEaN G S N]

uonnpaeld pue uonexo| ampy ‘penunuod y xipuaddy

137



	BearWorks
	Institutional Repository
	Summer 2018

	Spatial and Temporal Trends of Mining-Related Lead-Zinc Sediment Contamination, Galena River Watershed, SW Wisconsin-NW Illinois
	Dylan Alexander King
	Recommended Citation


	Missouri State University

