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Abstract

Swanson, Benjamin J., M.S., 2002 Geology

Bank Erosion and Metal Loading in a Contaminated Floodplain System, Upper Clark
Fork River Valley, Montana

Director: Johnnie N. Moore / I/ £ .
S 4

Field mapping and aerial photographlc analyses were used to examine and quantify
channel and floodplain changes in the upper Clark Fork River Valley. The effects that
tailings deposits, vegetation, channel morphology, and bank stratigraphy have on bank
erosion were also investigated. Within the study areas, there is substantial channel
migration. The outside of meanders at Grant-Kohrs Ranch National Historic Site are
erodmg at approximately 0.5 meters/year and all the banks are migrating at 0.19

m°/m/yr. Approximately 740m” of floodplain are reworked each year at this site, and it
will take around 1000 years to rework the Grant-Kohrs Ranch floodplain (and the tailings
deposited there) once. Most of the meander belt is contaminated with metals-rich tailings
deposits (As (metalloid). Cu, Cd, Pb, and Zn). At the present erosion rates, several tons of
these metals are loaded to the river channel each year. The position of eroding banks is
controlled dominantly by the morphology of the river channel. The coincidence of riffles
on meander bends is associated with the largest amount of erosion and cutbank
formation. Most of the erosion is occurring during extreme flow events. The presence of
vegetation and tailings thickness seem to have little aftfect on the position and amount of
erosion. The unconsolidated/non-cohesive gravel and pre-mining floodplain deposits at
the base of the banks are easily eroded, leaving overhangs that can cave into the river
channel. Banks are unstable partly due to the lack of deep-penetrating roots into the lower
layers. The deposition of tailings on the floodplain has elevated the floodplain surface,
exacerbating the effects from metals loading and preventing plants from reaching
moisture and stabilizing the lower levels of the banks. Vegetation cover also appears to
be mostly controlled by moisture. During dry years, woody vegetation is senescent/dead
in some floodplain areas but grows again during wet years. Although fairly stable over
long time periods, slickens also seem to adjust their coverage with changes in moisture.
Overall, the floodplain system is extremely variable and dynamic, and these factors much
be taken into account for future restoration and management plans.
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INTRODUCTION

Heavy metals in aquatic systems are closely associated with particulate matter
(Gibbs 1977; Lambing 1991). Therefore, fluvial processes are extremely important in
the transport and redistribution of metals, especially downstream from mine sites that act
as sources for metal contaminated sediment (Miller 1997). Numerous studies document
the transport, deposition, and remobilization of metal-enriched. mining sediments
(Gilbert 1917; Lewin, et al. 1977; Graf 1979; Lewin, et al. 1983; Knighton 1989; James
1991; Miller, et al. 1998). Most of these investigations show that the transport processes
vary from river to river, and even between river reaches. They also indicate that the
dispersal of mining waste by river processes generally depends on threshold events
caused by mining induced changes in water and sediment supply. A small change in one
of the variables may lead to minor geomorphic changes, but once the shift in sediment or
discharge reaches a critical point, the river can undergo significant alterations in
erosivity, channel bed and/or floodplain height, sinuosity, width-to-depth ratios, river
plan form, et cetera (Knighton 1989; Miller 1997). These changes in geomorphic forms
and processes greatly influence the distribution and potential remobilization of the
sediment and heavy metals within a watershed (Lewin and Macklin 1987).

During the late 1800s and early 1900s, large-scale mining and milling operations
near Butte and Anaconda, Montana, produced large amounts of gold, silver, copper, and
other metals. The removal and subsequent processing of these metals created vast
quantities of contaminated tailings that were disposed of in and along the headwater
tributaries of the Clark Fork River (Quivik 1998). Periodic high discharges in these

streams eroded and transported a portion of the tailings, which were ultimately re-



deposited throughout the upper Clark Fork River Valley. The redistribution of mining
wastes has resulted in elevated concentrations of As (metalloid), Cd, Cu, Mn, Pb, and Zn
in the system’s sediments and water, and the potential effect of these metals on life in the
river, as well as in the floodplain, is an ongoing concern (Rice and Ray 1985; Moore and
Luoma 1990; Axtmann and Luoma 1991; Smith, et al. 1998). The entire river corridor is
now the target of a major EPA Superfund restoration effort (EPA 2002).

Throughout the Deer Lodge Valley, the Clark Fork River exhibits most of the
behaviors of a meandering river system. Like most meandering alluvial rivers, the
channel is constantly winding across the floodplain, eroding the outside of meander
bends. and depositing material on the inside of the bends (Hickin and Nanson 1975;
Hooke 1984; Knighton 1998). Numerous factors contribute to these processes, including
a river's flow properties, channel geometry. bank material. biological activity, and
anthropogenic inputs (Knighton 1998). Previous observations in the study reach showed
that the floodplain morphology has been drastically altered by deposition of mining
wastes and that a significant portion of the banks along the Clark Fork River are
undergoing erosion (Riparian Wetland Research Program (RWRP) 1996; R2 Resources,
Inc. 1998). Because the Clark Fork River floodplain, including the study reach, contains
tailings and soils with elevated metals concentrations (Brooks 1988; Nimick 1990, Shafer
and Associates 1997), bank erosion provides a mechanism for contaminated sediments to
return to the river (Nimick 1990; Smith, et al. 1998). In turn, the fine sediments clog
gravel beds, which are important to fish and benthic invertebrates, and increase the metal

loads in the river itself (Nagorski 1993; Smith, et al. 1998).



The purpose of this work is to examine and quantify channel and floodplain
changes within the study reach, and ascertain the role of deposited mine tailings in those
changes. Floodplain vegetation dynamics, stratigraphy, morphology, and bank erosion
were investigated to determine the amount of alteration, as well as the processes
responsible for them. Studying the floodplain modifications and adjustments within the
study reach is important because it leads to a better understanding of the effects of
floodplain deposition and storage of contaminated sediments within the Upper Clark Fork
Basin. as well as their remobilization. Further evaluation provides rates and magnitudes
of change in the river system today. as well as indicates how current and future
anthropogenic alterations may affect the system, including the movement and effects of
metal-contaminated sediments. On a broader level, this study may also provide

additional data on how rivers adjust to large influxes of fine-grained sediment and mine

waste.

Previous Work

Due to its Superfund designation. the floodplain of the upper Clark Fork River has
been examined by a number of researchers. Rice and Ray (1985), LeJeune, et al. (1996),
CH2MHill (1996), the RWRP (1996), Kaputska (2002), and Rice (2002) completed
studies on the communities, extent, and vitality of vegetation within the floodplain.
These studies showed that metals in the floodplain sediments, along with land use
practices such as grazing, seem to decrease the vigor of many plant types and their
respective communities, especially in the upper valley. However, many important

species, such as willows (Salix spp.), exhibit a surprising level of metal tolerance as well



(Rice and Ray 1985, RWRP 1996, Lejeune, et al. 1996). Also. a few researchers have
noted that the presence of woody vegetation decreases bank erosion within the valley
(RWRP 1996; Smith, et al. 1998).

Investigations documenting the extent, stratigraphy, and chemistry of tailings
have been completed by Brooks (1988), Moore and Louma (1990), Nimick (1990), and
Shafer and Associates, Inc. (1997). These studies show that tailings are deposited
throughout the floodplain, especially in the Deer Lodge Valley, but that the thickness and
metal concentrations are highly variable.

Geomorphic changes within the Upper Clark Fork have also been documented.
Brooks (1988) found numerous small channels running through the floodplain at her
study site and attributed them to a cycle of aggradation from mine tailings, followed by
degradation once mining ceased and the sediment supply was cut off. The RWRP (1996)
estimated tailings thickness and noted general channel characteristics and the locations of
bank cutting in 1994. Nimick (1990) and Smith, et al. (1998) speculated that the tailings
deposits are fairly simple, homogenous flood deposits from suspension settle-out during
the 1908 flood. Using channel centerline data from 1960 and 1989 air photos, R2
Consulting calculated erosion rates for the whole upper basin. R2 Consulting used these
data in combination with suspended and bedload sediment data to model sediment and
metal movement throughout the valley. Finally, Smith, et al. (1998) provided a
comprehensive review of the movement of contaminated particulate through the Clark
Fork System.

This study differs from the previous studies by providing a detailed analysis of

one river reach within the Deer Lodge Valley, and comparing it to river sections



upstream and downstream within the valley. It attempts to describe floodplain
alterations, as well as evaluate the processes that are causing these changes, in detail,
unlike many of the other studies which tend to make generalizations about the whole
upper valley based on limited site investigations. Areas of erosion, as opposed to
centerline offsets (linear), were estimated from numerous aerial photograph comparisons

and many hours were spent evaluating and observing the banks along the same stretch of

river.

Site Description

The primary reach of concern is the 4 km of Clark Fork River within Grant-Kohrs
Ranch National Historic Site, directly north of Deer Lodge, Montana (Figure 1). The
river bisects the ranch, flowing from south to north. Two small tributary streams,
Cottonwood and Johnson Creeks, and a small spring fed creek enter the river within the
ranch property. The Kohrs-Manniﬁg Irrigation Ditch, which traverses the ranch, diverts
water from the channel just south of the property. The floodplain makes up a large
portion of the ranch land, with the rest consisting of elevated benches cut by small
tributaries. The low gradient (.0020), meandering (sinuosity = 1.62) channel is composed
primarily of gravels, with some sandy stretches, arranged in a series of point bars, riffles,
and pools, separated by long continuous runs (RWRP 1996).

Two other sites were selected for air photo analysis, one just downstream from
Racetrack, MT, and the other just upstream from Garrison, MT (Figure 2). These two

floodplain segments possess similar characteristics to the Grant-Kohrs Ranch site, and



Clark Fork River at Grant-Kohrs Ranch National Historic Site
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although no fieldwork was completed in these areas, the descriptions ofthe Grant-Kohrs
Ranch site generally apply to them as well.

The geology of'the Deer Lodge Valley consists mostly of Quaternary alluvium
and Tertiary basin fill, with some Cretaceous sedimentary rock in the uplands. The basin
fill consists of volcanic clays and gravels (Figure 3; Raines and Johnson 1996).
Although often covered with tailings, the native floodplain soils are mostly fluvial silts,
fine-to-coarse sands, and gravels, with small areas ofwetland soils (RWRP 1996;
Moynahan 1999; Rice and Ray 1985). The soils formed primarily from overbank and bar
deposits from the river. A layer oftailings can be found in almost all of the exposed
banks along the reach and in auger holes throughout most of'the floodplain. As in other
reaches ofthe Deer Lodge Valley, geochemical remobilization has lead to contamination

in the sediment lying under the tailings, as well as the soil water and groundwater

(Brooks 1988; Nimick 1990; Moore and Woessner 2001).
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The woody vegetation in the study reach consists of Geyer willow (Salix
geveriana), sandbar willow (Salix elugia), and water birch (Betula occidentalis) with
various grasses dominating the rest of the vegetation (Rice and Ray 1985; Lejuene, et al.
1996). A few cottonwood trees (Populus trichocarpa) are scattered on the inside of
meander bends, well back from the banks. In many areas, the vegetation is relatively
short and canopy cover is reduced. In addition, there are large areas almost completely
void of living plants, known as “slickens.” However, slickens do support bunches of
metal tolerant grasses such as tufted hairgrass (Deschampia cespitosa) (Rice and Ray
1985; RWRP 1996).

Overall, the Deer Lodge Valley is characterized by a cool, dry climate. Average
maximum temperatures range from 41°F to 80°F in the summer months and 9°F to 33°F
in the winter (Table 1). Eitrémes range from —40°F to 100°F. The average precipitation
is 11 in/yr, with the majority of the rain falling in early summer. The range over the 42
year period of record is 6 to 19 in/yr. The climate upstream at Butte, Montana, is similar
to that at Deer Lodge. Average Temperatures are a few degrees colder in winter and a
few degrees warmer in summer, with an average precipitation of 12.5 in/yr. (Western

Regional Climate Center 2002: hrip:/A1ww.wree.sage.dri.edu).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Average
Temperature (F)

Average Min. 9.0
Temperature (F) ’

Average
Precipitation (in.)

Max. 32.8 384 465 55.1 63.0 71.9 79.3 79.4 69.6 57.7 40.9 32.9 55.8
13.9 20.6 25.6 32.8 39.0 42.5 40.9 33.0 251 159 93 257

Total 5 35 0.36 0.45 0.74 1.80 1.80 1.50 1.43 1.16 0.64 0.40 0.36 11.00

Table 1. Summary of 1971-2000 Monthly Climate Data for Deer Lodge, MT 3 W,
MONTANA (242275) (from Western Regional Climate Center 2002).



A USGS gage site with a 24 year continuous record (1978-2002) is located just
upstream of the study site in Deer Lodge, MT (12324200). The drainage area above the
gage is 995 km”. The hydrograph reveals discharges dominated by spring snow runoff,
with the largest peak flows probably correlating to rain-on-snow events (Figure 4). The
maximum average monthly discharge is 508cfs (14.4cms) in June and the lowest is
108cfs (3.1cms) in August. The highest peak flow on record is 2500cfs (70.8cms) in
May, 1981. Higher discharges probably occurred prior to gage installation, including the
1908 flood of record at downstream Missoula, Montana (Clark Fork River Above
Missoula Gage-12340500) (http.//mt.waterdata. usgs.gov/nmvis), which was estimated at
4000-5000cfs through Deer Lodge, MT. Newspaper articles and gage data indicate that

other large floods occurred in 1887, 1892, 1894, 1898, 1899, 1902, 1938, 1948, and 1975

(CH2MHill 1987; Smith, et al. 1998).
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Figure 4. Daily Discharge at USGS Stream Gage Station, Deer Lodge, MT (12324200).
Squares represent annual peak flow data, and triangles represent dates of aerial

photography used in this study with corresponding discharges. (USGS 2001:
http://mt.waterdata.usgs.gov/nwis).
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Historical Analysis

Data Collection

When studying river and floodplain changes, a historical analysis provides
important information about the onsite and upstream impacts to a river reach, as well as
changes to the channel and floodplain. Kondolf and Larson (1995) suggest using
historical documents, newspaper accounts, maps, cross sections, discharge data, and
aerial photographs to create a framework for analyzing river changes. Although these
historical analyses may seem easy enough to accomplish, they can actually be quite
difficult and time consuming, especially if data is not readily available which is
commonly the case.

For this study, aerial photographs were the most usetul and easily obtained source
of historical data (Table 3). The analvsis of the photographs will be discussed in a later
section. Attempts were made to locate various historical maps including old land survey
maps, railroad survey maps, road maps, and topographic maps, with varying levels of
success. When obtained, United States Geological Survey (USGS) topographic maps and
historic road maps generally had scales that were too large and showed little detail,
whereas late 1800-early 1900 Milwaukee and Northern Pacific railway surveys often
omitted the river channel because the scale and coverage areas were too small. A few of
the maps represented an artistic expression of the river location rather than actual ground
conditions. The useful maps will be discussed along with the aforementioned aerial
photographs.

Cross sections and discharge data at USGS stream gage sites on the Upper Clark

Fork were also problematic. The data rarely go back farther than 30 years, which is
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unfortunate considering the magnitude and duration of the upstream impacts to the river.
Also, cross section data collected at the Deer Lodge gage site (12324200) proved fairly
difficult to obtain, and were not always taken at the same location or at the same
elevation, therefore making a comparative analysis inadvisable. Additional cross
sections, such as those completed at road or railway bridges, were unavailable or not
helpful.

Fortunately, a few reviews of the history of the Deer Lodge Valley (Horstman
1984), Grant-Kohrs Ranch (Eckberg 2002), and the mining history at Butte and
Anaconda (Quivik 1998) have been completed. The following historical information
introduces the landuse pressures in the valley and their effects on the river's sediment and

water supply.

Pre-settlement History

Prior to settlement, Native Americans from the various local tribes used the
valley primarily as a highway to the buffalo grounds southeast of the valley, and there is
little evidence that they stayed for extended periods of time (Horstman 1984). Early
European-American explorers in the region mostly consisted of trappers and
missionaries. Their journal articles and letters depict the Deer Lodge Valley as an area of
dense populations of willows and water birch, as well as abundant wildlife. Warren
Ferris, a fur trapper who explored the valley in 1831, described it as “decorated with
groves and thickets of aspen, birch, and willow, and occasional clusters of currant and
gooseberry bushes.” The river itself was depicted as “clear, deep. rapid, and not fordable
at high water (quoted in Horstman 1984). ” Conrad Kohrs corroborated this account in

the early 1860s by referring to the river as ““a beautiful stream with water clear and
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sparkling, and alive with the finest trout (quoted in Eckberg 2002),” and even in 1892,
Evermann (1892) remarks that, although the river is in bad shape, “the banks, usually
low, are covered with a pretty heavy growth of alders, willows and other small bushes.”

The trappers were after beaver, which seemed to be abundant in the tributaries
and maybe along the main channel as well (Horstman 1984; Smith, et al. 1998).
Although the beaver were trapped out by the 1840s, some researchers believe that beaver
dams had a profound effect on the floodplain, keeping the water table higher, the
morphology varied. and helping to support the large amounts of vegetation within the
valley prior to the impacts of settlement (Smith, et al. 1998). Evidence for the dams
include various layers of peat and small gravels in the higher stratigraphic positions of the
river banks (Smith, et al 1998). and buried dams in the floodplain sediment (Hansen,
personal communication), however little corroberative evidence can be found within the
study reach.

Settlement in the valley began in the 1850s with gold discoveries at Gold Creek
and Bearmouth, MT. By the 1860s, almost every drainage in the valley had been
prospected (Horstman 1984; Quivik 1998). Agriculture and logging followed to support
the miners who located in the valley, and by the late 1800s, mining and its various

support industries had seriously affected both the river and its floodplain.

Post-settiement History: Agriculture
Researchers have reported that inappropriate agriculture and livestock
management can result in the degradation of riparian zones (Knox 1977; Kauffman and

Krueger 1984; Trimble 1994). Reduced and altered vegetation along streams and rivers



commonly accompanies increased grazing and farming, which can lead to higher
sediment loads in runoff, as well as increased bank erosion. Livestock can also directly
affect the banks through trampling. Channel changes, such as widening and shallowing
or large shifts in lateral position (increased sinuosity and cutoffs), often follow, especially
if the river discharges are reduced by irrigation. It seems probable that the increased
grazing through the late 1800s contributed to increased sediment loads in the Clark Fork
River. Also, the continuation of grazing through the last century has probably caused
increased bank erosion rates, and therefore led to higher metal loading to the river
channel and downstream floodplain (Nimick 1990).

Richard Grant introduced large scale grazing to the Deer Lodge Valley in the
1850s, and by the mid-1860s his son, Johnny Grant, had established a herd of several
thousand cattle. A.K. McClure, a correspondent from the Engineering and Mining
Journal visiting the valley in 1867, wrote that “the largest herds of the finest cattle dot the
prairie in every direction (quoted in Horstman 1984).” Soon after, the valley became
overcrowded and overgrazed. Hay and grain crops were produced to offset the grazing
demand, and by the 1880s and 1890s commercial agriculture was well established. Also,
sheep were added to the already well-grazed meadows and fields (Horstman 1984).
Large-scale grazing continues in the Deer Lodge Valley to this day, and is the most
common cause of bank alteration within the valley (Nimick 1990; RWRP 1996).

Johnny Grant started the ranch that encompasses the study area in 1859 with 250
horses and 800 cows. He ran it until 1866 when he sold the land and cattle to Conrad
Kohrs. In addition to grazing, the ranch’s bottomlands were used to produce hay, and the

uplands were plowed for grains. The amount of area used for haying increased in the
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1880s, when Kohrs drained all the lower fields, which indicates that the floodplain was
much wetter than it is today. Like most of the ranches in the area, extensive irrigation
ditches were constructed to provide water for the crops within the ranch, including the
Kohrs-Manning Ditch, which delivers water for various agricultural activities further
north. The ranch was, and is, primarily used for cattle, horses, sheep, various hay and
grain crops, and recreation, although the numbers and types of animals have decreased.
Grazing in the ranch’s riparian zone ended in 1994 due to environmental concerns
(Eckberg 2002), however the vegetation has yet to recover and upstream grazing

presumably contributes sediment to the channel and floodplain within the reach.

Post-settlement History: Mining

Mining can also have a profound effect on riparian systems. Increased sediment
supplies and changes in water quantities and timing accompany mining and mining waste
disposal, which often lead to drastic changes in the geomorphology of the channel (Miller
1997). The River Ystwyth, Wales (Lewin, et al. 1983), the Ringarooma River, Tazmania
(Knighton 1989), the Carson River, Nevada (Miller. et al 1998), and the Bear River,
California (James 1991) all experienced large sediment load increases and subsequent
changes in geomorphology due to upstream mining activity. The evidence for large
increases in sediment production and transport in the Clark Fork River, as well as the
subsequent effects, can be found throughout the historical literature. Although livestock
and other forms of agriculture have probably altered the channel and floodplain of the

river, mining has caused the largest and most noticeable impacts to the study reach.
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In 1864, miners discovered gold in Silver Bow Creek, a headwater stream of the
Clark Fork River. By 1866, the peak of gold mining on Silver Bow, hydraulic mining
had been established and numerous ditches diverted water from other drainages to help
wash the stream gravel (Horstman 1984; Quivik 1998). At that time, there was
approximately one miner for every twenty feet of stream (Quivik 1998). The miners,
their water monitors, and the associated ditches increased the amount of water to the
drainage, but more importantly, they also washed hundreds of tons of sediment down the
creek towards the Clark Fork River. The increase in sediment resulted in the “murky”
condition of Silver Bow Creek noted by A.K. McClure (Horstman 1984).

The gold ran out at the end of the 1860s, and emphasis switched from the
placers to copper lodes. Copper mining at Butte drastically increased with the
electrification of the U.S. in the 1880s. Butte constructed its first smelter and stamp mill
in 1865, its first concentrator in 1881, and smelting operations in Anaconda, on Warm
Springs Creek, began in 1885. These large scale processing centers crushed, cooked, and
concentrated hundreds of tons of rock and metal per day, disposing the highly
contaminated waste material into their respective headwater streams. The amount of
sediment they added to the streams dwarfed that washed in by the placer miners. Prior to
the 1870s. an estimated 100,000 tons of tailings were dumped along Silver Bow Creek,
but by the early 1880s, that number had increased by a factor of 10. By the 1890s, Butte
and Anaconda were producing a combined 1400 tons of tailings per day, or a little over
0.5 million tons per year (Table 1: Quivik 1998). Silver Bow Creek was so clogged with
tailings that smelters and concentrators were forced to build elevators, riprap banks,

dams, and ditches in order to manage the wastes (Quivik 1998).
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Year Quantity

1888 800* tons/day
1895 705 tons/day
1896 730 tons/day
1897 1105 tons/day
1898 1080 tons/day

Table 2. Tailings Production at Butte, MT, in the late 1800s (Quivik 1998).

All values are for copper works only except *1888, which includes both copper and silver
works. Tons/day in English units.

Many of these actions, in combination with newly constructed, roads, railroads.
and bridges, constrained flows and probably caused the tailings to spread further
downstream across the lower Silver Bow and upper Deer Lodge Valley floodplains. In
the 1890s, farmers in these valleys increased this downstream dispersal by constructing
dikes and levees to keep high water and tailings out of their fields (Quivik 1998). In Deer
Lodge, levees likely created a “bottleneck” effect where the river's energy was
considerably slower both up and downstream of the city. These reaches of lower energy
probably allowed for an increase in the extent and thickness of tailings deposition in the
adjacent floodplain.

Evidence for the additional loading of fine sediment could be seen all along the
Clark Fork River. In S;lvet Bow Creek and the Upper Deer Lodge Valley, new beds of
sand and gravel built up in the streambed and in low lying areas of the floodplain, and the
water downstream was constantly red and turbid from the mud (Quivik 1998). In 1892,
Evermann (1892) conducted a survey of the fisheries in the Columbia River Drainage and

describes the Clark Fork River at Deer Lodge, MT, in the following manner:
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In some portions it is made up of a constantly shifting mass of fine silt-like
material from the concentrators and reduction works at Anaconda and Butte. The
entire length of the river, the water is full of this solid matter in suspension. The
amount of solid matter carried down by the [Clark Fork River] from this source
must be very considerable, and of course proves fatal to all kinds of fish. We
seined the river very thoroughly in the vicinity of Deer Lodge and did not find

any fish whatever (Evermann 1892).

Evermann refers to the river as “muddy” all the way to its confluence with the Little
Blackfoot River (Garrison, MT), and Charles Warren, a Deer Lodge resident in the 1860s
and 1870s, also refers to the river as muddy and unfishable during this time (Quivik
1998). Neither observer mentions tailings in the floodplain, however. In the early
1900s, farmers noticed that irrigation water, diverted from the Clark Fork, was killing
their fields, and farmers in and upstream of Racetrack, MT, began finding tailings in low
lying areas of their land from irrigation and flood deposition (Quivik 1998).

Presumably tailings were affecting the study area as well, although no records
were found referring to them until 1908. That year, a large flood inundated the
floodplain and deposited large quantities of tailings as it receded (Eckberg 2002). This
flood impacted the entire valley, and many researchers attribute almost all of the
floodplain tailings deposition to this one event (Nimick 1990, Smith, et al 1998). Con
Warren, the ranch caretaker in the late 1920s and 1930s, described the floodplain at the

study site during those years as containing “kind of yellowish colored dirt with
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essentially nothing growing on it and lots of animal carcasses lying around.” He also
stated, *"...the river was a mess. It was about the color of coffee with cream in it.” Much
of the work on the ranch in those years concerned plowing up the irrigated fields and
floodplain land affected by tailings and dumping any of the extra hay, manure, et cetera
on them. in order to reclaim the land for agricultural use (Eckberg 2002).

Fortunately, the large sources of contaminated sediment were eventually cutoff
when tailings ponds were built to trap the contaminated material, and as the mining boom
came to a close. The Opportunity Ponds were constructed downstream of Anaconda in
1911, and the Warm Springs Ponds were built in 1919 at the confluence of Silver Bow
and Warm Springs Creeks. By 1950, the Warm Springs Ponds were filled and an
additional pond was constructed. Subsequent fillings have resulted in increased wall
heights (1969), and further renovations (1996) (Quivik 1998). The last mill to dump
tailings into Silver Bow Creek closed in 1932 (Quivik 1998), although tatlings deposited
along the channel continue to be entrained and moved downstream during high flows

(Smith, et al. 1998).
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METHODS

Field Mapping

The first phase of the project was to classify and map the riverbanks along the
study reach based on river processes and bank shape. The banks were divided into
depositional lengths (point bars) and erosional lengths (cut banks). Erosional banks were
then classified as concave or convex based on their overall profile shape (Figure 5)
(RWRP 1996). These shapes were chosen because they generally represent the degree of
bank erosion activity. Concave banks are usually indicative of active c;utting, whereas
convex banks are generally more stable. Breaks in vegetation cover were also used in
defining bank segments, however, the boundaries were usually gradational.

For each segment, percentages of slumping, overhanging, and woody vegetation
cover within 2 meters of the bank were visually estimated. Measurements of
undercutting depth and tailings thickness were made with a Jacob’s staff divided into 10
cm intervals, and the averages over the bank segment were noted. In this study,
“overhanging” is the physical trait of erosion beneath the bank, whereas “undercutting™ is
the horizontal depth of erosion under the overhang. Types of vegetation (shrubs, grass,
forbs, etc.), evidence of tailings (salts, adjacent slickens, senescent/dead vegetation), and
other attributes of each bank segment were also noted. Although ocular surveys are
inherently difficult to reproduce, data was gathered and mapped primarily for
reconnaissance and to generally estimate the magnitude of slumping and the amount of
shrubs along the banks. Methods were borrowed from the RWRP (Hansen, et al 1998)

and the USGS (1998), and mapping and visual estimates were made by the same
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investigator (Benjamin Swanson) to minimize the variability introduced by using
different observers. The estimated error is listed in Table 5.

Riverbanks were mapped with a Trimble Pathfinder Global Positioning System
(GPS) with a resolution of +/- 1 meter. While carrying the GPS, the researcher
walked the top of the banks as close to the edge as possible (within about 0.5 m). The
final GPS readings for the west banks were consistently offset around 4 meters from the
banks on the georeferenced 1997 Environmental Protection Agency (EPA) aerial
photographs, and were later corrected to the 2001 aerial photographs taken specifically
for this study (Map, Inc., 1613 South Ave. West, Missoula, MT). All of the data were

entered into a geographic information system (ArcView 3.2: ESRI 1996) to produce

various maps of the banks.

Stratigraphy

The description, sampling, and measurement of floodplain stratigraphy were done
at freshly exposed vertical surfaces along eroding river banks. and in sediment cores
taken during a previous study (Moore, et al. 2002). Stratigraphic units were based mostly
on color and grain size (1989), although topographic and stratigraphic position, primary
sedimentary structures, and degree of weathering also helped differentiate between units
(Nimick 1990; Miller, et al. 1998).

Because of limitations in the common dating techniques. the different
stratigraphic units were not dated. ¥7Cs and *'°Pb isotope dating techniques do not
extend back far enough to distinguish between mining and pre-mining sediments, and '*C

dating will not give accurate ages for modern floodplain sediments. Attempts were made



in dating historical artifacts, such as ceramic shards, horse carts, and old bottles, but all
led to dead ends. There are a few cottonwoods available for dendrochronology studies in
the study reach, but they were left undisturbed for conservation reasons. One possibility
for future dating is to use willows for dendrochronology. Recent research at Colorado

State University has successfully used willow roots to obtain reasonable dates for various

sediment units (Woods, personal communication).
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Planform Channel Changes
Erosion

Aerial photographs have been used in many studies to measure long term bank
erosion, because they offer information on channel adjustment, allow assessment of
channel modifications over large areas, and they can assist in selecting field study sites
(Hooke 1979; Nanson and Hicken 1986; Lawler 1993; R2 Resource Consultants 1997;
Harmel, et al. 1999). Changes in the planform channel morphology were detected by
comparing EPA, Grant-Kohrs Ranch NHS (presumably National Resource Conservation
Service (NRCS)), and NRCS aerial photographs (http://www.apfo.nrcs.usda.gov) from
1947, 1960, 1979, 1983, 1994, 1997, and 2001 (Table 3). The 1997 photo was obtained
from the EPA in a digital (600 dpi) georeferenced format. The park service staff and the
NRCS provided the older photographs, which were scanned at 600 dpi. Lastly, Map, Inc.
took pictures of the study area in June of 2001. These photographs were subsequently
digitized at 1200 dpi. Digital copiés of all the photographs were loaded into an ArcView
Geographic Information System (ESRI 1996) and georeferenced by matching fixed
points in the images to the 1997 photograph using the ArcView Image Analyst extension
(Ormsby and Alui 1999). An 1868 land survey map (Johnson 1869) and 1914 river
profile map (Marshall 1914) were also consulted as part of the comparisons, but they

were less accurate and therefore only used for general comparisons.


http://www.apfb.nrcs.usda.gov

Year Date Taken Discharge (cfs) Obtained From

1947 8/14/1947 226 Grant-Kohrs Ranch NHS

1960 7/29/1960 160 NRCS

1979 7124/1979 97 Grant-Kohrs Ranch NHS

1983 8/27/1983 301 Grant-Kohrs Ranch NHS

1994 8/23/1994 45 Grant-Kohrs Ranch NHS

1997 7/4/1997 841 Grant-Kohrs Ranch NHS (from EPA)
2001 6/19/2001 158 Map, Inc (U. of Montana, Geol. Dept.)

Table 3. Aerial Photography Information. Discharges for 1947 and 1960 are
estimates based on correlation between Clark Fork at Deer Lodge (12324200) and
above Missoula USGS gages (12340500). All other discharge data obtained from
USGS gage at Deer Lodge, MT.

[nitiall~y, the pre-1997 photos were matched, in their entirety, to the 1997 image
by linking “fixed” points, such as the comers of structures, fence corners, or vegetation.
For the 2001 photographs, crosses of white plastic sheeting, with 4 feet by 0.5 foot arms,
were laid in and near the floodplain to act as ground control points. The center of each
cross was located by GPS, and these location data were used to reference the crosses on
the digital image. Unfortunately, both of these methods resulted in total root mean square
(RMS) errors of around 10 pixels (~4 m), which was considered too high for the
precision needed. The high error was likely due to distortion in the aerial photographs
and poor GPS resolution (+/- 1 m).

To remove the error due to the distortion, the images were “clipped” into smaller
pieces centered on the river, and then the smaller images were referenced to the 1997
photo. Most of the obvious fixed points (fences. buildings, etc.) were cut from the
smaller images or were difficult to see, so each image was georeferenced by matching the
centers of approximately 30 shrubs or trees per image. For the most part, this method
worked well. The total RMS for each clipped image ranged from 0.2 m to 0.9 m. and the

average error was 0.4 m. See Appendix A for RMS data.



After registering the photographs, the next step was to digitize the banks in
ArcView and calculate bank lengths. Each year’s mosaic was placed at a 1:400 scale and
lines were drawn along the banks within the images (Figure 6). The 2001 banks mapped
by GPS were adjusted to fit the morphology on the 2001 georeferenced images. A major
problem with digitizing the banks this way, as with using shrubs to reference the photos,
is that they are often difficult to see due to photo resolution, distortion, shadows,
vegetation, and differences in water levels (Figure 6). Enlarging and rescanning the air
photos at larger scale (1200 dpi) and completing some image processing would possibly
overcome some of the image problems. This was not done because we were unable to
locate the negatives of the older photos to produce enlargements. The differences due to
water levels at the study site is likely small because the discharges in 1947, the oldest
photo used for analysis. and 2001. the most recent photograph, are similar (Table 3 and
Figure 4), and the eroding banks are usually high, steep, and fairly easy to identify.

The centerlines of the river were also digitiied on the aerial photographs. Line
segments of 16m were connected down the estimated center of each year’s channel. In
reaches with multiple channels, the line was drawn down the presumed main channel
based on current channet configuration (2001-2002) and geomorphic conditions on the
aerial photographs. A research assistant repeated the digitization for the 1983 and 1997
centerlines, and the errors were within +/- 3m in total length and +/-0.5m in

perpendicular offsets. Other channel features, such as riffles, were mapped in the field on
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paper copies of the 1997 air photo, and then digitized on the georeferenced 2001
photographs.

After overlaying the banks from each set of photographs, relative bank positions
were compared and areas of erosion were located and digitized within ArcView. Areas
were selected only if the distance between the older bank and the 2001 bank was greater
than 1 m, and if the banks seemed to be clearly retreating from the oldest banks to the
youngest. This process was redone twice for 5 bends on the 1983 photos and the average
area error was +/- 3%, with a range of +/- 1 to 5%.

Error analysis for erosion was also done using the average RMS error, 0.4 m, for
each set of images. The RMS error is an absolute error, and therefore, a point in space
can be off by the RMS error in any direction. Assuming that the erosion areas are
rectangular, then the RMS error is 0.4 m for both the length and the width. Area for a

rectangle equals the length multiplied by the width, so the error can be found with the

following equation

A, =J(AL/L)* +(Aw/w)* (Taylor 1982).
A.=Fractional error in erosion area
AL=RMS error in length (.4m)
L=length

Aw=RMS error in width (.4m)
w=width

In the above equation, as the length increases the “AL/L” approaches 0. Therefore,

assuming a high length:width ratio, the “AL/L™ term becomes insignificant and the error

equation becomes A4, =Aw/w.



Unfortunately, the erosion area shapes are not actually rectangular. Widths vary
across the areas, and are usually thicker in the center and narrow at either end.
Measurements of the length and average width were taken at random erosion areas from
the 1983 data, and the calculated ratios ranged from 8:1 to 15:1, with a typical value of
11:1. To find the relationship between width and area in rectangles with a length:width
ratio of 11:1, areas were calculated using theoretical pairs 0%' length and width values,

with each pair possessing this ratio. A power curve was fit to a plot of the theoretical

widths versus the calculated areas with the resulting equation being w =.30154%°, where
w=width, and A=Area. This equation was then used to calculate the representative
widths of the erosion areas (average width assuming a length:width ratio of 11:1)
measured on the aerial photographs . The final error for each area was calculated by

dividing the average RMS error (.4 m) by its representative width ( 4, = Aw/w). Using

this method results in higher errors for smaller areas, so as the level of detection is
approached for channel changes on the photographs the error increases dramatically. The
median error value for all of the areas digitized for a photograph year was used to
represent the error for that year’s erosion (See Appendix D).

Volume of eroded sediment for each year is the area multiplied by an average
bank height for the ranch taken from a previous study (Moore and Woessner 2001).

Error for the calculated volumes was calculated by using the equation

v, = \/Aj +H,® (Taylor 1982)

where

V.=Fractional error in volume

A.=Fractional error in erosional area (see description)
H.=Fractional error in bank height (stdev/avg).
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Multiplying the volume of eroded material by the bulk density produced the mass of
eroded sediment returning to the river. A bulk density of 1400 kg/m’ (1.4 g/cm®) was
used based on standard values for fine sands and compacted muds and clays

(http://www.geology.iupui.edu/research/SoilslLab/procedures/bulk/Index.htm). The

fractional error is the same as the error for the volume of eroded material.

The same methods were used to compare 1983 and 1997 aerial photographs at the
Garrison and Racetrack sites. The geology, soils, vegetation, and channel characteristics
at these sites are similar to the Grant-Kohrs Ranch site (RWRP 1996; Smith, et al. 1998).
However, due to problems with access, no fieldwork was done at the two sites. Attempts
were also made at comparing sequential photographs of reaches of the Boulder, Smith,
and Ruby Rivers in western Montana (Figure 7). The locations were chosen to match
the USGS gage station information for Dger Lodge, including peak discharges, average
discharge, and basin area. Relative siﬁuosity, valley size, and land use (same as Clark
Fork, sans tailings) were also taken into account. Photographs were obtained from the
NRCS and rectified as above. Unfortunately. the small-scale, quality, and distortion of
the photographs made rectification difficult at best. The photos were referred to
qualitatively instead.

To investigate whether or not the channel was widening or narrowing. channel
widths were measured from the air photos at 55 sections in the straighter reaches within
the study area (Nanson and Hickin 1986). The fixed sections were located perpendicular
to the 2001 channel, and measurements were made along them from bank to bank (Figure
8). The investigator and a research assistant repeated these measurements, and errors

ranged from 0 to 2.7%, but the average error was 0.7%. The data were analyzed for


http://vwvw.geologv.iupui.edu/research/SoilsLab/procedures/bulk/Index.htm1

significant width changes of greater than 1 m both between consecutive years, and

between each year’s widths and the 2001 widths. The statistical analysis was

accomplished using box plots, paired t-tests, and Wilcoxon ranked sum tests in StatView

(SAS Institute, Inc. 1998).
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Figure 7. Locations and planform channel shapes for the Boulder. Smith, Ruby, and
Clark Fork River reaches used in a general comparison of erosion. All of the reaches
have similar basin sizes, discharges, sinuosities, land uses. and vegetation characteristics.
Only the Clark Fork River has severe impacts from mine wastes. USGS Streamflow
Gages: Boulder River at Cardwell (06033900), Clark For}< Rl\{él‘ at Deer Lodge
(12324200), Ruby River at Sheridan (06022500), and Smith River at Fort Logan

(06076690).
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Figure 8. Location map for fixed transects where width measurements were taken.

Measurements were taken at these transects on each of the aerial photographs used in this
study.
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Metal Loading

During a previous study (Moore and Woessner 2001), sediment samples were
collected at 15 riverbank locations within the study site, and analyzed for metals. This
data, in combination with the erosion data from this study, allowed the researcher to
calculate the mass of excess metals being returned to the channel in this reach of river.
For the chemistry study, multiple samples were taken at each bank location, with each
sample taken over some range of the bank height. The average metal concentration at a
bank site (Table 12) was obtained by summing the product of the percentage of the total
bank height over which each sample was collected and the metal concentration of the
sample. The metal concentrations were then averaged over all the sites. The error is the
standard deviation of these concentrations divided by the final average for each metal. To
obtain the amount of each metal being eroded from the bank, the average concentrations

were multiplied by the mass of eroded sediment, with errors given by

M, =4S>+C, (Taylor 1982)

M,=Fractional error of the mass of metal eroded from bank
Se=Fractional error of the mass of sediment eroded from bank
C.=Fractional error of the concentration of the metal (stdev/average).
Along with the 1983 erosion data from the ranch, the investigator also quantified
erosion for sites upstream and downstream of the ranch within the Deer Lodge Valley.
Erosion data for the upstream site was 4 km downstream from the study area of Brooks
(1988), and the downstream site was close to the study area of Moore and Hochella

(unpublished data). The Moore and Hochella investigation did not include enough

sampling sites to adequately characterize the floodplain geochemistry. However, the
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average metal concentrations at these sites fell within 1 standard deviation of the average
concentrations found at Grant-Kohrs Ranch. Therefore, to allow a better determination
of variability, the ranch data was used to calculate metal loading in this reach as well.
The floodplain chemistry data from the Brooks study (1988) were used to find the
metal loading for the upstream study reach. She presented average metal concentrations
and their standard deviations over each of 5 stratigraphic units within the floodplain
sediment profile, as well as the average thickness of these units. Weighted average
concentrations were calculated for each metal by multiplying the average concentration
of a unit by the ratio of that unit’s average thickness to the average thickness of the
stratigraphic profile, and then adding the results. The same steps were also used to
obtain a final standard deviation for each metal concentration. Once the average metal
concentrations were found, the method for finding the mass of each metal eroded from
the banks was the same as for the study reach (discussed above). The total mass of each
metal eroded from 1983 to 2001 was obtained by adding the masses for each of the three

study areas, with error calculated with the following formula

M, =M, +M, . +M,,,"  (Taylor1982)

grko garrison

where

M,=Fractional error of the total mass of metal over all 3 sites, 1983-2001

Mg o=Fractional error of the mass of metal from Grant-Kohrs Ranch NHS, 1983-
2001

M, qcermi=Fractional error of the mass of metal from upstream reach
Mearrison=Fractional error of the mass of metal from downstream reach
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Curvature

To determine if the size and curve of the meander bends affected erosion rates,
radius of curvature versus erosion was also analyzed using ArcView. With the scale set
to 1:2500, circular polygons were fitted to the 1983 and 2001 river centerlines wherever
there was an obvious curve (Hooke 1984; Nanson and Hickin 1986). If a river curve was
asymmetrical, the circle was fit to the upstream portion of the curve to best represent the
stress caused as the water rounds the meander. The investigator and a research assistant
repeated the curve fitting process numerous times and found it to be very subjective.
Error from all the original trials ranged from +/- 1% to 40%., with the average being +/-
19%. Further refinement of the procedures yielded errors from 1% to 20% with an
average of 9%. Similar numbers were obtained within each investigator’s trials. Error
tended to increase with circle radii greater than 75 m and less than 15 m, as well as when
centerline curves were asymmetrical or came to a point. Each curve’s radius was
compared to the corresponding erosional area and the maximum width of that area.

Regression analysis was completed in Microsoft Excel.
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Vegetation and Slickens Dynamics

The last aspect of the planform floodplain analysis was to investigate vegetation
and slicken changes. To accomplish this, the air photos were again reviewed and
compared in ArcView. The same limitations, such as shadows, resolution, and color, that
applied to georeferencing the photos and digitizing the banks applied to the slickens and
vegetation analysis. These problems made digitizing the actual areas unreliable, so a
more qualitative analysis was completed by comparing shapes, vegetation cover and
color, and dimensions of selected slickens areas. Adobe Photoshop was used to adjust the
contrast, brightness, and color of the 1997 air photos, which were darker, so they would
match the color of the other photos, and therefore, make it easier to see differences in
vegetation. To determine if slickens were changing in shape or size over time, their
dimensions at the widest and longest points were compared from year to year.

Part of the project was to evaluate the effectiveness of woody vegetation in
providing channel stability. A brief look at cutbank and shrub group location indicated
that there was substantial erosion occurring at sites both with and without woody
vegetation (Figure 11). A more detailed evaluation was conducted at the 7 largest
erosion areas within the study reach. Vegetation cover within the area of erosion for
both 1983-2001 and 1979-2001 was classified as shrub, mixed-shrub, mixed-grass, or
grass dominated (Harmel, et al. 1999). The vegetation at the widest point of erosion was

also noted, as was the average width of erosion based on the area of erosion divided by

the centerline length of the area.

35



RESULTS AND DISCUSSION
Bank Inventory

Stratigraphy

The banks along the Clark Fork River within Grant-Kohrs Ranch usually consist
of four stratigraphic layers or units (Figure 9). The top layer (ca. 10 cm thick) is a
sandy/silty, poorly consolidated soil, usually containing varying amounts of organic
material and roots. The soil unit overlies a thicker layer (10 to 80 cm) of grayish-orange
tailings composed of fine sand and silt. The tailings are usually lighter in color than the
underlying units, and show orange and yellow mottling. Beneath the tailings lies a layer
of grayish-brown silt/mud (20 to 50 cm) that is believed to be pre-tailings floodplain
deposits. A layer of sandy gravel and cobbles lies beneath the pre-tailings floodplain
deposits, and are probably channel lag and bar deposits. This coarser layer is the lowest
stratigraphic unit exposed in the banks. Its thickness is unknown, but it is found
throughout the entire study arca. This overall stratigraphic package is prevalent
throughout the riparian area, both on the ranch and within the valley, and is seen in cores
as well as bank exposures (Brooks 1988; Nimick 1990; Moore, et al. 2002). However,
the thickness of each unit is variable and any one unit may pinch out from one bank
exposure to another (Nimick 1990).

Tailings can be found in almost all of the banks exposed along the river (Figure
14). These deposits are quite complex. The bedforms, organic layers, coloration, and
layering within them vary from bank segment to bank segment, even over short distances.
Where exposed in cutbanks or animal paths, the average tailings thickness is 40 cm,

although these vary between 10 and 80 cm. The areas that lack tailings include a few
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short lengths where the channel has eroded into the edge of the meander belt (Points A
and B, Figure 14a and Point A, Figure 14c), and near the constructed sewage ponds at the
north end of the park (Point C. Figure 14a). Tailings thickness was rarely measured in the
convex banks because tailings were generally not exposed and restrictions were placed on
digging within the park. However, many of the convex bank segments exhibited
evidence of tailings, such as adjacent slickens areas, salts forming on the lower banks,
senescent/dead vegetation, tailings indicative vegetation (i.e., tufted hairgrass

(Deschampsia cespitosa)), or small exposures in animal paths.

Bank Attributes

The banks of the Clark Fork River within the Grant Kohrs Ranch National
Historic Site were classified based on their morphology. Table 5 and Figures 11 through
17 (indexed in Table 4) summarize the data. The entire inventory data set can be found in
Appendix C. The basic classiﬁcatiqn consists of two main types of banks, concave and
convex (Figure 5). The convex banks tend to be found in the straight reaches of the river
and along the inside bends of meanders. Concave banks are found on the outside of
meander bends and where riffles direct the flow into the banks. An example of this
distribution is shown in Figure 11. The straight channel in the lower half of the figure,
point A, consists of convex banks, except where a riffle directs the water into the west
bank, point B, where the bank is concave. Also, the banks associated with the meander at
point C are convex on the inside of the bend (east bank) and concave on the outside (west
bank). These general relationships extend throughout the entire study reach along the

Clark Fork River.
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Old Floodplain Deposits

Figure 9. General Bank Stratigraphy. Top 10 cm is soil with tailings, followed by
approximately 40 cm of tailings, 40 cm of grey mud, and then a coarse sand and gravel
layer.
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 Figure 11 Convex and Concave Shapes
Figure 12 Percentage of Overhanging Along Bank
Figure 13 Depth of Undercutting
Figure 14 Percentage of Slumping Along Bank
Figure 15 Tailings Thickness
Figure 16 Percentage of Vegetation Cover at Bank
Figure 17 Percentage of Shrubs within 2m of Bank

Table 4. Index to Bank Inventory Figures

Lengths of 2001 Surveyed Banks

Concave Banks 3146m
Convex Banks 6055m
Total Surveyed Banks 9201m
Attributes of Concave Banks Total Length
total length=3146m mean % error Affected (m)
% of slumping along bank 43 +/-10 1367
% of overhanging along bank 28 +/-10 896
% of bank face with vegetation cover 39 +/-10 1214
% of bank with woody vegetation within 2 m 20 +-15 624
avg thickness of tailings (cm) 44 +/-10 Na
avg depth of cutting under overhangs (cm) 30 +/-10 Na
Attributes of Convex Banks Total Length
total length=6055m mean % error Affected (m)
% of slumping along bank 5 +-10 278
% of overhanging along bank 46 +/-10 2777
% of bank face with vegetation cover 84 +-10 5062
% of bank with woody vegetation within 2 m 32 +/-15 1958
avg thickness of tailings (cm) 37 +/-10 Na
avg depth of cutting under overhangs (cm) 35 +/-10 Na

Table 5. Summary of bank attributes from visual and GPS bank survey (see Appendix

C).
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Overall, the riverbank inventory included 9200 m of banks, of which 3145 m
(34%) were concave "cutbanks" and the remaining 6045 m (66%) (Table 5) were the
more stable convex shapes (Figure 11). Both bank types are susceptible to undercutting
and therefore, a large portion of each type can be described as overhanging or
cantilevered. Most of the erosion initiates in the lower gravel and mud layers, which
often leaves the tailings, soil, and vegetation overhanging the river. These overhanging
banks occur in 46% of the convex segments, with horizontal cuts typically 30 ¢cm in depth
at the base of the bank. Overhangs occur in only 28% of the concave bank segments, with
a similar cut depth of about 30 cm (Table 5 and Figures 12 and 13). Concave-bank
undercuts usually occur in the middle portion of the bank and are not as clearly defined as
those seen in convex banks, probably due to the obscuring effect of the eroded upper
bank falling to the base. As mentioned previously, most of the undercutting takes place
in the gravels and pre-tailings deposits which leaves the tailings layer overhanging. These
overhangs eventually fall into the ri’ ver, where they protect the bank until the next high
flow (Figure 10). The percentage of slumping along the banks is shown in Figure 15.
Despite the higher percentage of overhangs, the convex segments possess slumps along
only 5% of the banks, whereas slumps are present along 43% of the concave banks.
Slumping mostly occurs at riffles and meander bends where cutbanks are forming and
there seems to be a strong relationship between concave banks and slumping (Figures 11
and 15).

Woody vegetation along the banks consist mostly of small
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Figure 10. Examples of undercutting and mechanism of erosion. Erosion occurs in the
basal sands and gravels, undercutting the bank until the downward stress overcomes the

strength of the material and a block fails.
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(~1 m high) water birch (Betula occidentata) and various willows (Salix sp.). Various
grasses and weeds dominate the rest of the vegetation (Rice and Ray 1985; RWRP 1996).
Figures 16 and 17 summarize these data. Convex banks are commonly more vegetated
than the concave banks (84% vs. 39%, respectively), and have more woody vegetation
within 2 m of the bank (32% vs. 20%, respectively). However, it is not clear whether the
banks are more stable due to the vegetation, or if there is more vegetation because the
banks are more stable. Other factors, such as watering, grazing practices. thickness of the

non-tailings alluvium layer, and fluvial geomorphology can allow for a more stable bank,

and therefore allow more vegetation to take hold (RWRP 1996).
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1 Aerial photograph
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Figure 11a. Locations of Convex and Concave Banks (Figure 5) within Grant-Kohrs
Ranch NHS. Also shows the location of riffles and the general direction of flow coming

offofthem.
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1997 Aenal Photograph
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Figure 11b. Locations of Convex and Concave Banks (Figure 5) within Grant-Kohrs
Ranch NHS. Also shows the location of riffles and the general direction of flow coming
off of them.
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Figure 11c. Locations of Convex and Concave Banks (Figure 5) within Grant-Kohrs
Ranch NHS. Also shows the location of riffles and the general direction of flow coming
off ofthem.
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Figure lid. Locations of Convex and Concave Banks (Figure 5) within Grant-Kohrs
Ranch NHS. Also shows the location ofriffles and the general direction of flow coming
off of them.
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Figure lie. Locations of Convex and Concave Banks (Figure 5) within Grant-Kohrs
Ranch NHS. Also shows the location ofriffles and the general direction of flow coming
off of them.
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Legend
Percentage of Overhanging Along Bank
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Figure 12a. Average percentage of overhanging (cantilevered) banks within a bank
segment.
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1997 Aerial Photograp.'h
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Figure 12b. Average percentage of overhanging (cantilevered) banks within a bank
segment.
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Figure 12c. Average percentage of overhanging (cantilevered) banks within a bank
segment.
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Legend

Percentage of Overhanging Along Bank
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Figure 12d. Average percentage of overhanging (cantilevered) banks within a bank
segment.
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Legend
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Figure 12e. Average percentage of overhanging (cantilevered) banks within a bank
segment.
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Figure 13a. Depth of horizontal undercutting beneath overhanging (cantilevered) banks
within a bank segment.
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Figure 13b. Depth of horizontal undercutting beneath overhanging (cantilevered) banks
within a bank segment.
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Figure 13c. Depth of horizontal undercutting beneath overhanging (cantilevered) banks
within a bank segment.
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Figure 13d. Depth of horizontal undercutting beneath overhanging (cantilevered) banks
within a bank segment.
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Figure 13e.. Depth of horizontal undercutting beneath overhanging (cantilevered) banks

within a bank segment.
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Figure 14a. Percentage of slumping along each bank segment. Riffle location and
direction of flow are also depicted.

58



tu7 Aerial Phctograpl

Legend

Slumping Banks (% of segment length) .
;}4\/{0_— 20% Percentage of Slumping Along Bank

f‘}”}}%ﬁon Clark Fork River at Grant-Kohrs Ranch NHS

V Top of Riffle

50 0 50 100 Meters UTM 12, NAD 1983. HPGN (ID/MT)

Figure 14b. Percentage of slumping along each bank segment. Riffle location and
direction of flow are also depicted.
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Figure 14c. Percentage of slumping along each bank segment. Riffle location and
direction of flow are also depicted.
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Figure 14d. Percentage of slumping along each bank segment. Riffle location and
direction of flow are also depicted.
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Figure 14e. Percentage of slumping along each bank segment. Riffle location and
direction of flow are also depicted.
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Figure 15a. Average thickness ofthe tailings layer along each bank segment. Light blue
lines outline the streamward side of'the area eroded between 1983 and 2001.
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Figure 15b. Average thickness ofthe tailings layer along each bank segment. Light blue
lines outline the streamward side ofthe area eroded between 1983 and 2001.
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Figure 15¢. Average thickness ofthe tailings layer along each bank segment. Light blue
lines outline the streamward side of'the area eroded between 1983 and 2001.
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Figure 15d. Average thickness ofthe tailings layer along each bank segment. Light blue
lines outline the streamward side ofthe area eroded between 1983 and 2001.
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Figure 15e. Average thickness ofthe tailings layer along each bank segment. Light blue
lines outline the streamward side ofthe area eroded between 1983 and 2001.

67



9y7 Aerial Pf'jptcg”aph
s o 1/

Legend

Percentage of Vegetation Cover on Bank Face
,A 10 -15%

16 - 40% Bank Vegetation

P Clark Fork River at Grant-Kohrs Ranch NHS
/$hse fi%

50 0 50 100 Meters

UTM 12, NAD 1983, HPGN (ID/MT)

Figure 16a. Percent of bank segments covered in vegetation. Vegetation type was not
designated.
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1997 Aerial Photograph
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Figure 16b. Percent of bank segments covered in vegetation. Vegetation type was not
designated.
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Figure 16¢c. Percent of bank segments covered in vegetation. Vegetation type was not
designated.
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Figure 16d. Percent of bank segments covered in vegetation. Vegetation type was not
designated.
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Figure 16e. Percent of bank segments covered in vegetation. Vegetation type was not
designated.
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Figure 17a. Percentage of woody vegetation cover within 2 m of a bank segment.

Woody vegetation includes Salix elugia, Salix geyeriana, and Betula occidentalis.
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Figure 17b. Percentage of woody vegetation cover within 2 m of a bank segment.
Woody vegetation includes Sa/ix elugia, Salix geyeriana, and Betula occidentalis.
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Figure 17¢. Percentage of woody vegetation cover within 2 m of a bank segment.
Woody vegetation includes Salix elugia, Salix geyeriana, and Betula occidentalis.
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Figure 17d. Percentage of woody vegetation cover within 2 m of a bank segment.
Woody vegetation includes Salix elugia, Salix geyeriana, and Betula occidentalis.
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Figure 17e. Percentage of woody vegetation cover within 2 m of a bank segment.
Woody vegetation includes Salix elugia, Salix geyeriana, and Betula occidentalis.
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Channel Migration and Planform Changes

Changes in land use that lead to alterations in sediment loads and water discharge
often result in transformations in channel shape. Increases in water can lead to bank and
bed erosion, and decreases can cause bed aggradation and channel widening. Raising and
lowering the sediment load usually will have the opposite effect of the same change in
water quantity (Miller 1997; Knighton 1998). Although little data exists to show
alterations in the Clark Fork River’s cross-section over time, changes in the aerial view of
the channel can be observed.

The general planform shape of the study reach channel does not seem to change
drastically when comparing maps from 1868, 1914, and 1997 (Figure 18). The channel
has the same basic configuration, and the meander bends are in the same general
locations. However, considerable differences exist as well. Almost immediately. one
notices the more prominent changes between the 1868 channel and the later channels. In
1868. meandc'er bends are not as pronounced throughout the reach, and in the southern
half of the map there are multiple channels. By 1914, the meander bends become larger
and more irregular. Just south of the section-line junction, the multiple channel
configuration of 1868 has become a single channel with the old eastern branch capturing
the flow and the western branch probably left with mostly stagnant water and sediment
from higher flows. The biggest difference can be seen between the “~e&” and the “4485”
on the 1914 map. The 1868 channel is being abandoned, and a new channel has formed
just to the east of the section line. Unfortunately, some of these differences are likely
due to inaccuracies in the 1868 survey drawing (River locations were only recorded at

section line crossings. The river was drawn in from those points.), but the large
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