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CONVERSION FACTORS, ABBREVIATED UNITS, AND ACRONYMS

Multiply By To obtain

acre

cubic foot per second (ft3/s)
cubic yards

foot (ft)
inch (in.)

mile (mi)
pound (Ib)

quart

square mile (mi )
ton (short)

4,047

0.028317
0.7646
0.3048

25,400
25.4

2.54
1.609

453,600,000
453,600

453.6
0.4536

946.4
0.9464

2.59
907.2

square meter

cubic meter per second
cubic meters
meter
micrometer (jam)
millimeter (mm)
centimeter (cm)
kilometer
microgram (|J.g/L)
milligram (mg)
gram (g)
kilogram (kg)
milliliter (mL)
liter (L)

square kilometer
kilogram (kg)

Water year: A water year is the 12-month period from October 1 through September 30. It is designated by the calendar year in which it ends.

Additional abbreviations used in this report:

kg kilogram
^ig/L microgram per liter
(jm micrometer
mg milligram
mm millimeter
dgo 90th percentile diameter

Acronyms used in this report:

ARCO Atlantic Richfield Company
GIS geographic information system
GPS geographic positioning system
USEPA U.S. Environmental Protection Agency
USGS U.S. Geological Survey
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GEOMORPHOLOGY, FLOOD-PLAIN TAILINGS, AND 
METAL TRANSPORT IN THE UPPER CLARK FORK 
VALLEY, MONTANA

By J. Dungan Smith, John H. Lambing, David A. Nimick, Charles Parrett, 
Michael Ramey, and William Schafer

ABSTRACT

The Clark Fork valley between the Warm Springs 
Ponds and Milltown Reservoir in western Montana is 
adversely affected by metals derived from past mining 
and smelting activities. To aid remediation planning by 
the U.S. Environmental Protection Agency, the 
sources, transport, and deposition of metals were 
assessed during 1995-98 by a technical committee of 
scientists from the U.S. Geological Survey and private 
consulting firms. The assessment required examining 
the geomorphic history and deposition of flood-plain 
tailings, determining migration rates of the river across 
the flood plain, quantifying the sediment and metal 
loads entering the river from all important sources, and 
tracking the current transport and accumulation of 
sediment and metals through the 120-mile reach of 
river.

Because erosion of flood-plain tailings deposits is 
a major process contributing metals to the river, the 
areal and vertical extent of tailings were mapped and 
the range of metals concentrations determined. Aver 
age annual meander-migration rates of the river in the 
Deer Lodge valley were quantified from aerial photo 
graphs taken in 1960 and 1989. Migration rates ranged 
from 0.0 to 5.8 feet per year, with an average rate of 0.6 
foot per year over the 43-mile reach.

Sediment and copper loads from individual 
sources were integrated in mass-balance calculations to 
estimate input, transport, and deposition. Transport 
rates were calibrated to hydrologic and water-quality 
monitoring data for 1985-95, a relatively dry period. 
Under current (post-1990) source conditions and 1985- 
95 hydrology, the mass-balance calculations indicate 
that streambank erosion is the largest source of copper 
to the river, comprising approximately 56 percent of 
the total copper input along the 120-mile reach. 
Upstream input accounts for about 5 percent, whereas 
tributaries and streambed exchange each account for

about 8 percent. Flood-plain runoff and ground water 
together account for about 24 percent of the total cop 
per input. Not all of the copper entering the river is 
transported out of the reach. Instead, about 47 percent 
of the copper input is deposited on point bars.

Estimates of transport and meander-migration 
rates were adjusted to long-term (1930-95) hydrologic 
conditions to better represent the effects of high 
streamflows. Under the higher flows representative of 
long-term conditions, the estimated percent contribu 
tions of copper from individual sources does not 
change appreciably from those estimated for lower 
flows; the largest contribution is still provided by 
streambank erosion (60 percent). The future input of 
copper from streambanks is predicted to increase to 70 
percent of the total copper input as the streambed 
comes to equilibrium with current sources and 
becomes depleted of copper historically deposited 
prior to remedial cleanup efforts in the headwaters. 
Therefore, regardless of variations in the magnitude of 
copper loads under differing streamflow conditions, the 
relative percentage of total load contributed from indi 
vidual sources remains similar.

INTRODUCTION

Metal concentrations in water, sediment, and 
biota in the Clark Fork are elevated as a result of min 
eralization and extensive historical mining and smelt 
ing in headwater streams (Hornberger and others, 
1997). Some of the waste rock, tailings (mine and mill 
wastes), and slag produced during more than a century 
of operations have been eroded and transported 
through the upper Clark Fork valley. Metal enrichment 
in the Clark Fork extends for over a hundred miles 
(Moore and Luoma, 1990). The potential effect of 
chronic toxicity on biota from metal-enriched sedi 
ments already in the river and ongoing erosion and
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transport of metals from the extensive flood-plain 
sources in the valley are of continuing concern.

Remediation planning and initial cleanup efforts 
for the upper Clark Fork were begun in the 1980's as 
part of a Superfund process. To support these efforts, a 
committee was established in July 1995 for the purpose 
of advising the U.S. Environmental Protection Agency 
(USEPA) on matters pertaining to streamflow, sedi 
ment transport, erosion/deposition, and geomorphic 
processes that affect the input, transport, and accumu 
lation of metals in the Clark Fork between the Warm 
Springs Ponds and Milltown Reservoir, Montana (fig. 
1). The river and its flood plain between these two 
points comprise the Clark Fork River Operable Unit of 
the Milltown Reservoir Superfund Site. The commit 
tee was composed of three members of the Water 
Resources Division of the U.S. Geological Survey 
(USGS) and two consultants to the Atlantic Richfield 
Company (ARCO). This report describes the principal 
work of the committee, which was disbanded in 
December 1997.

The goal of the committee was to provide an 
assessment of metals input, transport, and deposition 
in the Clark Fork upstream from Milltown Reservoir. 
This goal was achieved by synthesizing available data 
on the water quality of surface and ground water and on 
metal storage in the flood plain. Historical aerial pho 
tography and hydrologic data were used to quantify 
rates of bank erosion from channel migration and flu 
vial transport of sediment and metals. These data were 
integrated using mass-balance calculations and geo 
morphic principles to account for metal inputs from 
specific sources in order to determine the most impor 
tant components of the fluvial system contributing met 
als to the Clark Fork.

Purpose and scope

This report summarizes and integrates informa 
tion concerning the geomorphic relation between met 
als sources and the transport of metals and sediment in 
the upper Clark Fork valley (fig. 1). This report is a 
synthesis of several studies and provides an overview 
of interrelated metals-transport processes. Specific 
details of the individual investigations whose findings 
have been incorporated in this overview can be found 
in the cited references.

Characterization of metals transport required 
quantifying the loads of metals entering the river from 
all important sources, and then tracking the transport

and accumulation of metals through the entire system 
to the Clark Fork at Turah Bridge (station 12334550), 
just south of the town of Turah and the first gaging sta 
tion upstream from Milltown Reservoir (fig. 1). Metals 
enter the river from several sources. Sources consid 
ered were inflow from headwater streams and tributar 
ies, surface runoff over the flood plain, ground-water 
inflow, material eroded from streambanks, exchange 
with previously stored streambed sediment, and inflow 
of water seasonally stored in the banks. Some of these 
sources were evaluated as part of the ongoing remedial 
investigation for this Superfund site, whereas transport 
rates at sites along the mainstem and on major tributar 
ies were evaluated as part of a USGS long-term moni 
toring program (Lambing, 1991,1998; Hornberger and 
others, 1997). Additional information on sources was 
obtained during this geomorphology investigation in 
order to supplement aspects of geomorphology and 
geochemistry that were lacking data. Copper was the 
metal evaluated to the greatest extent because it occurs 
in water at concentrations high enough to minimize 
analytical detection problems, and because copper con 
centrations in the Clark Fork exceed aquatic-life crite 
ria more frequently than concentrations of other trace 
elements (Lambing, 1991).

Metal-rich flood-plain deposits flank the Clark 
Fork from Warm Springs Creek to Milltown Reservoir 
and erode into the river as the channel migrates. 
Understanding the geomorphic processes that control 
the rate of erosion and deposition of these materials is 
important because these deposits appear to be the larg 
est source of metals to the river. An estimate of the 
metal supply available in the river's flood plain 
upstream from Garrison was determined by construct 
ing a map that characterizes the geochemistry and the 
vertical and horizontal distribution of tailings deposits 
along the fluvial corridor in the Deer Lodge valley 
(Reach A in fig. 1) (Schafer and Associates, 1997a).

The data on tailings distribution and metal con 
centrations in the flood plain, banks, and bars (Schafer 
and Associates, 1997a; Nimick, 1990) were combined 
with an evaluation of long-term bank erosion rates 
determined from analysis of channel movement using 
available sets of aerial photographs taken in 1960 and 
1989 (R2 Resource Consultants, 1997). Finally, the 
requisite data on tailings distribution and metals con 
tent, rates of channel migration, streamflow character 
istics, and sediment and metals transport were used to 
construct a mass-balance estimate that tracked inputs

2 Geomorphology, flood-plain tailings, and metal transport in the upper Clark Fork valley, Montana
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Figure 1. Location of the upper Clark Fork valley and mainstem study reaches, Montana.

from all significant sources, transport down river, and 
deposition (R2 Resource Consultants, 1998). The esti 
mates predict changes in the flux of copper over time 
under a steady-state condition of inputs. The estimates 
were calibrated using sediment- and metals-transport 
data collected from 1985-95 (Lambing, 1991; Horn- 
berger and others, 1997) and then adjusted for long- 
term (1930-95) hydrologic conditions (R2 Resource 
Consultants, 1998). The 1985-95 period was relatively 
dry, but high flows in 1996 and 1997 resulted in much 
larger loads than were measured during the calibration 
period. The adjustment for long-term hydrology, there 
fore, was subsequently evaluated by comparison to

1991-97 transport estimates, which characterize hydro- 
logic conditions similar to long-term streamflow 
(Lambing, 1998).

Description of study area

The Clark Fork begins at the confluence of Silver 
Bow and Warm Spring Creeks below the Warm 
Springs Ponds (fig. 1). The river flows north from the 
confluence through the broad Deer Lodge valley for 
about 43 river miles. Just beyond the confluence with 
the Little Blackfoot River near Garrison, the Clark 
Fork valley turns abruptly northwest and becomes nar 
rower. Consequently, the lower river is more channel-
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ized, although in geomorphic terms it remains single 
threaded and sinuous. For purposes of characterization 
during the Superfund remedial investigation, the Clark 
Fork was divided into three reaches (fig. 1). Reach A, 
also referred to as the Deer Lodge valley, extends along 
the Clark Fork from Warm Springs Creek to the Little 
Blackfoot River near Garrison, Reach B from the Little 
Blackfoot River to below Drummond, and Reach C 
from below Drummond to above Milltown Reservoir.

The Clark Fork in Reach A is a highly meander 
ing river flowing through a broad valley where exposed 
tailings are extensive. In Reach B, the valley narrows 
considerably and the river meanders much less than in 
Reach A, being confined both by the valley walls and 
embankments for railroads and highways. Exposed 
tailings are less extensive in Reach B, and streamflow 
increases from inputs from the Little Blackfoot River 
and Flint Creek. Reach C is morphologically similar to 
Reach B, with increasing flow and improved water 
quality from dilution by tributaries, including Rock 
Creek. Exposed tailings are not evident in Reach C. 
Because of the abundance of visually evident stream- 
side tailings and elevated copper concentrations, Reach 
A was studied in more detail than Reaches B and C.

In the Deer Lodge valley, several perennial tribu 
taries on the west side of the valley flow from the Flint 
Creek Range, and several small ephemeral tributaries 
on the east side of the valley flow from the Continental 
Divide. In recent decades, a large proportion of 
streamflow from the west-side tributaries has been 
diverted seasonally for irrigation, and presumably 
much of the sediment these creeks carry has been trans 
ported and deposited onto the fields being irrigated. In 
contrast, the ephemeral east-side tributaries flow only 
during spring snowmelt and occasional severe thunder 
storms; nevertheless, during these events, these tribu 
taries can contribute a considerable amount of silt, 
sand, and fine gravel to the Clark Fork, as indicated by 
broad alluvial deposits on the Clark Fork valley floor.

GEOMORPHOLOGY: HISTORY 
AND PROCESSES

The determination of the most important sources 
of metals input to the Clark Fork, and the subsequent 
processes of transport and deposition, requires that the 
past and present interaction of the river with its flood 
plain, streambed, tributaries, and ground water be 
placed in a geomorphic context. Although this investi 
gation did not specifically obtain additional data to

quantify streamflow, land use, or depositional histories 
in the Clark Fork valley, numerous types of data were 
compiled, aerial photographs were examined, and field 
observations were made that were used to construct a 
conceptual model of the possible geomorphic setting 
that existed before and during the past century of min 
ing. This conceptual model, coupled with basic princi 
ples of sediment transport, provide a basis for 
evaluating the processes that have led to the current 
geomorphic conditions in the Clark Fork valley and, 
possibly, for identifying important considerations as 
Superfund remediation proceeds.

Conceptual model of geomorphic history
Because little recorded historical information and 

data exist, the geomorphic history of the Clark Fork 
was conceptualized and deduced using a comprehen 
sive application of flow, sediment-transport, and fluvial 
geomorphic principles in combination with observa 
tions of the stratigraphy and morphology of the Clark 
Fork flood plain. The following description of the geo 
morphic history of the valley is based on these kinds of 
information.

History prior to 1870

Prior to inhabitation of the Deer Lodge valley by 
miners and ranchers, the Clark Fork, as well as Silver 
Bow and Warm Springs Creeks, likely supported dense 
populations of willow and water birch in a broad flood 
plain. According to Warren Ferns, a fur trapper who 
visited the Deer Lodge valley in 1831, the bottomlands 
were "... decorated with groves and thickets of aspen, 
birch, and willow and occasional clusters of currant 
and gooseberry bushes." He found them "rich and ver 
dant" and he noted that the river was "clear, deep, rapid 
and not fordable at high water" [quoted from Horstman 
(1984) by PTI (1990)].

Beaver likely played an important role in shaping 
the river and its flood plain. Silver Bow and Warm 
Springs Creeks probably were dammed extensively by 
beaver. Similarly, the upper reach of the Clark Fork 
through the Deer Lodge valley probably was dammed 
by beaver, at least intermittently when the streamflow 
was decreased, either during and afte'r sequences of dry 
years or where the channel was initially divided by 
midstream bars. Beaver presumably were eradicated 
from the area by trapping in the early 1800's. Where 
beaver were present, the river was spread over a band 
of the valley broader than the river and its flood plain 
currently occupy. Evidence for this includes the

4 Geomorphology, flood-plain tailings, and metal transport in the upper Clark Fork valley, Montana



perched pebble gravel layers and buried peat that can 
be seen in stratigraphic section. Perched pebble gravel 
could represent deposits in former channels that mean 
dered from pond to pond. The perched gravel layers 
were observed to have a characteristic pebble size that 
is much finer than gravel in the current bed of the Clark 
Fork and that also is finer than the gravel the river 
would have transported in the past if the flow were con 
fined to a single, unponded channel. Buried peat is an 
indication of organic accumulation associated with wet 
or ponded areas. The presence of peat along the Clark 
Fork was noted by PTI (1990): "Peat deposits and 
organic-rich silts and clays, reflecting deposition adja 
cent to a low gradient (meandering) channel with a low 
sediment load, can be found at the surface on the flood- 
plain margins and underlying tailings deposits nearer 
the channel." Peat cannot form on a dry flood plain, so 
the presence of peat indicates extensive, long-term 
ponding, and such ponding in a low-order tributary in a 
semi-arid climate indicates either damming of the 
stream by beaver or the existence of sloughs and 
oxbows. Similarly, dense riparian vegetation along the 
Clark Fork in the Deer Lodge valley noted by fur trap 
pers (Horstman, 1984) indicates a wet flood plain, con 
sistent with a constricted, but still low-banked river and 
probably a ponded, or at least occasionally ponded, 
flood plain.

Two other lines of evidence suggest the former 
presence of beaver. First, for the water in the Clark 
Fork to be clear at high flow in the Deer Lodge valley, 
as indicated by Warren Ferns (Horstman, 1984), there 
must have been substantial sediment traps between the 
mouths of the east-side tributaries and that part of the 
river. Owing to their geological and geomorphic set 
ting, the east-side tributaries likely have been bringing 
fine sediment to the Clark Fork for many centuries; 
therefore, for the main river to remain clear at high 
flow, this material likely was trapped in beaver ponds 
in the upper Deer Lodge valley. Second, evidence for 
the presence of beaver, at least upstream from Deer 
Lodge, can be seen in aerial photographs by a branch 
ing pattern in the abandoned channels that is character 
istic of beaver ponds and related vegetative influences 
on flow resistance.

In summary, historical and current geomorphic 
observations support the concept that the major tribu 
taries of the Clark Fork supported dense riparian vege 
tation, likely were impounded by beaver, and that the 
river upstream from its confluence with the Little 
Blackfoot River was impacted, if not substantially

altered, by beaver. In contrast, downstream from the 
confluence with the Little Blackfoot River, little evi 
dence of significant pre-historical ponding by beaver 
exists, probably because of the larger discharge pro 
duced by addition of the tributary inflow and the 
reduced sinuosity of the lower river resulting from 
greater confinement in the narrower valley.

Early mining years: 1870 to 1908

Mining in the upper Clark Fork basin began in 
1864 and developed into large-scale operations by 
about 1870 (Miller, 1973). By the time extensive min 
ing began along Silver Bow Creek in the late 1800's, 
the riparian vegetation that for millennia had buffered 
the fluvial system from extreme hydrologic events was 
severely reduced along the creek (Weed, 1912). Sim 
ilar effects probably were caused to some extent by 
agricultural and mining activities along other tributar 
ies of the Clark Fork. The Clark Fork in the Deer 
Lodge valley was downstream from the areas of inten 
sive mining, and its riparian vegetation probably also 
was somewhat reduced. Moreover, much credible 
material, typically in the form of tailings, had been 
placed near the banks of Silver Bow Creek and Warm 
Springs Creek during the first few decades of mining 
and smelting. With the reduction of riparian vegeta 
tion, those tributaries probably had become vulnerable 
to substantial erosion during extreme hydrologic 
events. During floods, contaminated material was 
being transported down the Clark Fork and deposited 
on the flood plain or being incorporated into channel 
deposits, such as bars. By the early 1900's, all of these 
conditions had been exacerbated throughout the upper 
Clark Fork valley.

During the late 1800's and early 1900's, several 
floods occurred that were capable of putting the silty- 
sand tailings into suspension and depositing them on 
the flood plain of the Clark Fork. Data collected from 
streamflow gaging, which started in 1899 near Mis- 
soula (discussed in "Flood Magnitude and Frequency" 
section), indicate that large floods occurred in 1899 and 
1902. The largest recorded flood occurred in 1908. 
Although pre-1899 streamflow records are sparse 
(CH2M Hill, 1989), Wheeler (1974) ranked the magni 
tude of historical floods from newspaper and other 
accounts and determined that floods with magnitudes 
between that of the 1908 flood and the smaller floods of 
1899 and 1902 occurred in 1887, 1892, and 1894. 
These large floods affected both the Clark Fork and 
Blackfoot River drainage basins but were measured
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only downstream from their confluence; therefore, an 
accurate estimate of the magnitude of streamflow in the 
Clark Fork during these floods is difficult to determine. 
Indirect evidence of prolonged high stages during the 
floods is indicated by tailings deposits that average 3 to 
4 feet thick along Silver Bow Creek (Titan Environ 
mental Corp., 1995) and commonly 1 foot thick along 
the Clark Fork in the Deer Lodge valley (Nimick and 
Moore, 1994) and that could have resulted from a pro 
longed overbank flux of fine tailings onto the flood 
plains in areas covered by ponded water.

The likely existence of a beaver-pond setting 
along the Clark Fork in the upper Deer Lodge valley 
prior to the 1908 flood is important because it provides 
a possible explanation for why the large floods of the 
late-1800's and early 1900's were able to deposit such 
thick layers of fine sediment on the flood plain. In par 
ticular, channel blockages or intermittent ponds caused 
by the remnants of dams after the trapping of beavers 
could have resulted in a wet flood plain that would have 
supported thick residual riparian flora. This dense veg 
etation would have formed substantial barriers to the 
relatively deep overbank flow of a large flood, slowing 
it enough to deposit fine material in layers up to 1-foot 
thick in a broad swath down the center of the Deer 
Lodge valley. Areas previously occupied by beavers 
are typically characterized by irregular flood-plain 
topography, which could explain the variations in 
thickness of the tailings deposits. The tailings are pri 
marily silt, and silt could not have settled quickly in 
substantial amounts unless (1) very deep water was 
sustained over the flood plain, or (2) the silt was being 
continuously advected onto a flood plain with substan 
tial barriers to significant return flow. To deposit silt 
layers up to a foot thick from relatively still water over 
the flood plain would have required very deep pools 
(tens of feet) of nearly static water to allow for gravita 
tional settling of the silt-size fraction. This very deep, 
low-velocity flow scenario is unlikely for the large 
floods in the Deer Lodge valley near the turn of the cen 
tury. In contrast, weak advection would not require 
excessively deep water on the flood plain but would, 
rather, require a steep gradient in river surface slope 
directed away from, rather than along, the main chan 
nel. This, in turn, would cause the water and suspended 
sediment to flow overbank and the velocities, therefore, 
would decline substantially and steadily along the 
downstream path, resulting in substantial deposition of 
suspended material. Such flow away from the main 
channel and into depositional areas on the flood plain

could persist for several days in a flood of extended 
duration. According to historical flood analysis (PTI, 
1990), the 1908 flood lasted from May 25 to June 5. 
The fact that the river channel retained its single-thread 
integrity in spite of the intensity of the 1908 flood pro 
vides supporting evidence that the flood plain still was 
sufficiently vegetated to provide ample resistance to 
bank erosion and overbank flow.

Downstream from Garrison, where the discharge 
was higher and the river likely was lined with cotton- 
woods rather than willows, substantial bank erosion 
probably occurred during the several large pre-1908 
floods because cottonwoods, which have a relatively 
wide spacing, provide less bank protection than dense 
willow thickets. Under prolonged flood conditions, 
cottonwoods are undercut and fall into the river caus 
ing logjams on bars. Flow can be diverted towards the 
banks causing further bank erosion, bank undercutting, 
and avulsions. Owing to the narrowness of the valley 
and the active in-channel erosion, some tailings were 
deposited locally as a thin, incoherent layer on the 
flood plain downstream from Garrison, but most were 
probably incorporated into the active bed of the chan 
nel. During the 1908 flood, the newly created (1907) 
Milltown Reservoir very likely filled with channel 
material derived from local upstream reaches. (This 
material would have contained tailings transported 
downstream during the large floods of the previous two 
decades.) Consequently, Milltown Reservoir likely 
had an insufficient storage capacity during the 1908 
flood to trap a substantial portion of the sediment and 
metal loads transported from the upper basin by this 
flood. The long-term storage capacity in the reservoir 
has been small ever since.

Because the Clark Fork downstream from Garri 
son does not show signs, either stratigraphically or geo- 
morphically, of having been impounded historically to 
any significant extent by beaver dams, it probably did 
not have a dense riparian flora, and it is likely that dis 
tinct flood-plain tailings deposits were always thin or 
absent along this segment of the river. Rather, some of 
the finer tailings transported by the turn-of-the-century 
floods probably were flushed downstream, while some 
were quickly incorporated with the coarse sand frac 
tions into flood deposits of gravels in and along the 
margins of the main channel. Because deposits in and 
near the channel can move and interchange under rela 
tively frequent (2-5-year recurrence) bankfull-flow 
conditions, most of the original tailings deposits prob 
ably have been reworked one or more times. As a con-
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sequence, the metal concentrations in bed sediment in 
this segment of the river system probably are in equi 
librium with the concentrations in the suspended sedi 
ment and bedload that are currently being transported 
down the river.

Post-1908 flood

Large areas of tailings deposits, up to several feet 
thick in places, that accumulated during the multiple

floods of the late 1800's and early 1900's apparently 
proved toxic to the willows in the Deer Lodge valley 
and produced "slickens," or bare tailings, that are visu 
ally evident today (fig. 2). After the 1908 flood in the 
Deer Lodge valley, some willows re-rooted and have 
grown in areas where the flood-plain tailings deposits 
were overlain by levy sands (natural berms along the 
top of streambanks where overbank flow deposited 
sand advected from the river channel). Metals phyto-

Figure 2. Tailings deposit on the flood plain of the Clark Fork near Galen, Montana. Deposit is about 3 feet thick. Unvege- 
tated, exposed tailings such as this are locally known as "slickens" Photograph taken by David A. Nimick (USGS) in 1988.
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toxicity, combined with reduction of the willow thick 
ets by grazing and plowing of fields, probably caused 
what originally were highly stable streambanks to 
become much more erodible. Currently, many banks 
are particularly susceptible to erosion where slickens or 
grassy fields extend all the way to the river's edge, and 
in areas where non-cohesive gravel layers make the 
river banks especially vulnerable to cut-bank erosion. 

Incision of the Clark Fork channel after the bea 
ver dams began to break up, combined with collective 
human impacts and the floods of the late-1800's and 
1908, likely scoured the channel bottom and produced 
a dense cobble armor that barely moves now in the 
upper reaches of the Clark Fork, even during bankfull 
flows. This nearly immobile cobble layer prevents fur 
ther down cutting of the river and functions as a gravel 
platform on which the current river meanders back and 
forth across the flood plain. In most areas, the gravel 
platform must be eroded at the toe of banks for the bank 
to retreat. Therefore, the coarse cobble layer tends to 
protect the banks from substantial erosion during less 
than bankfull flows. However, where the cobble layer 
is overlain by perched layers of non-cohesive pebble- 
sized gravel and the bank is unprotected by woody veg 
etation, such as willows, the coarse layer is destabilized 
and erosion rates can be extremely high. During 1995- 
97, three bankfull or near-bankfull events resulted in 
substantial bank retreat in areas such as these that were 
particularly vulnerable to erosion (R2 Resource Con 
sultants, written commun., 1998). In contrast, the 
banks in the thickly vegetated parts of the upper 1-2 
miles of the Clark Fork in the Deer Lodge valley have 
been relatively immobile, even during the relatively 
high streamflow peaks of 1996 and 1997, making clear 
the importance of woody bank vegetation as a means of 
substantially reducing cut-bank erosion.

Flood magnitude and frequency

Floods are the predominant natural force affect 
ing the transport and flood-plain deposition of tailings; 
consequently, flood magnitude and frequency provide 
important insight for understanding geomorphic pro 
cesses. Although general flooding has occurred in the 
Clark Fork valley upstream from Garrison over the past 
century, determination of the magnitude and frequency 
of flooding is complicated by the sparse peak-discharge 
data at mainstem streamflow-gaging stations. For 
example, the gaging stations Clark Fork at Deer Lodge 
(station 12324200) and Clark Fork at Goldcreek (sta

tion 12324680) each have only 16 years of peak-flow 
data through 1994. No significant floods occurred on 
the Clark Fork at Deer Lodge during the period of 
gaged record through 1994, while one large peak flow 
occurred on the Clark Fork at Goldcreek. The large 
peak flow at Goldcreek was the result of the large flood 
on the Little Blackfoot River in 1981.

Flood magnitudes and frequencies commonly are 
determined by fitting a log-Pearson type 3 probability 
distribution to the gaged peak-flow data. However, this 
method likely is unreliable for any station with a short 
period of record. For the Clark Fork at Deer Lodge, 
flood magnitudes for given frequencies are likely to be 
underestimated using a log-Pearson analysis because 
the lack of flooding during the short period of record is 
presumed to be unrepresentative of floods over a longer 
period of time, such as the past 100 years. On the other 
hand, a log-Pearson analysis of peak-flow data for the 
Clark Fork at Goldcreek is likely to overestimate flood 
magnitudes because of the large influence given to the 
1981 peak discharge in such a short record length.

To determine the frequency of past flooding in the 
upper basin more reliably, historical and gaged infor 
mation from other sites was incorporated into the 
flood-frequency analyses. Fortunately, a much longer 
period of gaged record is available for the Clark Fork 
above Missoula (station 12340500). The annual-peak 
record at this site includes 1908 as well as the continu 
ous period from 1930-94. In addition, recorded peak 
flows from 1899-1907 at a nearby site at Missoula (sta 
tion 12341500) can, after some adjustment for esti 
mated peak flows in Rattlesnake Creek, be added to the 
record of flows for station 12340500 to produce a peak- 
flow record for 1899-1908 and 1930-94. The general 
trend of annual peak discharge in the Clark Fork valley 
can be inferred from the long-term record at station 
12340500 (fig. 3). Peak discharges at this station have 
been less than average for most of the 16 years of gaged 
records at Deer Lodge (1979-94) or Goldcreek (1978- 
83; 1985-94), indicating that hydro logic conditions 
during recent years of water-quality monitoring proba 
bly under-represent long-term rates of sediment and 
metals transport.

The flood-frequency curve for the Clark Fork at 
Deer Lodge for the period of gaged record was adjusted 
to the longer base period available at the site above 
Missoula using a two-station comparison procedure 
(Interagency Advisory Committee on Water Data, 
1982). In this procedure, the peak-discharge data for
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Figure 3. Departures from average annual peak flows for the Clark Fork above Missoula (station 12340500), Montana.

the short-record station are adjusted based on the rela 
tion between concurrent peak discharges at the short- 
term and the long-term stations. Table 1 shows flood 
magnitudes for various recurrence intervals for Clark 
Fork at Deer Lodge estimated from actual flow record 
and based on adjustment to the combined periods 1899- 
1908 and 1930-94. Flood-frequency curves based on 
the data in table 1 are shown in figure 4.

For the Clark Fork at Goldcreek, a different 
method for adjusting the flood-frequency characteris 
tics was used. In this instance, flood-frequency charac 
teristics based only on the short-term record were 
considered to be biased high because of the large influ 
ence of one large peak flow from the Little Blackfoot 
River. Thus, adjustment on the basis of comparison 
with flow records at Clark Fork above Missoula was 
not appropriate for Clark Fork at Goldcreek. Rather, 
adjustment for the site at Goldcreek was based on the 
historical information. Although the Clark Fork at 
Goldcreek was not gaged before 1978, large mainstem 
peak flows are believed to have occurred in 1975,1964,

1948, and 1908. Although the relative magnitudes of 
these peak flows are unknown, the peak flow recorded 
in 1981 for the Little Blackfoot River near Garrison 
(station 12324590) was more than twice the peak flow 
recorded in 1975. On that basis, the recorded large 
peak flow at the Goldcreek site in 1981 is believed to 
be the largest since at least 1964. The historical period 
of record at the Goldcreek site was thus considered to 
be 30 years, and the log-Pearson analysis was applied 
using the historical-period adjustment (Interagency 
Advisory Committee on Water Data, 1982). Flood- 
magnitude and frequency information for the Clark 
Fork at Goldcreek, with and without the historical- 
period adjustment, is shown in table 2. Flood-fre 
quency curves based on the data in table 2 are shown in 
figure 5.

An indication of the reasonableness of the 
adjusted 100-year flood estimates for the Clark Fork 
can be obtained from a plot of 100-year peak discharge 
in relation to drainage area for the Clark Fork at Deer 
Lodge, at Goldcreek, and above Missoula (fig. 6). The
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Table 1 . Flood magnitude for various recurrence intervals for the Clark Fork at Deer Lodge 
(station 12324200), Montana

Recurrence interval, in years
Peak discharge, in cubic feet per second

Actual record Adjusted
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Figure 4. Flood-frequency curves for the Clark Fork at Deer Lodge (station 12324200), Montana. Adjustments to the period 
1899-1908 and 1930-94 were made using available streamflow records for the Clark Fork above Missoula (station 12340500), 
Montana.
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Table 2. Flood magnitude for various recurrence intervals for the Clark Fork at Goldcreek (station 12324680), Montana

Recurrence interval, in years
Peak discharge, in cubic feet per second

Actual record Adjusted
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plot indicates that the log of discharge increases lin 
early with the log of drainage area from Deer Lodge to 
Missoula. The slope of the line is 1.03, which indi 
cates that discharge per square mile increases slightly 
from Deer Lodge to Missoula. The increase from 
Deer Lodge to Garrison is considered reasonable 
because of the large flood contributions from Little 
Blackfoot River, whereas the increase from Garrison 
to Missoula is considered reasonable because of the 
large flood contributions from the Blackfoot River.

The flood-frequency analyses for the Clark Fork 
at Deer Lodge and Goldcreek are based on the assump 
tion that annual flood peaks at the two sites are station 
ary over time. Although flood peaks are believed to be 
generally stationary over the past 100 years, future 
flood peaks on the Clark Fork upstream from Galen 
likely will be less than in the past because of the

increased flood storage in the recently renovated Warm 
Springs Ponds. Thus, the flood-frequency analyses 
described above are representative of past conditions in 
the basin, but may not be representative of future flood 
magnitudes and frequencies in the basin.

Sediment-transport processes

Understanding sediment-transport processes is 
essential for evaluating the movement and distribution 
of metals in the Clark Fork because much of the metal 
in the river is attached to sediment (Lambing, 1991). In 
gravel-bedded rivers such as the Clark Fork, sediment 
is transported either as bedload or in suspension. Mate 
rial that rolls or hops along the streambed is considered 
to move as bedload. Material that diffuses upward from 
the bed, supported by the random velocity field associ-
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ated with turbulent fluctuations in flow, is considered to 
move in suspension. The concentration of suspended 
sediment is a balance between the upward diffusion of 
material in a turbulent flow and the downward settling 
of that same material (Graf, 1971; Yalin, 1977; Middle- 
ton and Southard, 1984).

The bed of the Clark Fork is armored by pebbles 
and cobbles; however, a thin active bed layer of fine 
sediment (silt and sand) resides in the interstices of the 
armor and moves around and over these pebbles and 
cobbles, even during periods of relatively low stream- 
flow. This active layer consists of recently eroded sand 
and other bank materials that have been deposited on 
the bed. The active layer moves intermittently as bed- 
load at low streamflow, but can be mobilized into sus 
pension when streamflow is near bankfull. Bedload in 
gravel-bedded streams generally represents only a 
small percentage (<10 percent) of the total sediment 
transport (Emmett, 1984).

The actual bed of the Clark Fork is composed of 
a broad suite of sediment sizes, and different size 
classes of material move in different ways at different 
times. The coarse cobble armor barely moves in the 
reach of the river upstream from Garrison (Reach A, 
fig. 1), even during bankfull flows. Sand, in contrast, 
moves in bands (in the active layer) over the pebble and 
cobble armor during subbankfull flows and can go into 
suspension as the flow increases toward bankfull. Dur 
ing subbankfull flows, while coarse sand is transported 
as bedload, fine sand often moves in suspension, and 
silt almost always moves in suspension. Currently, at 
bankfull flow, the Clark Fork through the Deer Lodge 
valley probably transports pebble gravel in the thalweg 
as bedload and sand as suspended load.

In a typical meandering river, material is eroded 
from cut banks during high flows and transported 
downstream. Meandering rivers migrate laterally 
across their flood plain by systematically transferring 
sediment from cut banks to downstream point bars. 
The banks of the Clark Fork generally are composed of 
material that is finer than that found on the bed, at least 
on those portions of the bed along the thalweg of the 
river. Owing to the nature of the near-bed velocity field 
in sinuous rivers, eroded bank material typically is car 
ried across the river toward the next downstream point 
bar, where a substantial fraction of the material is 
deposited. Depending on its size, some material is 
maintained in suspension for a greater distance and / 
added to point bars one to several bends downstream

(Dietrich and Smith, 1983; 1984). Some of the silt 
from the cut bank is transported a substantially greater 
distance downstream than the sand, but even most of 
the silt is almost entirely redeposited within about 10 
river bends (Dietrich and Smith, 1983).

As long as the Clark Fork remains a meandering 
river and maintains its channel integrity, contaminated 
material that was deposited on the flood plain will con 
tinue to be systematically eroded at the cut banks, 
transported in equilibrium with its sedimentology, 
either as bedload or in suspension, and redeposited a 
short distance downstream on point bars. In this man 
ner, tailings that started out as a thin layer of overbank 
deposition on the flood plain in the Deer Lodge valley 
become mixed throughout the point bars, which typi 
cally have a thickness equal to an average channel 
depth (Dietrich and Smith, 1983; 1984). This sediment- 
transport process supports a continuous downstream 
flux of metal at a concentration approximately equal to 
the metal concentrations in the mixture of the eroded 
cut-bank material and any clean sediment that may be 
added by tributaries in that part of the river. At present, 
relatively clean sediment is added to the Clark Fork 
upstream from Garrison by the ungaged west- and east- 
side tributaries and from a few high terraces and allu 
vial fans that are undercut by the river on the east side 
of the Deer Lodge valley.

Processes controlling bank erosion

Because cut banks are the actively eroding verti 
cal surface of the flood plain, which is the repository 
for previously deposited sediment and tailings, it is 
essential to recognize the factors controlling rates of 
erosion in order to understand metals input from this 
source. The rate of cut-bank erosion depends largely 
on the sedimentology, stratigraphy, and irregularity of 
the cut bank. Banks of an irregular shape are more dif 
ficult to erode than smooth arcuate ones because, in the 
latter case, the high-velocity thread of the stream can 
travel adjacent to the bank. If velocities near the bed 
are sufficiently high, the flow can undercut the bank 
structure and transport any material that falls into the 
river. In the case of an irregular bank, the high-velocity 
flow is pushed outward from the bank by the resistance 
provided by roughness elements, making it more diffi 
cult to remove material from the toe of the cut bank. 
The root mass and clustered structure of a dense woody 
thicket on the bank produces substantial roughness and 
can effectively prevent rapid bank erosion, as evi-
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denced by the stable banks observed along the upper 
1-2 miles of the Clark Fork. Cottonwoods are much 
less effective at preventing bank erosion because they 
typically are spaced farther apart compared to willows 
or other small trees and shrubs.

The near-bed velocity depends on the boundary 
shear stress, which in turn, depends on the depth of the 
river and its slope. Locally, the boundary shear stress 
can deviate from that given by the depth-slope product 
because of accelerations and decelerations of the fluid 
above the bed caused by turbulent flow, which is char 
acteristic of natural rivers. But, on average, through an 
entire meander bend, the magnitude of the boundary 
shear stress depends primarily on the slope of the river 
and its depth. From a geomorphic point of view, the 
bankfull depth together with the river slope along its 
center line determines the scale for the boundary shear 
stress. This is a consequence of the fact that, over time, 
a gravel-bedded river develops a cobble armor that is 
immobile during all but near-bankfull and higher 
flows, which is the case in the Clark Fork. Thus, the 
bed material is adjusted to the force applied and neither 
incision or aggradation occurs, and the river is said to 
be in equilibrium. If one or more bends are cut off, 
either naturally or for some engineered purpose, the 
river is effectively shortened and the local slope of the 
river becomes substantially steeper. The boundary 
shear stress thus increases over that with which the bed 
material had come to equilibrium. This increase causes 
the bed material to become mobile, especially near the 
toes of the cut banks, and allows the banks of the river 
to be eroded rapidly. The bank erosion then increases 
the sinuosity of the river until the boundary shear stress 
comes to equilibrium with the size of the material in the 
bed. If the material comprising the bed of the river is 
so fine that no such equilibrium is possible, then the 
river banks become so unstable that the geomorphol- 
ogy changes from a single channel to multiple threads, 
as discussed in the following section.

Process controlling flood-plain stability

Flood plains remain stable as long as erosion rates 
are not excessively rapid. Typically, as discharge 
increases above bankfull stage, water spreads out onto 
the flood plain, and the river depth rises very slowly as 
the discharge increases. Nevertheless, very large 
floods, such as the 1908 event in the Clark Fork basin, 
can produce sufficiently deep flows on the flood plain 
that unvegetated or sparsely vegetated sandy banks and

flood plains cannot resist rapid erosion. When this hap 
pens, a meandering river can evolve, or unravel, into a 
braided system. The extent of this geomorphic unrav 
eling is dependent on the water depth and velocity, and 
on the vegetative condition of the banks and flood 
plain. The unraveling could either be confined to a 
short reach of river or extend for miles; however, where 
precipitation is intense and river stage increases rap 
idly, the latter is more likely. This process can occur 
catastrophically during a large flood (on a time scale of 
hours to a day or so), as evidenced by a flood on Plum 
Creek along the Colorado Front Range in 1965 (Mat- 
thai, 1969).

Once the vegetation is penetrated and the roots no 
longer can hold the soil, bank erosion is very rapid and 
leads to further undercutting of the vegetative armor. 
This erosion occurs either in the main channel at the cut 
banks, which can retreat rapidly and eventually cause 
cutoffs of a meander loop, or by the development of 
new channels on the flood plain between the meander 
bends. In either case, once the root masses in the flood- 
plain soils have been penetrated, the new channel deep 
ens rapidly, further undercutting the vegetation lateral 
to it, and thereby causing soil blocks held together by 
roots to fall into the river. Normally, eroded soil 
blocks fall close to cut banks and protect them, but 
when the erosion rates are very high, soil blocks detach 
rapidly and roll far enough away from the bank to be 
caught in the high-velocity zone of streamflow. Once 
removed from the immediate vicinity of a bank, these 
blocks become obstructions to the flow and cause it to 
accelerate between the blocks and the banks, thus 
accelerating erosion. When cutoffs develop and sub 
stantial amounts of water begin to move through the 
channels cut into the surface of the flood plain, the river 
slope increases as the river length decreases, resulting 
in increased boundary shear stress, erosion rate, and 
sediment-transport rate.

As the rates of bank and flood-plain erosion 
increase, the amount of sand added to the river from 
this erosion exceeds the amount that can be transported 
over a gravel bed. Consequently, some sand is depos 
ited over the gravel layer. Although this increases the 
amount of bed covered with fine material, and thus 
increases the sand transport, it also produces a much 
smoother streambed, reduces the bed friction, and 
results in substantially increased flow velocities. The 
resulting higher velocities further increase the bank- 
erosion potential and erosion rates in the meandering
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river, potentially leading to severe destabilization and 
unraveling into multiple channels. As meandering riv 
ers with sandy flood plains unravel, more sand is sup 
plied to the river than can be transported by the flow, 
causing the bed of the river to aggrade and the banks to 
diminish in height. The final state, which can be 
achieved quickly, is a braided river. A braided river 
that formed in this fashion would have multiple chan 
nels, each of which would be straighter and shallower 
than in the original meandering channel. One of the 
best examples of a sandy-banked, gravel-bedded river 
in a semi-arid region that came unraveled during a 
severe flood is Plum Creek, which joins the South 
Platte River just south of Denver, Colo. (Matthai, 
1969). As is the case with the Clark Fork in the Deer 
Lodge valley, Plum Creek had a gravel bed prior to the 
1965 flood and meandered through a thinly vegetated, 
sandy flood plain in a valley with extensive agricultural 
development (Osterkamp and Costa, 1987). Now, 
more than thirty years after the flood, the stream is still 
braided with several threads, a gravely sand bed, and 
bars that are sufficiently mobile to prevent stabilization 
by plants (Friedman and others, 1996).

Because the extensive network of beaver dams 
that trapped sediment, roughened the flood plains, and 
promoted dense willow thickets in the headwater 
basins are long gone, the river through the Deer Lodge 
valley currently has a vulnerable riparian corridor 
owing in large measure to the extensive loss of riparian 
vegetation over the past century. The Clark Fork flood 
plain conceivably could suffer considerable destabili 
zation during a major flood in areas where streambank 
vegetation is sparse over extended distances. Although 
many cutoffs and a few minor avulsions may have 
occurred along the Clark Fork during the 1908 flood, 
the geomorphic evidence indicates that bank stability 
was sufficient at that time to prevent the single- 
threaded channel system from unraveling into a 
braided system. The likely reason for maintenance of 
channel stability in 1908 was the heavy, extensive 
riparian flora and the rough flood plain of that era, nei 
ther of which exist today in the Deer Lodge valley.

Processes controlling streambed exchange

Streambed exchange occurs when the river mobi 
lizes, or scours, sediment from the bed. The process 
ends when sediment transported from upstream is 
deposited in the scoured area. Understanding 
streambed-exchange processes is important because

the bed could be a source or sink for metals. In partic 
ular, understanding streambed exchange can help con 
ceptualize how and where tailings might have been 
incorporated initially into the streambed as a conse 
quence of the 1908 and other large turn-of-the-century 
floods, as well as how these tailings might be remobi- 
lized into the river today.

Streambed sediment can be divided into three cat 
egories: the pebble and cobble armor, the material that 
underlies this coarse armor, and the fine surficial sedi 
ment of the active layer that fills the interstices and 
occasionally covers the armor layer. Not all of these 
materials play a role in exchanging metals to and from 
the streambed. The armor layer, or gravel platform, 
protects underlying material from scouring and thereby 
inhibits the exchange of the underlying sediment with 
the sediment carried in the active layer or in suspension 
in the river. In contrast, surficial sediment consists of 
generally fine-grained material that is in transit in the 
active layer from upstream eroding banks to down 
stream point bars. This fine-grained sediment is in 
equilibrium with the fluxes from the sediment sources 
to the sediment sinks and with the flow under almost all 
streamflow conditions; therefore, surficial bed sedi 
ment is derived from other sources and is not consid 
ered a separate source of metals to the river. It is 
important to note that virtually all of the metals data 
collected for bed sediment in the Clark Fork valley are 
for the surficial bed sediment. No systematic sampling 
to determine the depth or magnitude of potential metal 
enrichment below the armor layer has been conducted. 
Therefore, the quantity of metals present in the bed 
below the armor layer and the contribution to down 
stream metals transport are not known.

At any given time, only the surface layer of 
streambed sediment is in contact with water that is trav 
eling at a sufficient rate to cause the sediment to move. 
Particle-to-particle forces can move sediment in the 
bed only on slopes that approach the bulk angle of 
repose; thus, the process of exchange of deep bed and 
bed-surface sediment proceeds through local scour. 
Most scour affects only about twice the thickness of the 
armor layer. The maximum scour depth below the 
streambed is equal to about one mean bankfull channel 
depth, but scour to this depth is extremely rare. During 
very large floods, the river bed still scours in the same 
way as it does during lower flows, but it is unlikely that, 
even during these large flows, the scour depth would 
exceed the mean bankfull depth by more than about 20 
percent.
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Two processes can penetrate the armor layer and 
cause deeper bed materials to be exchanged with mate 
rial at the bed surface and, thereby, be put in contact 
with the flow. First, systematic penetration of the 
armor layer occurs where high-flow scour maintains 
pools near the toes of cut banks. These deep pools on 
the outside of the meander bends migrate as the banks 
cut and the channel migrates across the flood plain. 
Second, random penetration of the armor layer occurs 
where small transient topographic features on the 
streambed cause high boundary-shear-stress diver 
gences, particularly at near bankfull stages and above, 
that may result in local scour of the armor and underly 
ing bed material. Shallow scour features are produced, 
for example, by large clasts on the streambed rolling 
and skidding, and in the process forming temporary 
clusters. Deeper scour of the streambed occurs when 
trees, bushes, or ice become lodged on riffles and bars, 
causing erosion at the margins of these flow barriers. 
This type of local erosion can penetrate the armor layer 
when streamflow is well below bankfull stages and, in 
deeper flows, it can penetrate into the river to about a 
third of the bankfull depth. After these obstructions 
move on downstream, the holes are filled with the surf- 
icial sediment that is being transported over the 
streambed. The result is a local net exchange of deeper 
bed material with bed-surface material in the active 
layer, the exchange rate being dependent on the fre 
quency of occurrence of the obstructions.

In addition to flow magnitude, the frequency with 
which the streambed is scoured depends on channel 
pattern. The more systematic the channel pattern, the 
less frequently the channel bed is scoured and the shal 
lower the scour depth. For the Clark Fork in the Deer 
Lodge valley, where the river has a systematic mean 
dering pattern, the greatest scour depths occur at a 
small number of cut banks, particularly those on the 
outside of extremely sharp bends. In these nearly right- 
angle bends, a three-dimensional, non-hydrostatic cir 
culation can scour a pool to a depth of up to two mean 
bankfull depths. Other than at these infrequent sites, 
the deepest scour is related to the random occurrence of 
physical obstructions. Because these locations are 
more or less randomly located in meandering rivers, 
over a long period of time most of the streambed will 
be affected and eventually be reworked.

In contrast to the Deer Lodge valley (Reach A), 
the channel pattern is less systematic in the braided and 
single threaded, forested reaches of the Clark Fork 
downstream from Garrison (Reaches B and C), and the

scour is more frequent and deeper. Here, pools about 
twice the mean depth of flow are situated between bars 
that are quite mobile at bankfull stage. After one to 
several decades of typical hydrology, most of the 
streambed has been reworked to approximately one 
mean bankfull depth below the mean streambed eleva 
tion.

The likely distribution of tailings in the 
streambed and the frequency of subsequent reworking 
can be hypothesized based on the conceptual under 
standing of streambed exchange presented above. In 
the Deer Lodge valley, it appears that the riparian veg 
etation was thick enough for the river to maintain its 
geomorphic integrity during the 1908 flood but, owing 
to the presumably high boundary shear stresses, there 
must have been significant bank erosion in places, and 
there probably were many willow trees floating down 
stream. Because of the greater than bankfull flow 
depth, few of these trees probably would have become 
lodged on the streambed, and many could have been 
carried out of the channel onto the flood plain by sec 
ondary circulation (Dietrich and Smith, 1983) and 
caught in the relatively dense riparian vegetation. 
Some willows would have been stranded on point bars, 
but not likely in positions that resulted in substantial 
scour of the channel bed. Scour pools created by three- 
dimensional circulation probably were common during 
the flood, and all of the pools opposite point bars would 
have deepened by a significant fraction of a present 
mean bankfull depth. The average bed level would 
have been lowered to a small extent by removal of sand 
and small granules that could be put in suspension and 
then deposited on the flood plain, but typically the 
streambed would have remained at essentially the same 
level as it is at present. The primary in-stream reposi 
tories for significant amounts of metal-rich material, 
therefore, were the scour holes (and pools) associated 
with normal and extra sharp meander bends that were 
overdeepened by the 1908 flood and which then were 
filled back to a normal, bankfull-related depth by 
metal-rich sediment on the waning limb of that event. 
The metal concentrations in the deposited material 
would have been the concentration which existed on 
the suspended sediment and in solution in the flow at 
the time of deposition. Because the cutbanks have 
migrated during the last 90 years, some of the metal- 
rich deposits presumably would now be mostly beneath 
the present streambed. Sampling of metals at depth in 
the bed of the Clark Fork through the Deer Lodge val 
ley to date has not been systematic or sufficiently
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detailed to either confirm or negate this predicted dep- 
ositional structure.

The Clark Fork valley below Garrison likely was 
substantially denuded of large cottonwood trees and 
other channel-protecting vegetation during the large 
floods of the late 1800's and early 1900's, leaving the 
river corridor a broad zone composed of channels, bars, 
and small segments of old flood plain, much like a 
braid plain. Owing to the mobility of a braided channel 
during large floods, overbank deposits are thin and rare. 
Assuming this scenario, the river probably moved 
freely back and forth across its valley downstream from 
Garrison during the 1908 flood, which was high 
enough in discharge and long enough in duration that 
much of the riverine corridor could have been 
reworked. If most of the riverine corridor was 
reworked during the 1908 flood, then tailings would 
have been incorporated throughout the perpetually 
moving bars to a depth equivalent to that of the river 
during the flood. This flow depth would likely have 
been about 1.5 times the present bankfull depth. There 
fore, metal-rich sediment may be contained in a band 
that is 1.5 present bankfull depths thick, filling most of 
the valley where the valley is narrow. Metal-rich sedi 
ment may also fill a broad swath through the valley 
where it is wide, but where the river was not in a mean 
dering mode during the flood. Those reaches in the val 
ley below Garrison where the river remained in a 
meandering mode during the flood would have scoured 
and filled in the same way as the river did in the Deer 
Lodge valley, possibly with a small increase in scour 
caused by stranded cottonwoods during the falling limb 
of the flood hydrograph.

In summary, contaminated material in meander 
ing and braided rivers is deposited in the active bars. In 
meandering reaches, the active bars are point bars, and 
point bars eventually become flood plain. In braided 
reaches, the bars sometimes become banks and then 
later get eroded again. Whether the contaminated 
material is considered to be (1) in the river bed or (2) in 
its banks is a matter of semantics. In both meandering 
and braided rivers, the contaminated material is best 
thought of as being in the bars, which are depositional 
features. The contaminated material in the bars is 
unlikely to be eroded for a long time (centuries) in the 
meandering reaches of a river, but it may not survive 
long (decades) before being eroded again in the braided 
reaches. The meandering river situation is found in the 
Deer Lodge valley reach of the Clark Fork and the

braided river situation is more common downstream 
from Garrison.

A comprehensive metals-sampling program for 
the bed and flood plain to evaluate this predicted con 
taminant distribution in the lower river (Reaches B and 
C) has not been done. The available data for Reaches 
B and C are too sparse and for soil depths that are too 
shallow to be of use in this regard. The width of the 
zone most likely affected in the above-described man 
ner possibly could be delineated by locating and map 
ping the standing cottonwood trees more than 90 years 
old that were outside the 1908 flood zone and by using 
high-quality aerial photographs to examine cotton- 
wood distribution.

FLOOD-PLAIN TAILINGS

Large quantities of flood-deposited tailings rich 
in arsenic, cadmium, copper, iron, manganese, lead, 
and zinc are spread over the upper Clark Fork flood 
plain (Nimick and Moore, 1994; Schaefer and Associ 
ates, 1997a). The tailings originated primarily from the 
disposal of mining and smelting wastes into Clark Fork 
headwater tributaries draining Butte and Anaconda 
during 1864-1915. Wastes were transported to the 
Clark Fork by at least six major floods in the late 1800's 
and early 1900's, including the largest flood on record 
in 1908 (CH2M Hill, 1989). Although the flood plain 
aggraded during this period, analysis of the relative 
position of the recent and pre-mining flood-plain 
deposits indicates that the bed of the present channel is 
near its pre-mining altitude (Nimick and Moore, 1991). 
Even though migrating channel meanders and channel 
avulsions have eroded some of the original tailings 
deposits, these deposits still overlie pre-mining flood- 
plain deposits in large areas of the valley.

Flood-plain tailings in Reach A have been exam 
ined by a number of investigators. In particular, inves 
tigations documenting the extent, stratigraphy, and 
chemistry of tailings have been completed by Brooks 
(1988), CH2M Hill (1991), Nimick (1990), Rice and 
Ray (1985), and Schafer and Associates (1988,1997a). 
Additional chemical data for flood-plain deposits are 
available in other reports as well.

Stratigraphy of flood-plain tailings

Flood-plain sediment on the valley floor can be 
separated into three categories: pre-mining flood-plain 
deposits, overbank tailings, and reworked tailings.
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Most of the tailings are in widespread overbank depos 
its that have remained undisturbed since initial deposi 
tion over 90 years ago. Except for some limited 
historically irrigated areas, all tailings-impacted depos 
its are within the 100-year flood plain of the river.

The pre-mining flood-plain deposits that were 
buried by the overbank flux of tailings consist of fine 
grained overbank deposits on top of thin-bedded silt 
and sand overlying sand and gravel. Pre-mining over- 
bank deposits are easily distinguished from overbank 
tailings by their dark-brown color and sandy texture. 
Pre-mining sediment typically has a buried A-horizon 
over subsoil.

Overbank tailings consist of the essentially pure 
tailings deposited on the flood plain during the large 
floods of the 1890's and early 1900's. These tailings 
are visibly identifiable as yellow, orange, and tan fine 
sandy silt to silty sand. In some areas, particularly in 
Reach A, tailings deposits are thick and unvegetated, 
forming slicken areas. Tailings also were deposited in 
former river channels and sloughs.

The supply of tailings from the Butte area was 
restricted after about 1911, when the first settling pond 
was built on Silver Bow Creek (Montana Department 
of Health and Environmental Sciences, 1989). 
Although tailings continued to be carried downstream, 
the construction of sediment controls decreased the 
influx of tailings from upstream sources to the Clark 
Fork and allowed natural sediment from tributaries and 
uncontaminated soils to more effectively dilute the tail 
ings transported from upstream sources or eroded from 
flood-plain deposits.

Reworked tailings are mixtures of tailings and 
cleaner sediment and are found as silty, fine sand in 
overbank, crevasse-splay, natural-levee, and delta-like 
deposits on the flood plain where levees were breached 
by flood waters. Reworked tailings also occur as silty 
sand and sand in channel-accretion deposits along the 
margins of channels, and as silt, sand, and gravel in 
point bars. Reworked tailings support vegetation and 
generally are light brown. Of all reworked tailings, 
reworked overbank tailings have the greatest areal 
extent. Reworked overbank tailings were deposited by 
overbank flows subsequent to the 1908 flood and over 
lie the original tailings deposits. These overbank tail 
ings deposits are called "cover soils" in the mapping of 
tailings and soils (Schafer and Associates, 1997a) 
described in the "Flood-Plain Tailings and Soils Map" 
section.

Geochemistry of tailings

The current distribution of trace elements within 
the Clark Fork flood plain has been affected by both 
depositional and geochemical processes. Whereas the 
lateral (cross-valley) and longitudinal (downstream) 
distribution of trace elements is largely the result of the 
depositional history, the vertical distribution of trace 
elements within the flood-plain deposits has been 
altered by post-depositional geochemical processes. 
The current trace-element chemistry of flood-plain 
deposits depends on the initial composition of the tail 
ings/sediment mixtures, subsequent chemical and solu 
bility changes brought about by oxidation of the 
sulfidic tailings, and by transport processes within the 
deposits, such as infiltration of rainfall, trace-element 
attenuation, capillary rise of ground water, and salt for 
mation.

Original composition of tailings

Tailings deposited by flooding in the late 1800's 
and early 1900's were enriched in trace elements, many 
of which may have occurred in a sulfide form. High- 
grade copper ore mined in Butte prior to 1910 occurred 
within a supergene enrichment zone, where primary 
sulfides-especially pyrite (FeS2), arsenopyrite 
(FeAsS), and chalcopyrite (CuFeS2)~were enriched in 
copper leached from an overlying oxidized zone. The 
resulting enriched sulfides included chalcocite (Cu2 S), 
enargite (Cu3AsS4), bornite (Cu5FeS4), and other min 
erals. Presumably, mineral processing would have 
extracted most of the copper-enriched sulfides. Roast 
ing may also have oxidized some of the non-copper- 
containing sulfides. (Weed, 1912; Meyer and others, 
1968; Miller, 1973)

During fluvial transport from source areas, solu 
ble trace elements contained in the tailings would have 
been carried downstream as dissolved load. Soon after 
deposition, therefore, tailings deposits primarily would 
have contained relatively insoluble trace-element com 
pounds.

Geochemical evolution of tailings

Tailings in overbank deposits were exposed to 
ample supplies of oxygen soon after flooding. Conse 
quently, the sulfides would have oxidized, resulting in 
the formation of sulfuric acid. Typically, the carbonate 
content of residue from high-grade ores was low, and 
thus the tailings layers on the flood plain would have 
quickly become acidic, with pH values declining, pos
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sibly to values of 4 or less. After many years of contin 
ued oxidation, most of the reactive sulfides in the 
tailings probably oxidized. This could explain why 
most Clark Fork tailings today have low pyritic sulfur 
concentrations (Schafer and Associates, 1997a), high 
acid-extractable trace-element concentrations relative 
to total concentrations (Nimick and Moore, 1994), and 
few, if any, primary sulfide minerals based on mineral- 
ogic analyses using electron microprobe techniques 
(PTI, 1997).

Where oxidation of the reactive sulfides has been 
complete, natural neutralization of the acidic by-prod 
ucts would cause the soil pH to increase. This process 
may be occurring in thinner tailings layers in the Clark 
Fork flood plain. Layers of mixed soil/tailings and 
cover soil probably contained higher carbonate levels 
than tailings (as is indicated by results of acid-base 
accounting using static tests) (Schafer and Associates, 
1997a). Consequently, these mixed materials may 
have sustained near-neutral pH levels despite the grad 
ual oxidation of sulfide minerals.

Vertical redistribution of trace elements

Flood-plain tailings contain high concentrations 
of trace elements. The highest concentrations of 
arsenic, copper, lead, manganese, and zinc generally 
are found at the ground surface, at depth in tailings that 
are chemically reduced, or in buried soils (fig. 7). Con 
centrations generally are less in the oxidized portion of 
thick tailings. This vertical distribution of trace ele 
ments within the flood-plain deposits indicates that 
trace elements released by sulfide oxidation in tailings 
have been remobilized and transported to varying 
degrees.

The chemical mobility of trace elements varies 
greatly in tailings, cover soil (reworked tailings), and 
the pre-mining buried soil layers (Nimick and Moore, 
1994). The solubility of trace elements is affected by 
pH, although the effect is different for each trace ele 
ment. Trace elements contained in thin tailings depos 
its, cover soil, and buried soil generally have a low 
solubility owing to the near neutral to alkaline pH val 
ues in these materials. Consequently, the chemical 
mobility of trace elements generally is low. The solu 
bility of trace elements is much higher in thick tailings 
layers where pH values typically are low. Copper and 
zinc are readily soluble at pH values less than 3.5 to 4.5 
observed in some tailings layers. Lead and arsenic are 
less soluble at low pH values. Consequently, oxidation

and acidification of overbank tailings increases the sol 
ubility of copper and zinc, but lead and arsenic remain 
somewhat insoluble. Therefore, water that moves 
through the tailings will carry high concentrations of 
dissolved copper and zinc and lower concentrations of 
dissolved arsenic and lead. Soluble trace elements can 
move downward as water flows through the tailings or 
upward if water is pulled to the surface by capillary 
action driven by evaporation.

The pre-mining flood-plain soils buried by tail 
ings typically contain organic materials or carbonates 
and have a neutral to alkaline pH. Consequently, trace 
elements leached from overlying tailings layers have 
been adsorbed in these underlying soils. This process 
of mobilization from tailings layers and adsorption in 
underlying soils explains the trace-element enrichment 
observed in buried soils. This enrichment is most pro 
nounced near the soil/tailings boundary and decreases 
with depth in the buried soil.

Soluble trace elements in acidic tailings layers 
can also move upward by capillarity as soil moisture is 
drawn to the surface and evaporated during warm 
weather. Upward movement is more pronounced 
where ground water is close to the ground surface. In 
areas of bare tailings, metal-rich efflorescent salts form 
on the surface. Surface runoff across these areas can be 
an important mechanism for transporting trace ele 
ments to the Clark Fork (Nimick and Moore, 1991; 
Schafer and Associates, 1996).

Flood-plain tailings and soils map

A map depicting the areal and vertical extent of 
tailings and impacted soils in Reach A was identified as 
a primary data need for the Clark Fork River remedial 
investigation in 1995. Therefore, a tailings and soils 
map was produced that identified the spatial extent and 
depths of soil horizons containing elevated levels of 
arsenic and metals (Schafer and Associates, I997a). 
The map shows the aerial extent and the volume of 
affected soils, the range of trace-element concentra 
tions in different units, and the location of affected soils 
relative to the present Clark Fork channel. A section of 
the flood-plain tailings and soils map is shown as an 
example in figure 8.

Tailings, cover soil, and mixed soil/tailings were 
the three depositional layers containing elevated trace- 
element concentrations recognized within the flood 
plain. In tailings, copper and zinc concentrations typi 
cally are 1,000 to 2,000 mg/kg, and arsenic and lead
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concentrations are 200 to 800 mg/kg. Tailings gener 
ally were distinguished by their prominent iron-stain 
ing, textural stratification, and sandy loam to loamy 
sand soil texture. Tailings commonly are moderately 
acidic (pH values less than 5.5). Mixed soil/tailings 
have less distinct morphology and share certain fea 
tures of both tailings and cover soil. Cover-soil layers 
always overlie tailings or mixed soil/tailings deposits 
but resemble natural surface soils in most other 
respects. Consequently, cover-soil layers were defined 
by their stratigraphic relation to tailings layers.

Two other types of depositional layers contained 
elevated trace-element concentrations: buried organi 
cally enriched soil and buried alluvium (sand and 
gravel). The elevated trace-element content of these 
buried horizons resulted from the downward migration 
of trace elements since tailings deposition. Where the 
attenuation capacity of soil is strong, as in organic 
soils, the degree of trace element enrichment is pro 
nounced near the tailings boundary and decreases 
markedly with depth, typically within 4 to 12 inches of 
the tailings boundary.

Methods

The flood-plain mapping method used employed 
standard National Cooperative Soil Survey standards 
for Order 1 (most detailed) mapping (U.S. Department 
of Agriculture, 1975), but modified the taxonomic sys 
tem to address the deposition and extent of tailings as 
well as the identification of tailings-impacted soils. 
Soils mapped as part of an Order 1 soil survey have a 
minimum map-unit size of 2.5 acres. In mapping the 
Clark Fork valley, soil map units also were based on 
fluvial features (overbank deposits, abandoned chan 
nels, point bars, and terraces); the geomorphic land

scape position; the thickness, kind, and arrangement of 
soil horizons; and the proportion of vegetative cover. 
Soil pits were excavated at 515 sites to observe and 
describe the soil horizons. Each pit was hand dug to a 
depth approximately 1 foot below the base of visible 
tailings. Information from the pits was used to summa 
rize the average thicknesses and particle-size distribu 
tion of tailings, cover soil, and mixed tailings layers 
throughout the flood plain. Samples for analysis of 
total and extractable arsenic and metal concentrations 
were collected at selected sites representative of indi 
vidual map units.

The area covered by the tailings and soils map 
generally was within the 100-year flood plain of the 
Clark Fork. Soil mapping was completed for all of 
Reach A (fig. 1), a 7-mile stretch near Jens in Reach B 
where the river gradient is low, and in three 1,000-foot 
bands in Reach B where the river gradient is higher. 
The furthest downstream map area consisted of about 2 
river miles in Reach C. Prior mapping efforts by Scha- 
fer and Associates (1988, river mile 1 to 3) and Nimick 
(1990, river mile 1 to 11) and measurements compiled 
by the University of Montana (1996) of thickness of 
tailings exposed in streambanks also were incorporated 
into the tailings and soils map.

Access to about 60 percent of the land area in 
Reach A was unavailable to mapping crews. Conse 
quently, the distribution of tailings and soils was esti 
mated in these areas using aerial photographs to aid in 
extrapolating boundaries of soil map units from acces 
sible areas.

Designations for soil map units consist of the flu 
vial geomorphic feature, tailings and cover-soil thick 
nesses, the type of soil underlying the tailings, and the 
percent vegetative cover (table 3). For example, a soil 
map unit designated as OA4+c was an overbank

Table 3. Explanation of map-unit designations used in the tailings and soils map for the Clark Fork flood plain, Montana 
(modified from Schafer and Associates, 1997a)

[Symbol: >, greater than]

Fluvial feature

Key
O 
P 
C. T

Description
Overbank 
Point bar 
Channel 
Terrace

Tailings thickness

Key
0
1
2 
3 
4 
5 
6

Description
no tailings 
0-3 inches 
0-6 inches 
3-6 inches 
6- 12 inches 
12-24 inches 
>24 inches

Cover-soil 
thickness

Key
0 
A 
B 
C 
D

Description
bare tailings 
1 -3 inches 
3-6 inches 
6-12 inches 
>12 inches

Buried-soil type

Key Description
+ Buried organic soil 

Buried sand and gravel

Vegetative cover

Key
a 
b
c

Description
0-35 percent cover 
35-70 percent cover 
70- 100 percent
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deposit (O) with 1-3 inches of cover soil (A), underlain 
by 6 to 12 inches of tailings (4), was deposited on an 
organically enriched natural soil (+), and was located in 
an area having 70-100 percent vegetative cover (c).

A combination of techniques was used to compile 
the soil map and to develop a geographic information 
system (GIS) to facilitate queries of the spatial data. 
Where land access was granted, boundaries of soil map 
units were delineated on aerial photographs in the field. 
The boundaries in other areas were delineated in the 
office by examination of surface features on aerial pho 
tographs. Control points were located on each photo 
graph using differentially corrected, sub-meter 
geographic-positioning-system (GPS) measurements. 
These points were used to rectify each photograph to a 
standard coordinate system. The map-unit boundaries 
were then digitized to form unique soil map-unit poly 
gons. Each polygon was assigned a numeric identifier 
that was used to relate the soil polygon with its 
extended attributes in a database. Soil-pit locations 
were determined using GPS or by digitizing the loca 
tion from the rectified photographs. Each pit also was 
assigned a numeric identifier and related to a database 
containing the field and analytical parameters for each 
horizon at the site.

A number of measures were used to verify the 
accuracy of soil map delineations. A field review was 
conducted by the USEPA technical oversight contrac 
tor, Schafer and Associates staff, and the USGS within 
areas previously mapped by Nimick (1990) to insure 
that historical map information was properly incorpo 
rated into the new map. The USEPA technical over 
sight contractor made weekly trips to review the field 
mapping effort and to assist in mapping. Draft maps 
were compared to historical soil-sample information to 
see if tailings and cover-soil thicknesses corresponded 
to previously mapped thicknesses. Map-unit bound 
aries were carefully matched on photograph edges. 
Finally, all field notes and map-unit descriptions in the 
database were reviewed against final map-unit designa 
tions.

Total arsenic and metal concentrations were 
determined using x-ray fluorescence spectroscopy for 
239 tailings and soils samples collected during the 
mapping effort: 137 from Reach A, 59 from Reach B, 
and 43 from Reach C. Water-extractable arsenic and 
metal concentrations, pH, and electrical conductivity 
were measured, and static tests were performed to 
determine acid-generating and neutralization potential.

Results from this sampling effort, described in the 
"Chemical Properties" section, were comparable with 
data from historical samples. Multiple discrete-depth 
samples were routinely collected at a site in order to 
evaluate the vertical changes in trace-element concen 
trations with increasing depth.

Generalized spatial distribution of tailings

In Reach A, tailings and mixed soil/tailings layers 
are found in a nearly continuous band on the flood plain 
ranging from 500 to 2,000 feet wide paralleling the 
Clark Fork channel. Roughly one-third of the 100-year 
flood plain contains tailings or mixed soil/tailings lay 
ers. The thickest tailings (up to 4 feet near Warm 
Springs) are mostly in a narrow band several hundred 
feet wide (up to twice the amplitude of meanders) near 
the river, but some are near the course of the late- 
1800's channel. Thick tailings are extensive at the 
upstream end of the valley (near Warm Springs) and in 
downstream areas where the flood plain is narrow. Rel 
atively level portions of the flood plain also tend to con 
tain thicker and more spatially extensive tailings 
deposits than steeper portions. Most (95 percent by 
area) of the flood-plain tailings are in overbank depos 
its while the remainder are in abandoned channels. 
Thickness of tailings deposits generally ranged from 
less than 1 to 34 inches. About half of the tailings 
deposits were more than 6 inches thick and about 10 
percent were greater than 18 inches thick. All tailings 
greater than 15 inches thick were less than about 450 
feet from the river. About 50 percent of bare tailings 
were 14 inches or more in thickness. There is no cor 
relation between tailings thickness and distance down 
river in the Deer Lodge valley.

Tailings usually are overlain by a thin (2 to 6 inch) 
cover-soil layer except for thicker overbank tailings 
deposits (>12 inches thick) that generally are located 
within channel meander loops. Cover soil ranged in 
thickness from less than 1 inch to more than 12 inches 
and about 50 percent of the deposits were less than 4 
inches thick. The portion of the flood plain located at a 
distance greater than the width of the meander ampli 
tude (>300 feet) away from the channel typically con 
tains thin tailings (<6 inches) overlain by thin, well- 
vegetated cover soil.

Area and volume estimates

The soil map includes the 100-year flood plain, or 
approximately 10,500 acres, in Reach A between the
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Warm Springs Ponds and the mouth of the Little Black- 
foot River. Roughly one-third of this area (3,494 acres) 
contained tailings horizons, and the average thickness 
of tailings was about 6 inches. Impaired vegetation is 
most commonly associated with bare tailings (191 
acres) or with tailings thicker than about 12 inches (less 
than 20 percent of all tailings mapped). The estimated 
volume of tailings ranges from 2.0 to 3.5 million cubic 
yards (table 4). The total volume of soils (tailings, 
cover soil, and the upper 8 inches of buried soil) 
impacted with arsenic and metals ranges from 6.8 to 
8.7 million cubic yards. Most of the impacted area of 
the flood plain has only a relatively thin, well-vegetated 
layer of tailings.

Chemical properties

The geometric mean total concentrations of 
arsenic and metals in flood-plain sediments in Reach A

are summarized in table 5. Trace-element concentra 
tions were highest in Reach A and tended to decrease 
downstream. Distinct tailings layers were scarcer in 
Reach B than in Reach A and were not discernible in 
Reach C.

Cover soil and mixed soil/tailings had higher 
average copper and zinc concentrations (1,980 to 2,360 
mg/kg) than did tailings (1,530 and 1,760 mg/kg). Tail 
ings, however, had lower average pH values and higher 
concentrations of soluble metals than either cover-soil 
or mixed soil/tailings layers. Concentrations of some 
metals in tailings may be lower than in overlying and 
underlying layers because the low pH in tailings tends 
to mobilize metals, which then could be drawn to the 
land surface as soil moisture evaporates, or leached 
into underlying buried soil layers. Metals in more alka 
line cover-soil and mixed soil/tailings layers are not as 
mobile and have been largely retained. In contrast to

Table 4. Estimated area and volume of trace-element-enriched soil materials in Reach A of the Clark Fork flood plain, 
Montana (modified from Schafer and Associates, 1997a, table 2.1)

Soil-material type Area 
(acres)

Volume (million cubic yards)1
25th percentile 50th percentile 75th percentile

Tailings 
Cover soil 
Buried soil3 
Total 
Bare tailings4

3,494
3,338
3,494
3,494
156

2.0 
1.0 
3.8 
6.8
.3

2.9 
1.1 
3.8
7.7 
.4

3.5 
1.5 
3.8 
8.7 
.4

Volume calculated using the 25th, 50th, and 75th percentile thickness for the mapped thickness class. 
Includes 191 acres of bare tailings (unvegetated slickens); 156 acres were mapped and approximately 35 acres were in numerous areas too small to be

mapped individually.
Thickness of buried soil containing elevated trace-element concentrations assumed to be 8 inches. 
Mapped portion of the total 191 acres; volume included in estimate for tailings.

Table 5. Geometric mean concentrations of total arsenic and metals in flood-plain sediments in Reach A of the Clark Fork 
valley, Montana (modified from Schafer and Associates, 1997a)

Soil-material type

Tailings 
Mixed soil/tailings 
Buried soil 
Buried alluvium 
Cover soil 
Unflooded soil

Number of
samples

21
24 
37 

3 
22 
30

Geometric mean concentration (milligrams per kilogram)
Arsenic

766 
419 

32 
203 
330 

63

Copper Lead Zinc
1,760 665 1,530 
2,360 359 2,320 

373 42 410 
1,330 270 1,190 
1,980 318 2,060 

303 60 401
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copper and zinc, arsenic and lead concentrations were 
higher in tailings (766 and 665 mg/kg, respectively) 
than in cover-soil (330 and 318 mg/kg) or mixed soil/ 
tailings layers (419 and 359 mg/kg). Arsenic and lead 
are relatively immobile at the lower pH levels typical 
of tailings. Consequently, these elements have not 
been removed from the tailings to as great a degree as 
copper and zinc. Concentrations of trace elements in 
buried soils support this concept. Whereas copper and 
zinc are elevated (373 and 410 mg/kg, respectively) in 
buried soils to a depth of 8 inches or more, arsenic and 
lead are not as enriched (32 and 42 mg/kg, respec 
tively) and are enriched to a lesser depth in buried soils 
(4 to 6 inches).

Estimated metal concentration in banks

Flood-plain deposits, which are eroded into the 
river from outside banks as the channel migrates later 
ally, are an important source of metals to the Clark 
Fork. Quantifying the mass of metals delivered to the 
river by bank erosion requires information describing 
the volume and metal content of eroded banks. The 
flood plain contains a number of distinct soil horizons, 
each differing in metal concentration. Therefore, the 
average metal content of a streambank depends on the 
thickness and metal content of individual soil horizons 
and the overall bank height. Average metal concentra 
tions in streambanks were calculated with equation 1:

(1)
z total

where Cx = average concentration of metal x in
bank sediment 

zn = thickness of horizon n,
Cn = concentration of metal x in horizon n,

and 
ztotal = total height of bank

The procedure for estimating metal concentra 
tions in banks of the Clark Fork (Schafer and Associ 
ates, 1997b) used the following data collected during 
the Clark Fork River remedial investigation:

  geometric mean metal concentrations in tail 
ings, mixed soil/tailings, cover soils, and bur 
ied soils and alluvium (table 5);

  average bank height and average channel 
depth (average bank height from base of chan 
nel was 40 inches);

  ratio of metal concentrations in fine-grained 
(<50 jam) and sand (50-2,000 (am) fractions of 
soil horizons exposed in banks (average ratio 
was 1:1);

  the river miles of intersections of soil map 
units with the Clark Fork channel for the left 
and right bank (developed from GIS query);

  estimated thickness of tailings, mixed soil/tail 
ings, and cover soil in each soil map unit (from 
regression model developed from the soil- 
morphology data collected from soil pits); and

  the distance of migration of metals into soils 
buried beneath tailings layers (based on analy 
sis of total metals in buried soil).

Estimated bank metal concentrations are summa 
rized in table 6. The predicted metal concentrations 
were lower than those obtained for banks in the same 
river reach by Moore (1985) and Axtmann and Luoma 
(1991). The lower metal concentrations estimated by 
Schafer and Associates (1997b) may result from the 
various sampling strategies used among the three stud 
ies. Moore (1985) analyzed bulk samples that were 
collected from fine-grained layers in only the mid and 
upper portion of the bank and that were thought to rep 
resent recently deposited material. By not sampling 
coarse material, concentrations may have been biased 
high relative to the complete range of sediment sizes 
present in the banks. Axtmann and Luoma (1991) col 
lected composite samples from that part of the stream- 
bank that was above water and below the root zone and 
analyzed only the <60-(am fraction. Similarly, analyz 
ing only the <60-(am fraction may have caused a high 
bias relative to the bulk metal concentrations. Samples 
collected by Schafer and Associates (1997b) were 
composited from the entire bank, and bulk samples 
were analyzed. Moore (1985) and Axtmann and 
Luoma (1991) also sampled cut banks, and therefore, 
sampling locations potentially were biased toward 
areas with more tailings, whereas all bank types were 
used in the estimation procedure of Schafer and Asso 
ciates (1997b).

The estimated metals concentrations can also be 
compared to the average metals concentrations in sus 
pended sediment in the river (table 6). Lead concentra 
tions in left and right banks generally are similar to lead 
concentrations in suspended sediment in the river. The 
similarity indicates that bank erosion may be the pri 
mary source of lead. Zinc concentrations in suspended
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Table 6. Comparison of estimated metal concentrations in banks and suspended sediment from several studies of the 
Clark Fork upstream from Garrison, Montana

[Symbol:  , no data]

Estimated concentration (milligrams per kilogram)
W«IM|SIW <^\SUIW^

Left bank

Right bank

Cut bank (4 samples)
Cut bank (10 samples)
Suspended sediment at Clark Fork

isaia ovsuiwc

Schafer and Associates
(1997b)

Schafer and Associates
(1997b)

Axtmann and Luoma ( 1 99 1 )
Moore (1985)
Hornberger and others (1997)

Cadmium
4.12

4.10

21.4
9.8
--

Copper
928

899

2,930
1,900
1,590

Lead
139

136

359
499
137

Zinc
739

718

3,770
1,360
2,510

near Galen
Suspended sediment at Clark Fork 

at Deer Lodge 1
Hornberger and others (1997) 1,350 158 1,550

1 Metal concentrations in suspended sediment were calculated by dividing the annual suspended-metal load by the annual suspended-sediment load. 
The suspended-copper load was reported by Hornberger and others (1997). For lead and zinc, the suspended loads were derived by assuming that 
dissolved loads were about 10 and 20 percent of the total-recoverable loads, based on median concentrations in periodic water samples (Dodge and 
others, 1997).

sediment are 2-3 times higher than in banks. This may 
indicate that either sources of zinc other than bank sed 
iments are contributing a substantial portion of the zinc 
in surface water or that the differences in concentration 
are caused by grain-size differences between sus 
pended and bank sediments. Results for copper are 
intermediate between lead and zinc.

METAL TRANSPORT

Tracking the movement of metals past multiple 
locations in the upper Clark Fork basin is essential to 
understanding the relative importance of individual 
source areas and how transport rates vary with stream- 
flow. Metal transport in the Clark Fork is controlled 
primarily by the supply and input rates of metal from 
various sources in the basin, the strong tendency for 
metals to be associated with sediment, and the down 
stream transport of water and sediment. The dynamic 
balance of these multiple transport processes, shown in 
figure 9, determines the overall flux of metals in the 
Clark Fork.

Metal transport in the Clark Fork: 1991 to 
1995

The fluvial transport of suspended sediment and 
total-recoverable copper, lead, and zinc have been esti 
mated from water-quality and continuous streamflow 
data collected as part of a long-term monitoring net 
work for water years 1985-90 (Lambing, 1991) and for

1991-95 (Hornberger and others, 1997). Because the 
monitoring network included more data-collection 
sites in the later period, the discussion presented here is 
for 1991-95. Daily loads of suspended sediment and 
metals were estimated for each gaged mainstem and 
tributary station by applying transport relations to daily 
records of streamflow. The daily loads were summed 
and expressed as an average annual load for the period. 
The difference in load between mainstem stations, after 
subtracting loads from the tributaries, was attributed to 
"other sources" in the intervening reach between main- 
stem stations. Estimated average annual suspended- 
sediment and metals loads and relative percent of the 
total downstream load at the Clark Fork at Turah 
Bridge (the downstream end of the study reach) are 
presented in tables 7 through 10. Total-recoverable 
metal loads include the combined load of metals in the 
dissolved and suspended forms.

Sources of metals

Characterization of metals transport in the Clark 
Fork required quantifying the loads of dissolved and 
particulate metals entering the river from all important 
sources. Metal sources considered were inflow from 
headwater streams (Warm Springs and Silver Bow 
Creeks) and tributaries, overland runoff from the flood 
plain, ground-water and bank-storage inflow, material 
eroded from banks, and sediment exchanged from the 
streambed (fig. 9). Some of these sources were newly 
evaluated as part of this project, whereas some were
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Bank erosion
determined from ttie erosion

Streamflow transports 
suspended sediment and 
metals down river

concentration in bank sediment

Point-bar deposition removes 
sediment and metals from the river

Bare tailings, or 'slickens1

Upstream and tributary 
loads include suspended 
sediment as well as dissolved 
and suspended metals

Streambed exchange adds 
particulate metals to streamflow 
during scour events and removes 
suspended metals as active layer 
comes to rest

Ground water and 
bank storage loads 
include the steady-state 
inflow of dissolved metals, 
plus the seasonal load 
from bank storage

Figure 9. Conceptual diagram showing metal-transport processes in the Clark Fork valley, Montana.
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Table 7. Estimated average annual suspended-sediment loads and percent of total load at Clark Fork at Turah Bridge, 
Montana, water years 1991-95 (modified from Hornberger and others, 1997)

Average annual suspended-sediment load and percent of total 
load at downstream end of study reach (Turah Bridge)

Location
(fig. 1)

Silver Bow Creek at Warm Springs3
Warm Springs Creek at Warm Springs
Intervening reach (4.2 miles)

Clark Fork near Galen
Intervening reach (24.8 miles)

Clark Fork at Deer Lodge
Little Blackfoot River near Garrison
Intervening reach (25.5 miles)

Clark Fork at Goldcreek
Flint Creek near Drummond
Intervening reach (3 1 .3 miles)

Clark Fork near Drummond
Rock Creek near Clinton
Intervening reach (33.4 miles)

Clark Fork at Turah Bridge

Station
number

12323750
12323770

12323800

12324200
12324590

12324680
12331500

12331800
12334510

12334550

Mainstem 
station 

(tons/year)

832

1,970

7,400

15,100

24,900

32,900

Tributary 
station

(tons/year)

598

3,380

2,900

4,560

Other sources 
(tons/year)1

543

5,430

4,340

6,900

3,450

Percent of
total 

suspended- 
sediment

load2
2.5
1.8
1.7
6.0

17
22
10
13
46

8.8
21
76
14
10

100
^ther sources of load in the intervening reach between mainstem stations include the channel and flood plain, ungaged tributaries, and ground water. Loads

from intervening reaches represent the difference in loads between mainstem stations, minus the load from gaged tributaries entering the reach. 
Percentages may not sum to 100 owing to rounding. 
3For purposes of load routing, Silver Bow Creek is treated as a mainstem station.

Table 8. Estimated average annual total-recoverable copper loads and percent of total load at Clark Fork at Turah Bridge, 
Montana, water years 1991-95 (modified from Hornberger and others, 1997)

Total-recoverable copper load and percent of total load at 
downstream end of study reach (Turah Bridge)

Location
(fig- 1)

Silver Bow Creek at Warm Springs3
Warm Springs Creek at Warm Springs
Intervening reach (4.2 miles)

Clark Fork near Galen
Intervening reach (24.8 miles)

Clark Fork at Deer Lodge
Little Blackfoot River near Garrison
Intervening reach (25.5 miles)

Clark Fork at Goldcreek
Flint Creek near Drummond
Intervening reach (3 1 .3 miles)

Clark Fork near Drummond
Rock Creek near Clinton
Intervening reach (33.4 miles)

Clark Fork at Turah Bridge

Station 
number

12323750
12323770

12323800

12324200
12324590

12324680
12331500

12331800
12334510

12334550

Mainstem 
station 

(tons/year)

2.1

3.9

11.8

13.8

17.8

22.0

Tributary 
station 

(tons/year)

0.6

.3

.4

.7

Other sources 
(tons/year)1

1.2

7.9

1.7

3.6

3.5

Percent of 
total- 

recoverable 
copper load2

9.5
2.7
5.5

18
36
54

1.4
7.7

63
1.8

16
81

3.2
16

100
'Other sources of load in the intervening reach between mainstem stations include the channel and flood plain, ungaged tributaries, and ground water.

Loads from intervening reaches represent the difference in loads between mainstem stations, minus the load from gaged tributaries entering the reach. 
Percentages may not sum to 100 owing to rounding. 
For purposes of load routing, Silver Bow Creek is treated as a mainstem station.
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Table 9. Estimated average annual total-recoverable lead loads and percent of total load at Clark Fork at Turah Bridge, 
Montana, water years 1991-95 (modified from Hornberger and others, 1997)

Total-recoverable lead load and percent of total load at 
downstream end of study reach (Turah Bridge)

Location
(fig- 1)

Silver Bow Creek at Warm Springs3 
Warm Springs Creek at Warm Springs 
Intervening reach (4.2 miles) 

Clark Fork near Galen
Intervening reach (24.8 miles) 

Clark Fork at Deer Lodge 
Little Blackfoot River near Garrison
Intervening reach (25.5 miles) 

Clark Fork at Goldcreek
Flint Creek near Drummond
Intervening reach (3 1 .3 miles) 

Clark Fork near Drummond
Rock Creek near Clinton
Intervening reach (33.4 miles) 

Clark Fork at Turah Bridge

Station 
number Mainstem Tributary 

station station 
(tons/year) (tons/year)

12323750 0.1 
12323770 0.1

12323800 .3

12324200 1.3 
12324590 .2

12324680 1.9
12331500 .7

12331800 3.3
12334510 .3

12334550 4.1

Other Percent of 
total-

2.4 
2.4 

0.1 2.4
7.3

1.0 24 
32 
4.9

.4 9.8 
46
17

.7 17 
80

7.3
-.5 12 

100
1 Other sources of load in the intervening reach between mainstem stations include the channel and flood plain, ungaged tributaries, and ground water.

Loads from intervening reaches represent the difference in loads between mainstem stations, minus the load from gaged tributaries entering the
reach.

Percentages may not sum to 100 owing to rounding. 
3For purposes of load routing, Silver Bow Creek is treated as a mainstem station.

Table 10. Estimated average annual total-recoverable zinc loads and percent of total load at Clark Fork at Turah Bridge, 
Montana, water years 1991-95 (modified from Hornberger and others, 1997)

Total-recoverable zinc load and percent of total load at 
downstream end of study reach (Turah Bridge)

Location

Silver Bow Creek at Warm Springs3
Warm Springs Creek at Warm Springs
Intervening reach (4.2 miles)

Clark Fork near Galen
Intervening reach (24.8 miles)

Clark Fork at Deer Lodge
Little Blackfoot River near Garrison
Intervening reach (25.5 miles)

Clark Fork at Goldcreek
Flint Creek near Drummond
Intervening reach (31.3 miles)

Clark Fork near Drummond
Rock Creek near Clinton
Intervening reach (33.4 miles)

Clark Fork at Turah Bridge

Station 
number

12323750
12323770

12323800

12324200
12324590

12324680
12331500

12331800
12334510

12334550

Mainstem 
station 

(tons/year)

4.7

6.2

14.3

19.9

31.4

37.5

Tributary 
station 

(tons/year)

0.5

1.0

2.6

2.2

Other 
sources 

(tons/year)1

1.0

8.1

4.6

8.9

3.9

Percent of 
total- 

recoverable 
zinc load2

13
1.3
2.7

17
22
38

2.7
12
53

6.9
24
84

5.9
10

100
'Other sources of load in the intervening reach between mainstem stations include the channel and flood plain, ungaged tributaries, and ground water. 

Loads from intervening reaches represent the difference in loads between mainstem stations, minus the load from gaged tributaries entering the reach. 
"Percentages may not sum to 100 owing to rounding. 
For purposes of load routing, Silver Bow Creek is treated as a mainstem station.
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evaluated previously as part of the ongoing remedial 
investigation for this Superfund site.

Upstream sources

The upstream input of sediment and metals to the 
Clark Fork is derived from the headwater basins of Sil 
ver Bow and Warm Springs Creeks. These streams 
drain the extensive areas associated with the Butte- 
Anaconda mining and smelting complex. The Warm 
Springs Ponds capture a portion of the sediment and 
metals transported down Silver Bow Creek; thus, the 
current annual loading to the Clark Fork is less than the 
historical, pre-impoundment loading prior to 1911, 
when the first of three ponds was constructed.

Silver Bow and Warm Springs Creeks collec 
tively transported an average of 1,430 tons of sus 
pended sediment annually during 1991-95, which 
represented about 4 percent of the sediment passing the 
downstream end of the Clark Fork study reach at Turah 
Bridge. The copper delivered from these headwater 
-basins (2.7 tons) represented about 12 percent of the 
annual copper load at Turah Bridge. The combined 
headwater loads of lead (0.2 tons) and zinc (5.2 tons) 
represented about 5 and 14 percent, respectively, of the 
loads at Turah Bridge. The most upstream station on 
the mainstem, Clark Fork near Galen, receives the 
upstream inputs from the two headwater basins, plus 
additional material derived from the 4.2-mile interven 
ing reach downstream from the Silver Bow Creek sta 
tion. This short reach contributed an average of 543 
tons of suspended sediment and 1.2 tons of copper 
annually, which represented about 2 and 5 percent of 
the sediment and copper loads, respectively, at Turah 
Bridge (Horaberger and others, 1997).

Tributary sources

Major tributaries. The major tributaries to the 
Clark Fork between Galen and Turah Bridge (Little 
Blackfoot River, Flint Creek, and Rock Creek) cur 
rently are sampled as part of the USGS long-term mon 
itoring program. The moderate to large inflows from 
these tributaries substantially affect water quantity and 
quality in the mainstem and add to the mainstem loads 
of sediment and metals (Horaberger and others, 1997). 
Smaller, ungaged tributaries affect the mainstem to an 
unknown, but presumably lesser, extent.

Tributaries contribute the greatest loads during 
snowmelt runoff, which is commonly augmented by 
rainfall runoff during the spring. Mountain snowmelt

typically occurs between April and June, although 
early thaws can cause substantial runoff from valleys 
and foothills during the winter. The three major tribu 
taries collectively discharged an average of almost 
11,000 tons of suspended sediment annually during 
1991 -95, or about 33 percent of the sediment load pass 
ing Turah Bridge (table 7). In contrast, the average 
annual copper load contributed by the three tributaries 
(1.4 tons) accounted for only 6 percent of the load at 
Turah Bridge (table 8). This disparity in proportion of 
sediment and copper loads indicates that the major trib 
utaries are not significant sources of copper in the Clark 
Fork.

The three major tributaries collectively contrib 
uted substantially larger proportions (2-5 times) of lead 
and zinc to the mainstem compared to copper: 29 per 
cent of the lead load and 15 percent of the zinc load at 
Turah Bridge during 1991-95. Flint Creek accounted 
for 17 percent of the lead at Turah Bridge, which is the 
largest tributary contribution of metal and more than 
three times the combined load from Silver Bow and 
Warm Springs Creeks. The relatively large load of lead 
in Flint Creek presumably is related to mineralization 
and associated historical mining in this basin.

Ungaged tributaries. To better evaluate the rel 
ative importance of sediment inputs from ungaged trib 
utaries within intervening reaches, nine tributaries in 
the upper Deer Lodge valley between Galen and Deer 
Lodge were sampled in 1996 (J.H. Lambing, U.S. Geo 
logical Survey, unpub. data). Tributaries in the upper 
valley consist primarily of perennial streams that drain 
the Flint Creek Range, and ephemeral streams that 
drain either the Continental Divide area to the east or 
the semi-arid terraces on both flanks of the valley bot 
tom. The east-side tributaries were not sampled 
because all are ephemeral and flow for only very short 
periods. Ungaged perennial streams draining the west 
side of the Deer Lodge valley were sampled five times 
during February to June, and ephemeral west-side trib 
utaries were sampled once during snowmelt runoff in 
February. The sampling period represents the time 
when the tributaries were most likely to contribute 
maximum amounts of sediment to the mainstem.

All west-side tributaries were sampled within 
one-day periods for the five sampling episodes; there 
fore, the data represent synoptic conditions. The sus 
pended-sediment loads for each tributary were added 
together to derive an estimate of the total west-side 
tributary input for each of the five sampling dates. The
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combined sediment loads from the tributaries were cor 
related by regression analysis to the daily sediment 
loads measured at the Clark Fork at Deer Lodge (a 
daily sediment station) for the same five days. The 
resulting transport relation (r2 = 0.92) was applied to 
the daily sediment record for Deer Lodge to estimate a 
daily record of combined ungaged tributary suspended- 
sediment load. A daily sediment record also was esti 
mated for the Clark Fork near Galen (Lambing, 1998) 
using correlation between suspended-sediment dis 
charge and streamflow data routinely collected at this 
site as part of the USGS monitoring program. The esti 
mated daily ungaged tributary loads and daily loads 
from the Clark Fork near Galen were summed into 
monthly and annual values to determine the proportion 
of the total suspended-sediment load at Deer Lodge 
that was derived from the west-side tributaries in the 
intervening reach and upstream input to the reach. 
These calculations (J.H. Lambing, written commun., 
1997) indicate that the west-side tributaries contributed 
2,120 tons in 1996 to the reach between Galen and 
Deer Lodge, or about 11 percent of the total sediment 
load at Deer Lodge. The upstream input at the Clark 
Fork near Galen accounted for about 19 percent of the 
annual load at Deer Lodge; therefore, 70 percent of the 
suspended-sediment load at Deer Lodge was derived 
from sources other than the upstream input to the reach 
or west-side tributaries.

Similar methods were used to generate a regres 
sion relation (r2 = 0.89) for estimating streamflow con 
tributions from the west-side tributaries (J.H. Lambing, 
written commun., 1997). Streamflow sources exhib 
ited quite different proportional patterns than those of 
suspended sediment. Whereas the combined sus 
pended-sediment load from the upstream input and 
west-side tributaries comprised only 30 percent of the 
load at Deer Lodge, streamflow from these two sources 
accounted for 88 percent of the total streamflow at Deer 
Lodge. The disproportionately greater input of water 
than sediment indicates that a major sediment source 
exists in the upper Deer Lodge valley that is not asso 
ciated with the primary sources of water. This sedi 
ment presumably is derived either from erosion of high 
terraces adjacent to the river or from inflow of east-side 
tributaries, which are ephemeral.

Metals in perennial west-side tributaries were 
sampled once in June 1996 during snowmelt runoff 
from the Flint Creek Range. Total-recoverable copper 
concentrations ranged from <1 to 57 ng/L. The sample

concentrations and streamflow were used to calculate 
instantaneous total-recoverable copper loads from the 
west-side tributaries, which were summed to obtain a 
combined load for the sampling date. This estimated 
daily load was compared to the estimated daily copper 
load at Deer Lodge for the same date determined from 
a copper-transport equation developed for the site 
(Lambing, 1998). The combined west-side tributary 
daily copper load for the single sampling date repre 
sented 3 percent of the daily copper load at Deer 
Lodge. On the basis of this single sampling episode for 
copper, the ungaged west-side tributaries do not appear 
to be a significant copper source.

Mainstem sources

The network of tributary and mainstem sampling 
sites allows an accounting of cumulative load increases 
from the upstream input to the downstream output of 
the Clark Fork study reach (Warm Springs to Turah 
Bridge). The difference in loads between successive 
mainstem sites, after subtracting gaged tributary loads, 
indicates the input of suspended sediment and metals 
from the intervening reaches of the Clark Fork. 
Sources within intervening reaches can include 
ungaged tributaries, flood-plain runoff, sediment 
eroded from the streambanks and bed, or ground water. 
Contributions from each specific source cannot be 
directly quantified from the monitoring data; however, 
on the basis of limited sampling (described in previous 
section), sediment and metal inputs from ungaged trib 
utaries are assumed to be small.

The intervening reaches contributed substantial 
amounts of suspended sediment, accounting for an 
average annual load of about 20,700 tons during 1991- 
95 (Hornberger and others, 1997). This amount repre 
sented about 63 percent of the average annual load of 
32,900 tons at Turah Bridge (table 7). The copper load 
from intervening reaches (17.9 tons, table 8) accounted 
for 81 percent of the average annual load at Turah 
Bridge. The lead and zinc loads from intervening 
reaches represented 66 (table 9) and 71 (table 10) per 
cent of the total load, respectively.

Because the lengths of intervening reaches vary, 
loads expressed on a unit-length basis can be used to 
compare differences in the yield of suspended sediment 
and metals along the 120-mile reach between Silver 
Bow Creek at Warm Springs and the Clark Fork at 
Turah Bridge. Estimates of sediment and metal inputs, 
in tons per river mile, are presented in table 11.
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Suspended-sediment inputs, in tons per river 
mile, varied among the five intervening reaches. In 
general, differences in unit-length sediment loads were 
only moderate, ranging from 103 to 220 tons per mile 
with no distinct spatial pattern, although the middle 
three reaches from Galen to Drummond had the highest 
yields. In contrast, the copper yield was higher in the 
two upstream reaches between Silver Bow Creek and 
Deer Lodge. The yields of about 0.3 tons of copper per 
mile from both of these reaches were about 3-5 times 
greater than yields from the downstream reaches 
between Deer Lodge and Turah Bridge. Patterns in 
lead yields were not clearly discernible owing to the 
small values, however, the highest yield of lead (0.04 
tons per mile) was from the reach between Galen and 
Deer Lodge and was about double that of most other 
reaches. Zinc yields ranged from about 0.1 to 0.3 tons 
per river mile and generally varied in a spatial pattern 
similar to that for suspended sediment.

The general estimates of sediment and metal 
inputs based on load differences between the mainstem 
sampling sites indicate that a substantial amount of 
sediment and metals are derived from sources other 
than the upstream headwater basins or the major tribu 
taries. The following sections present information that 
describes the estimated inputs from specific sources 
within the mainstem corridor of the Clark Fork.

Surface runoff from the Clark Fork flood 
plain. Surface runoff from the flood plain can carry 
metals in dissolved form or in suspension attached to 
eroded sediment. The loading of particulate metals 
from eroded flood-plain sediment depends on the ero- 
sivity of the metal-enriched layers. Because most

metal-enriched flood-plain soils are well-vegetated and 
have slopes less than 2 percent, rates of metal loading 
from surficial erosion generally are small. However, 
runoff from exposed tailings at unvegetated slickens 
(fig. 2) typically contains high concentrations of dis 
solved metals and is considered the largest surface- 
runoff source of metals to the river. Copper loads in 
surface runoff from the Clark Fork flood plain were 
estimated by adding dissolved metal loads calculated 
for runoff from slickens areas (191 acres, table 4) and 
total copper loads calculated for sediment eroded from 
the vegetated remainder of the flood plain having a tail 
ings horizon (3,338 acres).

Schafer and Associates (1996) measured substan 
tial mass loads of dissolved metals in runoff from slick- 
ens during 1994-96 in response to summer thunder 
storms in a small (0.9 acre), untreated watershed on the 
Clark Fork flood plain near Galen. Runoff volume and 
chemistry from this gaged microwatershed were used 
to characterize runoff from other slickens areas in the 
valley by extrapolating the average copper-loading rate 
determined from these data to the total area of slickens 
that could potentially produce runoff to the river (Titan 
Environmental, 1997). The estimated copper load 
from exposed tailings along the upper Clark Fork flood 
plain between Warm Springs Creek and Deer Lodge 
was 1.95 tons/year, whereas the estimated copper load 
from exposed tailings on the flood plain between Deer 
Lodge and Drummond was 2.1 tons/year. No slickens 
have been observed along the Clark Fork flood plain 
below Drummond. Therefore, a total copper load of 
4.0 tons/year from exposed tailings was estimated for 
the entire 120-mile flood plain (Titan Environmental,

Table 11. Estimated average annual suspended-sediment and total-recoverable metal yields, in tons per river mile, 
transported in the Clark Fork, Montana, water years 1991-95 (from Hornberger and others, 1997)

Average annual yield (tons per river mile)1
Intervening reach between mainstem stations

(fig-1)

Silver Bow Creek at Warm Springs to Clark Fork near Galen (4.2 miles)
Clark Fork near Galen to Clark Fork at Deer Lodge (24.8 miles)
Clark Fork at Deer Lodge to Clark Fork at Goldcreek (25.5 miles)
Clark Fork at Goldcreek to Clark Fork near Drummond (31.3 miles)
Clark Fork near Drummond to Clark Fork at Turah Bridge (33.4 miles)

Suspended 
sediment

129
219
170
220

103

Copper

0.29
.32
.07
.12

.10

Lead

0.02
.04
.02
.02

.01

Zinc

0.24
.33
.18
.28
.12

Yields from intervening reaches represent a unit-length input expressed as the average annual load originating from the reach, in tons, divided by the reach 
length, in river miles. Expressing yields in this manner assumes that sediment and metals are derived primarily from channel and flood-plain sources.
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1997). This input represents about 18 percent of the 
copper load at Turah Bridge.

Loads from vegetated tailings areas of the flood 
plain were estimated using the revised Universal Soil 
Loss Equation (Titan Environmental, 1997). Based on 
the equation, 38.7 tons of soil are eroded from the flood 
plain annually (Titan Environmental, 1997). Assuming 
an average soil copper concentration for cover soil of 
1,980 mg/kg (table 5), copper eroded from vegetated 
tailings would equal about 0.08 tons/year, which is a 
negligible amount relative to runoff from slickens. 
Therefore, the estimated average annual copper load in 
surface runoff from the Clark Fork flood plain between 
Warm Springs and Turah Bridge is 4.0 tons/year.

Ground water. Metal transport in ground water 
can be evaluated for two different flow conditions. The 
Clark Fork is the discharge area for shallow ground 
water in the valley, and for much of the year, ground 
water flows to the river (Nimick and others, 1993). 
Metals leached from flood-plain tailings to this ground 
water potentially could be transported to the river. 
When the river stage increases during spring snowmelt, 
ground-water gradients may be reversed near the river, 
leading to flow from the river to ground water, or bank 
storage. If metal-enriched sediments are saturated by 
bank storage, extractable metals conceivably could be 
mobilized and carried in dissolved form to the river 
when the river stage declines and reversal of hydraulic 
gradients causes bank storage to discharge back to the 
river.

On the basis of sampling results from monitoring 
wells completed in gravel underlying flood-plain 
deposits, elevated metal concentrations are uncommon 
in shallow ground water along the Clark Fork (Nimick 
and others, 1993; Schafer and Associates, 1997c). 
However, elevated concentrations are most likely to 
occur in the shallowest part of the ground-water sys 
tem, which is in closest proximity to the flood-plain 
tailings and for which few data are available.

Schafer and Associates (1997c) estimated the 
mass load of metals reaching the Clark Fork from the 
shallow ground-water system. Shallow ground water 
is defined as ground water that is less than approxi 
mately 30 feet below ground surface within the 100- 
year flood plain. A conceptual model similar to the 
model presented in Brooks and Moore (1989) for the 
shallow ground-water system was developed from 
information collected during the installation of obser 
vation wells and aquifer analysis performed at a micro-

watershed site on the Clark Fork flood plain near Galen 
(Schafer and Associates, 1996). Drill logs indicated 
that the shallow alluvial ground-water system includes 
three distinct hydrologic/soil units, or layers. The top 
unit is composed primarily of tailings material. This 
layer has low hydraulic conductivity and is only par 
tially and seasonally saturated at the site. The site does 
not have a well-developed buried soil beneath the tail 
ings material, in contrast to most observed soil profiles 
in the flood plain where tailings are present. The sec 
ond layer consists of a mixture of sand, gravel, and 
fines and has a moderate hydraulic conductivity. Com 
monly, the top portion of the second layer is unsatur- 
ated. The third layer is saturated and is dominated by 
clean sand with a high hydraulic conductivity. Some 
zones in this layer contain mixtures of sand, gravel, and 
cobbles.

Ground-water flux was determined with Darcy's 
Law using the near-stream hydraulic gradient and 
hydrologic properties derived from measurements and 
aquifer tests in shallow wells completed in the flood 
plain. Metal loads were determined by multiplying 
ground-water flux by metal concentrations typical for 
the shallow ground water (Schafer and Associates, 
1997c). The variability in available chemical and 
hydrologic data was described using population-fre 
quency distributions. A Monte Carlo simulation was 
performed to determine the range in possible ground- 
water mass loads for key metals. The flux of shallow 
ground water and metals from the three layers were 
summed for each river segment.

The estimated ground-water flux determined for 
the shallow ground-water system was 175 ft3/s (Scha 
fer and Associates, 1997c). This estimate is similar to 
the estimate of 180 ft3/s calculated by Nimick and oth 
ers (1993) from synoptic streamflow measurements 
made during base-flow conditions in late October 
1986. The 1986 estimate was calculated as the differ 
ence between total streamflow at Turah Bridge and the 
sum of all measured tributary inflows. On the basis of 
the close agreement of these two independent esti 
mates, the estimated values of ground-water flux 
appear to be reasonable.

The estimated total arsenic and metal loads from 
ground water that are transported annually in the 
streamflow at Turah Bridge are presented in table 12. 
The median copper load from ground water at Turah 
Bridge is 1.46 tons/year. With respect to the overall 
load carried by the Clark Fork (tables 8-10), ground 
water is not a primary source of copper and lead,
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accounting for about 7 percent of the total load at Turah 
Bridge. The median zinc load from ground water, how 
ever, represents almost half of the 1991-95 average 
load in the Clark Fork at Turah Bridge. The ground- 
water loads listed in table 12 may overestimate actual 
loads because geochemical attenuation within the aqui 
fer was not considered in the calculations.

Schafer and Associates (1997d) used seasonal 
changes in ground-water gradient, flow direction, and 
chemistry in 1997 at two instrumented micro water 
sheds near Galen to assess the importance of bank stor 
age as a potential transport mechanism. The shallow 
ground-water flow direction and gradient did not 
change appreciably when the shallow ground-water 
elevations changed in response to increases and 
decreases in river stage. Water samples collected from 
shallow monitor wells indicated no change in chemis 
try in response to changes in river stage and ground- 
water elevation. Because ground-water gradients and 
ground-water flux did not increase and because con 
centrations of constituents of concern did not appear to 
increase when river stage and ground-water elevation 
increased during spring runoff, little increase in load is 
expected as a result of changes in river stage. There 
fore, bank storage likely has little effect on the metal 
loads transported by ground water to the river.

Bank erosion. Meander migration resulting in 
bank erosion and point-bar deposition is a natural pro 
cess in meandering rivers (Leopold and others, 1964). 
However, because the Clark Fork flood plain contains 
tailings and soils with elevated metals concentrations, 
this process provides a mechanism for delivering 
metal-enriched sediment to the river. Estimating the 
metal transport and loading from this erosional process

required data characterizing the annual bank erosion 
rates along the Clark Fork, as well as data describing 
the metal concentrations in the banks (see "Estimated 
metal concentration in banks" section) for both the silt 
and sand fractions.

R2 Resource Consultants (1997) estimated aver 
age annual meander-migration rates for Reach A (fig. 
1) of the Clark Fork by quantifying the change in posi 
tion of the river channel shown in aerial photographs 
taken in 1960 and 1989 (fig. 10). Stream segments 
affected by channel cutoffs, avulsions, island forma 
tions, or other signs of channel alterations were not 
included in the analysis (approximately 2 miles of the 
43-mile reach). Meander-migration rates were esti 
mated about every 20 feet along the center line of the 
1989 river channel and are shown on detailed maps in 
R2 Resource Consultants (1997). The estimated rates 
may overestimate long-term rates because streamflow 
during 1960-89 was slightly higher than the long-term 
period of record (1930-95) for the Clark Fork above 
Missoula (fig. 11). Additional information on bank 
erosion is available from a study in which actively 
eroding banks were identified visually and field 
mapped (University of Montana, 1996).

Estimated average annual meander-migration 
rates ranged from 0 to 5.8 ft/year (fig. 12), with an aver 
age rate of 0.6 ft/year over the 43-mile reach. Table 13 
classifies the meander-migration rates along the river 
into five categories. The table also presents the total 
length of streambank within each category and the pro 
portion of the total river length each category repre 
sents. Erosion from the total length of streambank

Table 12. Estimated trace-element loads in the Clark Fork at Turah Bridge, Montana, derived 
from ground water (modified from Schafer and Associates, 1997c)

Trace element

Arsenic
Cadmium
Copper 
Lead
Zinc

Percent! le

10%

0.26
.06
.46 
.07

6.10

range of load, in tons

Median (50%)

0.90
.16

1.46 
.30

17.3

per year

90%

3.41
.40

5.20 
1.79

52.0
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Figure 10. Aerial photograph of a section of the Clark Fork valley upstream from Deer Lodge, Montana, showing the change in 
channel position between 1960 and 1989 (modified from R2 Resource Consultants, 1997). Areas of greatest change in chan 
nel position represent locations with high rates of bank erosion.
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Figure 11. Streamflow-duration curves for the Clark Fork above Missoula (station 12340500), Montana, for the period of record 
(water years 1930-95) and the period between years of aerial photography (1960-89).

in each category introduces approximately the same 
amount of material to the river.

Streambed exchange. The streambed of the 
Clark Fork beneath the pebble and cobble armor layer 
presumably contains some metal-enriched sediments 
derived from historical deposition of tailings trans 
ported from the upper basin. During high flow, the 
armor layer may be mobilized locally, and it might be 
expected that the streambed would release stored 
metals through exchange processes and come to equi 
librium with metal concentrations in the remaining 
sources below the ponds (flood plain, channel, tributar 
ies, and ground water). However, the depth of possible 
scour and the concentration of metals in sediment in 
and below the armor layer have not been measured. 
Therefore, quantifying the release of metals from 
streambed exchange is difficult. Analysis of the metals 
mass balance for the river (see "Metals Mass Balance")

suggested that bed sediment is a relatively minor 
source of the metals transported by the Clark Fork. 
Thus, quantifying bed-exchange processes probably is 
not critical to understanding the sources and overall 
transport of metals through the river system.

Metal-concentration data for Clark Fork bed sed 
iment are available from several studies (Axtmann and 
Luoma, 1991; Brook, 1988; Davis, 1995; Dodge and 
others, 1997; and PTI, 1990). These data sets provide 
information for sediment collected from the active, or 
surficial, layer but not for sediment in or below the 
armor layer. Most of these data sets provide metal-con 
centration data for different sediment-size fractions. 
Metal concentrations in surficial bed sediment gener 
ally decrease in a downstream direction. In addition, 
metal concentrations in the fine-grained (silt-clay) frac 
tion generally are several times higher than in the sand 
fraction for a particular location along the river.
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Figure 12. Historical meander-migration rates in Reach A of the Clark Fork, Montana, determined from 1960 and 1989 aerial 
photographs. A positive rate indicates migration towards the right bank (looking downstream); a negative rate indicates migra 
tion towards the left bank. (Modified from R2 Resource Consultants, 1997).

Table 13. Meander-migration rates in Reach A of the Clark Fork valley, Montana, determined from 1960 and 1989 
aerial photographs (modified from R2 Resource Consultants, 1997)

Average annual
meander-migration rate

(feet/year)

Total length of streambank 
(miles)

Percent of total length

0-0.5 
0.5-1.0 
1.0-1.5 
1.5-2.5 
2.5-5.8
Total

25.5 
7.5 
3.5 
3.2 
1.3

'41.0

62.3
18.3
8.5
7.8
3.2

100.0
'Stream segments affected by channel cutoffs, avulsions, island formation, or other signs of channel alteration were not included in analysis 

(2 miles of the 43-mile reach)
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METALS MASS BALANCE

To aid in the evaluation of metal supply, trans 
port, and deposition in the Clark Fork, a mass-balance 
algorithm was developed to estimate the spatial and 
temporal transport of metal through the river. The 
algorithm was used to evaluate the mass balance of 
copper because copper occurs in water at measurable 
concentrations and exceeds aquatic-life criteria more 
frequently than other metals. The algorithm provides a 
tool to estimate the relative magnitude of inputs from 
various sources and to examine possible effects of 
changes in source inputs. The mass-balance calcula 
tions account for copper derived from headwater and 
tributary inflow, ground water, flood-plain runoff, ero 
sion of tailings contained in streambanks, and 
exchange with mobile bed sediment. The algorithm 
was calibrated with 1985-95 data on suspended-sedi 
ment and 1991-95 data on total-recoverable copper 
loads (Lambing, 1991; Hornberger and others, 1997). 
The estimated loads then were used to evaluate the rel 
ative contribution of copper from different sources. 
The mass-balance computation simulates the physical 
transport of particulate copper because the suspended 
portion averages about 70-80 percent of total-recover 
able copper in water-quality samples (Dodge and oth 
ers, 1997). Owing to differences in transport 
characteristics and metal concentrations of different 
grain sizes, the transport of copper in the sand and silt- 
clay fractions is tracked separately. A brief description 
of the mass-balance calculations is presented in the rest 
of this section. For a more complete discussion, the 
reader is referred to R2 Resource Consultants (1998).

Description of mass-balance calculations

Mass balance was estimated using a one-dimen 
sional algorithm that tracks transport of sediment and 
associated copper through the Clark Fork from the 
Warm Springs Ponds to Turah Bridge (R2 Resource 
Consultants, 1998). The algorithm consists of three 
major nested loops that cycle through the reaches of the 
river in one-mile increments, then through different 
hydrologic conditions, and finally through the years 
within a period of interest. Duration curves for stream- 
flow and suspended-sediment discharge are used to dis 
tribute streamflow as well as suspended-sediment and 
copper loads throughout the year. Streamflow- and 
sediment-discharge-duration curves were developed 
for five control points that coincide with USGS stream-

flow-gaging stations along the Clark Fork. Duration 
curves for intermediate points at one-mile increments 
along the river were interpolated from the control-point 
duration curves using gaging records and a drainage- 
area relationship. The streamflow- and sediment-dis 
charge-duration curves developed for each mile of the 
river were divided into 15 intervals, with the average 
streamflow and sediment discharge for each duration 
interval representing a specific hydrologic and sedi 
ment-transport condition occurring for a given length 
of time. Summation of the sediment loads derived 
from each duration interval produced a time- and dis 
charge-weighted annual load passing each mile of the 
river.

Within each one-mile increment of the river chan 
nel and for each streamflow condition represented by 
the duration-curve intervals, the mass-balance algo 
rithm mixes suspended sediment (silt/clay and sand 
fractions) transported from the upstream reach with 
sediment introduced from tributaries, eroded from the 
mainstem streambanks, and exchanged from the bed. 
An average copper concentration for each sediment 
source is used for the mixing calculation. Sediment- 
transport equilibrium is assumed, whereby the mixed 
sediment is redeposited on point bars at a rate roughly 
equal to the erosion rate that introduced the bank sedi 
ment to the system. The resulting copper concentration 
in the deposited material and in the suspended sedi 
ment transported downstream is assumed to be equal to 
the average copper concentration of the uniform mix 
ture of sediment from all sources. For each streamflow 
condition, the quantity of sediment from bank erosion 
and the quantity of bed sediment available to mix with 
other sources varies with streamflow and associated 
shear stress on the bed and banks of the river. Temporal 
changes are simulated by sequentially repeating the 
flow-duration curve on an annual basis, thus allowing 
the algorithm to project future loading that would 
accompany changes in the magnitude of copper inputs 
as source conditions change. Individual components of 
the mass-balance calculations are further discussed in 
the following sections.

Suspended-sediment transport

Suspended-sediment transport was calculated 
using sediment-discharge-duration curves developed 
by combining flow-duration curves and sediment-rat 
ing curves for the five mainstem stations, or control 
points. Flow-duration curves were developed for two
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periods: (1) 1985-95 for mass-balance calibration with 
measured water-quality data, and (2) 1930-95 for cal 
culating long-term mass balance using the longest 
available streamflow record in the upper Clark Fork 
basin (U.S. Geological Survey, issued annually). On 
the basis of long-term streamflow records for the Clark 
Fork above Missoula, streamflow during 1985-95 was 
substantially less than normal (fig. 13). Sediment-rat 
ing curves were developed for the Clark Fork at Deer 
Lodge and at Turah Bridge using log-log regressions of 
daily mean streamflow and daily suspended-sediment 
discharge computed by the USGS from daily or near- 
daily sediment samples (U.S. Geological Survey, 
issued annually). The sediment rating curves for these 
two stations were applied to the streamflow-duration 
curves to develop sediment-discharge duration curves 
for the 1985-95 and 1930-95 periods. Sediment-dis 
charge duration curves for the other three control points

on the Clark Fork mainstem (Galen, Goldcreek, and 
Drummond) were developed by applying a drainage 
basin relation to the duration curves for Deer Lodge 
and Turah Bridge. The resulting sediment-discharge- 
duration curves for the 1985-95 period for the five con 
trol points are shown in figure 14.

Average annual sediment loads were estimated at 
each control point along the Clark Fork by integrating 
the sediment-discharge- and streamflow-duration 
curves (table 14). Estimates of average annual sedi 
ment load at each gaging station using this methodol 
ogy are presented in table 14 along with estimates from 
monitoring data for 1985-95. With the exception of the 
Clark Fork near Galen, the duration-curve estimates 
are reasonably close to monitoring-data estimates of 
annual suspended-sediment loads. The duration-curve 
estimate for Galen is double that of the monitoring-data 
estimate, which may affect some of the mass balance of
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Table 14. Comparison of average annual suspended-sediment loads estimated from monitoring data and 
from sediment-discharge-duration curves incorporated into mass-balance estimates for five streamflow-gaging 
stations on the Clark Fork, Montana (modified from R2 Resource Consultants, 1998)

Average annual suspended-sediment load (tons/year)

Streamflow-gaging station 
(fig-1)

Clark Fork near Galen
Clark Fork at Deer Lodge

Clark Fork at Goldcreek2

Clark Fork near Drummond2

Clark Fork at Turah Bridge 1

Station 
number

12323800
12324200

12324680

12331800

12334550

1985-95 
monitoring-data

estimate

1,680

7,970

15,100

24,900

38,500

Mass-balance 
estimate using 

1985-95
duration curve

3,400
7,500

16,200

25,700

38,700

Mass-balance 
estimate using 

1930-95
duration curve

9,200
20,200

49,900

81,800

126,000

Daily sediment station where daily or near-daily suspended-sediment samples were collected. 
2Monitoring data available only for 1991-95.
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source inputs apportioned in the reach from Galen to 
Deer Lodge.

Bank erosion

Copper loads introduced through bank erosion in 
Reach A were determined as a function of river mile by 
combining estimated meander-migration rates ("Bank 
Erosion" section) and average streambank copper con 
centrations for the left and right banks ("Estimated 
Metal Concentration in Banks" section, table 6). In 
Reaches B and C, migration rates and bank copper con 
centrations were roughly estimated based on limited 
available data.

Bank-erosion rates in Reach A were estimated 
from available aerial photographs for the period 
between 1960 and 1989 (R2 Resource Consultants, 
1997). Because bank erosion rates are dependent on 
streamflow conditions and because the sediment-sam 
pling period of 1985-95 was relatively dry compared to 
long-term conditions (fig. 13), the measured erosion 
rates for 1960-89 were adjusted downward to better 
represent 1985-95 hydrologic conditions. The adjust 
ment was based on an integration of the flow-duration 
curves with the erosion rate scaled with water velocity 
in excess of a mobilization threshold (R2 Resource 
Consultants, 1998). Using this scaling technique, the 
average annual erosion rates for the period 1985-95 
were estimated to be only 15 percent of rates measured 
for the 1960-89 period. Likewise, streamflow for the 
long-term period (1930-95) was slightly lower than 
during 1960-89, and the long-term erosion rates were 
estimated to be 84 percent of the erosion rates for 1960- 
89. For the mass-balance calculation, measured migra 
tion rates at each location along the Clark Fork were 
adjusted using the scaling factors computed in this 
manner.

Streambed sediment

To account for copper loading from sediment 
mobilized from below the armor layer of the stream- 
bed, information was needed to describe the copper 
concentration in the bed and the mechanism for sedi 
ment exchange. During development of the mass- 
balance algorithm, it became apparent that the initial 
copper concentrations assigned to streambed sediment 
had a significant effect on copper loads for the first few 
simulated years. Because monitoring data for copper 
concentrations in bed sediment collected above the 
armor layer have considerable scatter (fig. 15) and

because no metal-concentration data exist for sediment 
below the armor layer, an alternative approach was 
used to derive initial streambed copper concentrations 
for the mass balance. The algorithm simulated 100 
years of sediment exchange using estimated historical 
(elevated over current) copper loads, thus achieving a 
steady-state condition with copper concentrations in 
streambed sediment in equilibrium with the current 
(post-1990) copper loads transported (Hornberger and 
others, 1997). These steady-state streambed copper 
concentrations were then used as the initial conditions 
for the calculation of current mass balance and future 
conditions.

Sediment exchange between the streambed and 
sediment in suspension was calculated utilizing a 
depth-dependent sediment-availability function, 
because sediment lying deeper beneath the armor layer 
is less available for mixing than sediment immediately 
beneath the layer. The thickness of the streambed layer 
involved in sediment exchange was assumed to 
increase with increasing streamflow. For streamflow 
less than that needed to mobilize the armor layer, the 
thickness of the exchanging layer was assumed to be 
one-half of the 90th percentile diameter (d9o) of the 
particles in the armor layer. For higher streamflows, 
the thickness of the exchanging layer was increased to 
maintain the same shear stress at the base of the 
exchanging layer. The depth of the exchanging layer 
was calculated separately for the hydrologic conditions 
represented by each of the 15 flow intervals derived 
from the flow-duration curves. At the flow magnitude 
for several of the intervals, the thickness of the 
exchanging layer was very small (one-half of the d90 of 
the armor layer) and the armor layer was essentially 
immobile. A depth-dependent availability function 
was then added which allowed full availability for 
exchange of sediment at the top of the layer, decreasing 
to zero availability at the bottom of the layer. Details 
of the calculation of sediment exchange with the 
streambed are in R2 Resource Consultants (1998).

Owing to the complexity of the actual mecha 
nisms, parameter values used to describe the sediment- 
exchange process were estimated by assuming that 
exchange occurs everywhere on the streambed during 
every mobilizing flow condition and that the distance 
below the streambed to which this exchange occurs 
decays exponentially with a scale depth related to the 
water depth in the river during the flow of interest. In 
reality, the scale for the exponential decay of exchange
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depth is bounded between the armor particle size and 
the mean river depth. It is difficult, because of the 
non-physical nature of the algorithm, to calibrate the 
scale depth for the scour with any degree of precision, 
and the postulated exponential relation is neither very 
accurate nor generally valid. Nevertheless, when 
applied over a very large number of flows (that is, over 
a very long period of time) with a reasonably esti 
mated scale depth, this parameterization is assumed to 
be satisfactory for providing gross estimates to evalu 
ate relative magnitudes of sediment exchange.

Copper concentrations measured in fine-grained 
bed-sediment samples and estimated copper concentra 
tions determined by mass-balance calculations are 
compared to distance downstream from Warm Springs 
Creek (fig. 15). The estimated concentrations exhibit a 
range instead of a fixed value at each location because 
the concentration changes as the mass-balance algo 
rithm accounts for varying inputs of steady (for exam 
ple, ground-water inflow) and streamflow-dependent 
(for example, bank erosion) copper sources during the 
course of one computational cycle through the 15 
streamflow duration intervals. Although the measured 
concentrations exhibit considerable scatter, the esti 
mated concentrations generally fall within the range of 
measured values.

Tributaries

Tributary inflows serve primarily as dilution 
sources to the Clark Fork. Copper concentrations in the 
three main tributaries above Turah Bridge (Little 
Blackfoot River, Flint Creek, and Rock Creek) gener 
ally are lower than concentrations in the Clark Fork. 
Data summarized in Dodge and others (1997) and 
Hornberger and others (1997) for the three tributaries 
were used to estimate copper loading from both gaged 
and ungaged tributaries (R2 Resources Consultants, 
1998).

Ground water and flood-plain runoff

The copper load contributed by surface runoff 
from flood-plain tailings (4 tons/year) and from 
ground-water inflow (1.46 tons/year) was assumed to 
be continuous and steady in each reach for calculation 
purposes. Annual loads from these sources were based 
on the evaluations presented in "Surface Runoff from 
the Clark Fork Flood Plain" and "Ground Water" sec 
tions. Unlike other sources of metals, contributions of 
copper from ground-water inflow and flood-plain run

off were assumed to be independent of river discharge. 
In addition, the dissolved copper from these sources 
was assumed to immediately adsorb to the available 
silt-clay fraction of sediment and to subsequently mix 
and be transported with this sediment. Except for this 
mechanism for handling dissolved copper from these 
two sources, the algorithm does not allow for the inter 
change of copper between water and sediment.

Assumptions and limitations of mass-balance 
calculations

The mass-balance calculations use greatly simpli 
fied assumptions for the complex physical and chemi 
cal processes governing transport of metals in the Clark 
Fork. The primary purpose of the calculations is to 
provide a tool for evaluating the relative magnitude of 
metals contributions to the river from various sources. 
The following assumptions were used for the mass-bal 
ance calculations:

  All copper is attached to stream sediment. Dis 
solved copper contained in flood-plain runoff 
and ground water is immediately adsorbed to 
fine-grained sediment. Copper does not 
exchange between solid and dissolved phases.

  Sediment transport in the river is in equilib 
rium; consequently, the Clark Fork channel is 
not aggrading, degrading, or changing width 
over time. There is no net sediment gain or 
loss by bank erosion and deposition.

  Individual hydrologic events are not simu 
lated. Instead, temporal changes in flow and 
sediment discharge are simulated using the 
duration of multiple flow ranges that are 
repeated for each year. Thus, flows are highly 
organized in the mass-balance algorithm, 
unlike the variability of natural streamflow. 
Seasonal effects are not calculated.

  Exchange of streambed sediment with sus 
pended sediment is greatly simplified and only 
represents a rough approximation of actual 
processes.

  Copper concentrations and erosion rates for 
banks in Reach B and C were roughly approx 
imated on the basis of limited data.
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Mass-balance calibration

The physical processes that govern sediment 
transport, bank erosion, and streambed mobilization 
are dependent on streamflow conditions. In particular, 
the magnitude and duration of high streamflows are 
important. Owing to natural variability, streamflow 
conditions in one multi-year period can be significantly 
different than in another multi-year period. In order to 
calibrate and evaluate the representativeness of the 
sediment and copper mass balance, streamflow records 
for three hydrologic periods were analyzed: 1985-95, 
a water-quality monitoring period for which substantial 
sediment- and metals-transport data are available; 
1960-89, the period for which bank-erosion rates were 
determined using aerial photographs; and 1930-95, the 
period representing the longest streamflow record 
available for a Clark Fork gaging station.

Calibration success was evaluated primarily by 
comparing the average annual copper loads estimated 
from monitoring data for 1991-95 (Hornberger and 
others, 1997) at the five control sites along the Clark 
Fork with the copper loads calculated by the mass-bal 
ance algorithm. After a number of sensitivity runs with 
the algorithm, the best calibration was achieved after 
making modifications to the magnitudes initially 
assigned (typically the mean of available data) to sev 
eral of the copper sources. Copper concentrations in 
the streambed were increased to reflect historical cop 
per loading, which was assumed to be higher than lev 
els measured during 1985-90. After 1990, copper 
loading in the upper Deer Lodge valley presumably 
decreased as a result of remediation efforts such as the 
renovation of the Warm Springs Ponds, excavation of 
contaminated materials from the Mill-Willow Bypass 
(channel adjacent to Warm Springs Ponds), lime 
amendment and revegetation of flood-plain tailings 
along the upper 3 miles of the Clark Fork, and con 
struction of berms to control flood-plain runoff in por 
tions of the Deer Lodge valley. These pre-1990 sources 
were estimated to provide an additional 8 tons of cop 
per annually to the river prior to the completion of 
remediation efforts. Thus, preceding the actual calibra 
tion run, the algorithm was run to an equilibrium con 
dition with these historical copper sources present to 
represent conditions in 1990. Then, the supplemental 
8 tons of copper were eliminated, and the algorithm 
was run for an additional 5 years through 1995 to sim 
ulate current (post-1990) source conditions.

Following the establishment of an initial equilib 
rium condition in the streambed, additional adjust 
ments were made to other values in order to obtain 
close agreement with loads estimated from monitoring 
data. First, copper concentrations in the streambanks 
were increased by 30 percent compared to the values 
estimated from field data. This increase is reasonable 
because the thickness of tailings typically is greater in 
more erosive banks where protective vegetation may 
be suppressed; thus, the banks contributing the most 
sediment are also the most enriched in copper. Second, 
the bank erosion rate for 1985-95 was increased from 
15 to 30 percent of the measured rate for 1960-89 to 
provide sufficient sediment and copper to achieve mon 
itoring estimates of transport. Third, the proportion of 
sand in the sediment deposited on point bars was 
increased slightly to better represent natural sediment- 
transport processes which preferentially move fine 
grained sediment farther downstream than sand-size 
sediment prior to deposition. This change resulted in 
additional downstream transport of metals because 
fine-grained sediment is more metal rich than sand-size 
sediment. Finally, the combined copper input from 
ground water and flood-plain runoff was increased 
from 6 to 10 tons/year, the upper limit of estimated cur 
rent inputs for these poorly quantified sources. Results 
of the calibration are presented in table 15. For further 
details about the calibration process, the reader is 
referred to R2 Resource Consultants (1998).

Quantification of source contributions

The mass-balance algorithm provides a tool that 
can aid in understanding the relative magnitude of cop 
per loading to the Clark Fork from various sources. 
The mass-balance algorithm was calibrated with 
streamflow and suspended-sediment data for 1985-95 
and copper-transport data primarily for 1991-95. The 
mass loading of copper and percent of total input con 
tributed from each source are presented in table 16 for 
the calibration period, which simulates post-1990 
source conditions. The results indicate that streambank 
erosion is the largest source of copper to the river, com 
prising 56 percent of the total copper input. The calcu 
lations also indicate that 47 percent of the copper 
contributed to the river is deposited on point bars rather 
than transported past Turah Bridge.

Hydrologic conditions in 1985-95 were consider 
ably drier than long-term (1930-95) conditions (fig. 
13). Therefore, the magnitude of metals inputs and
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Table 15. Average annual copper loads at five streamflow-gaging stations on the Clark Fork, Montana, 
estimated from monitoring data and calculated with the calibrated mass balance under current (post-1990) 
source conditions and 1985-95 hydrology (modified from R2 Resource Consultants, 1998)

[Symbol:  , no data]

Average annual copper load (tons/year)

Station

Clark Fork near Galen 
Clark Fork at Deer Lodge 
Clark Fork at Goldcreek 
Clark Fork near Drummond 
Clark Fork at Turah Bridge

Station 
number

12323800 
12324200 
12324680 
12331800 
12334550

1985-90 
monitoring-data 

estimate
4.5 

11.7

37.2

1991-95 
monitoring-data 

estimate
3.9 

11.8 
13.8 
17.8 
22.0

Calculated with 
mass balance

3.3 
11.2 
17.2 
20.0
22.4

Table 16. Summary of mass-balance estimates for copper loading from various sources upstream from the 
Clark Fork at Turah Bridge, Montana, based on the calibration period simulating current (post-1990) source 
conditions and utilizing 1985-95 hydrology (modified from R2 Resource Consultants, 1998)

[Hounding effects result in percentages not adding exactly to 100]

Copper source

Upstream input
Bank erosion
Tributary input
Flood-plain runoff and ground water
Streambed exchange
TOTAL INPUT
Loss to point-bar deposition
Total load transported at Turah Bridge

Load 
(tons/year)

2.2
23.6

3.2
10.0
3.3

42.3
-19.9
22.4

Percent of total 
input

5
56

8
24

8
100
-47
53

metal-transport characteristics in the river determined 
for the 1985-95 calibration period probably underesti 
mate long-term averages. In comparison to hydrologic 
conditions for the long-term period, conditions during 
1985-95 would be expected to have the following fea 
tures:

  decreased metal loading from bank erosion 
and meander migration;

  decreased input of streamflow, sediment, and 
metals from upstream and tributary sources; 
and

  decreased mixing and exchange with bed sedi 
ment.

As a result of these decreased inputs during the 
low flows of 1985-95, the metal loads estimated from 
ground water and flood-plain runoff likely represent 
larger percentages of the total load than they would 
during a higher-flow period. Consequently, after cali 
bration of the algorithm with the data for 1985-95, the 
system behavior under long-term hydrologic condi 
tions was analyzed using streamflow data for 1930-95, 
the longest available streamflow record in the upper 
Clark Fork basin.

In addition to the hydrologic conditions of the 
1985-95 calibration period, two scenarios representing 
long-term hydrologic conditions were investigated 
with the mass-balance algorithm. These three scenar 
ios (fig. 16) provide a range in the relative magnitude 
of estimated average annual copper loads along the
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Figure 16. Average annual copper loads in the Clark Fork downstream from Warm Springs Creek, Montana, estimated from 
1991-95 monitoring data for USGS sampling stations and from mass-balance simulations for three scenarios of metal-source 
conditions and hydrology. (Estimated copper loads between sampling stations interpolated from a drainage-area relation to 
streamflow. Modified from R2 Resource Consultants, 1998.)

Clark Fork for three combinations of hydrologic and 
source conditions: (1) current (post-1990) source con 
ditions calibrated to 1985-95 hydrology, (2) current 
source conditions adjusted to long-term (1930-95) 
hydrology, and (3) future source conditions adjusted to 
long-term (1930-95) hydrology. This third scenario is 
the same as the second scenario except that the stream- 
bed is no longer a net source of metal to the river. This 
scenario represents expected conditions after the his 
torical (pre-1990) metal enrichment in the bed is 
depleted by sediment exchange and metal concentra 
tions in the bed are in equilibrium with metal concen 
trations in suspended sediment.

The relative magnitude and percent of total input 
contributed from each source for both current and 
future equilibrium conditions utilizing long-term 
hydrology (1930-95) are presented in table 17. Under

current source conditions, about 60 percent of all cop 
per input into the river upstream from Turah Bridge 
originates from bank erosion. Tributaries and the com 
bined input from flood-plain runoff and ground-water 
inflow account for about 10 percent each, and upstream 
sources account for 6 percent of the total. The stream- 
bed accounts for about 14 percent of the total input. 
The mass balance also indicates that under current con 
ditions, only about 56 percent of the average annual 
copper input to the river is transported past Turah 
Bridge. The remaining copper is deposited on point 
bars along the Clark Fork.

When compared to the 1985-95 calibration period 
(table 16), the magnitude of all sources except flood- 
plain runoff and ground water increases with the 
greater streamflow represented by the 1930-95 hydrol 
ogy. Thus, copper sources from flood-plain runoff and
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Table 17. Summary of mass-balance estimates for copper loading from various sources upstream from the Clark Fork at Deer 
Lodge and the Clark Fork at Turah Bridge, Montana, based on current (post-1990) and future equilibrium source conditions 
adjusted to long-term (1930-95) hydrology (modified from R2 Resource Consultants, 1998).

[Rounding effects may result in percentages not adding exactly to 100]

Clark Fork at Deer Lodge

Copper source

Upstream input 
Bank erosion 
Tributary input 
Flood-plain runoff and ground water 
Streambed exchange 
TOTAL INPUT 
Loss to point-bar deposition 
Total load transported at gage

Current condition

(tons/ 
year)

6.0 
26.5 

1.1 
5.0
2.1 

40.7 
-17.4 
23.3

(percent 
of total 
input)

15 
65 

3 
12 

5 
100 
-43 

57

Future equilibrium

(tons/ 
year)

6.0 
26.5 

1.1 
5.0 
0 

38.6 
-16.8 
21.8

(percent 
of total 
input)

16 
69 

3 
13 
0 

100 
-44 

56

Clark Fork at Turah Bridge

Current condition

(tons/ 
year)

6.0 
62.3 
10.5 
10.0 
14.9 

103.7 
-45.7 
58.0

(percent 
of total 
input)

6 
60 
10 
10 
14 

100 
-44 

56

Future equilibrium

(tons/ 
year)

6.0
62.3 
10.5 
10.0 
0 

88.8 
-43.1 
45.8

(percent 
of total 
input)

7 
70 
12 
11 
0 

100 
-48 
52

ground water play a smaller role in the overall copper 
balance for the river under more representative long- 
term hydrologic conditions. The average annual cop 
per load for the Clark Fork at Turah Bridge increases 
from about 22 tons/year for the 1985-95 hydrology 
(calibration case) to 58 tons/year under current source 
conditions after adjusting for long-term hydrology. 
The mass balance indicates that the average annual 
copper load at Turah Bridge under long-term hydrol 
ogy will decrease from 58 tons/year to about 46 tons/ 
year as the streambed comes to equilibrium with the 
existing sources of copper.

SEDIMENT AND METALS 
TRANSPORT IN 1991-97

Streamflow in 1996-97 was higher than in 1991- 
95 (fig. 3), the primary period for which metals trans 
port was evaluated. Higher streamflow likely would 
result in increased bank erosion and tributary inputs, 
thus increasing annual sediment and metals loads. If 
different reaches of the river respond differently to 
increased flows, then the amount and proportion of sed 
iment and metals transported may be different than in 
the low-streamflow period of 1991-95. Estimates of 
suspended-sediment and metal loads for water years 
1996-97 and average annual loads in the Clark Fork for 
the extended averaging period of water years 1991-97 
are presented in Lambing (1998). Hydrologic condi 
tions during 1991-97 were similar to the long-term 
average hydrology, as indicated by the similarity in

flow-duration curves for 1991-97 and 1930-97 for the 
Clark Fork above Missoula (fig. 17). Consequently, 
average annual suspended-sediment and metals loads 
for the 1991-97 period provide data useful for evaluat 
ing the mass-balance estimates of transport in the river 
under long-term hydrologic conditions.

Sediment and metals loads from intervening 
reaches in 1991-97

To provide some perspective on the importance of 
high streamflow to sediment and metals transport, a 
comparison of unit-length yields, in tons per river mile, 
is presented for the 1991 -95 and 1991 -97 periods (table 
18). The 1991-95 period represents five consecutive 
years of below-normal flows, whereas the 1991-97 
period includes both above- and below-normal years of 
flow (fig. 3). The yields are useful for representing 
hydrologically induced differences in input because the 
data were obtained in a consistent manner from a com 
mon network of sites and during a common source con 
dition (post-1990) following completion of several 
remedial treatments in the upper basin.

The average annual yields for the 1991-97 period 
exceeded those of the 1991-95 period in almost all 
instances. Notably, however, there was a decrease in 
sediment yield for 1991-97 in the short reach between 
Warm Springs and Galen, possibly as a result of flood- 
plain deposition of sediment during May and June 1997 
when high streamflow topped the banks in this area of 
dense riparian vegetation. This sediment deposition 
also would have removed paniculate metals from the
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Figure 17. Streamflow-duration curves for the Clark Fork above Missoula (station 12340500), Montana, for the period of record 
(water years 1930-97) and recent study periods (water years 1985-97 and 1991-97).

Table 18. Estimated average annual suspended-sediment and total-recoverable metal yields, in tons per river mile, 
transported in the Clark Fork, Montana, water years 1991-95 and 1991-97 (modified from Hornberger and others,1997, and 
Lambing, 1998)

Average annual yield
Intervening reach between 

mainstem stations

Silver Bow Creek at Warm Springs to 
Clark Fork near Galen (4.2 miles) 

Clark Fork near Galen to
Clark Fork at Deer Lodge (24.8 miles) 

Clark Fork at Deer Lodge to 
Clark Fork at Goldcreek (25.5 miles) 

Clark Fork at Goldcreek to
Clark Fork near Drummond (3 1 .3 miles) 

Clark Fork near Drummond to
Clark Fork at Turah Bridge (33.4 miles)

Suspended 
sediment

1991-95
129 

219

170 

220

103

1991-97

93

382

552 

480

336

Copper

1991-95
0.29

.32

.07 

.12

.10

1991-97

0.29

.51

.22 

.28

.27

(tons per river mile) 1

Lead

1991-95
0.02 

.04

.02 

.02

.01

1991-97

0.03 

.06

.05 

.05

.03

Zinc

1991-95
0.24 

.33

.18 

.28

.12

1991-97

0.38 

.49

.41 

.62

.30

Yields from intervening reaches represent a unit-length input expressed as the average annual load originating from the reach, in tons, divided by the reach 
length, in miles. Expressing yields in this manner assumes that sediment and metals are derived primarily from channel and flood-plain sources.
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river and may be the cause of a corresponding pattern 
of little or no change in the copper and lead yields 
between the two time periods. Zinc yield during 1991- 
97 increased in this reach, however, possibly because 
zinc tends to originate from ground-water sources to a 
greater degree than copper or lead (table 12).

The greatest increases in yield for suspended sed 
iment occurred in the reaches from Deer Lodge to 
Goldcreek and from Drummond to Turah Bridge, 
where yields during 1991-97 were about three times 
higher than during 1991-95. The increase in sediment 
yield for 1991-97 was about double the yield of 1991- 
95 in the intermediate reach of the lower river from 
Goldcreek to Drummond. Increases in copper, lead, 
and zinc yields in these reaches for 1991-97 generally 
were proportional to that of sediment.

When viewed in a longitudinal (downstream) 
manner, suspended-sediment and metal yields during 
1991 -97, which included the ice breakup and high-flow 
years of 1996 and 1997, increased to a proportionally 
greater extent in the lower reaches (below Deer Lodge) 
than in the upper reaches. A fairly consistent down 
stream increase in yield occurred relative to 1991-95, 
ranging from essentially no change at the upstream end 
of the study reach to about a three-fold increase at 
Turah Bridge. This new information obtained from a 
hydrologic condition previously absent from the moni 
toring period illustrates the importance of both high 
flows and the lower river in the overall geomorphic 
process of sediment and metals transport in the Clark 
Fork.

Test of mass-balance results using 1991-97 
data

Suspended-sediment and copper loads estimated 
for water years 1991-97 from monitoring data for the 
Clark Fork at Deer Lodge and Turah Bridge are pre 
sented in table 19 along with loads predicted from 
mass-balance calculations using long-term hydrology 
under current (post-1990) source conditions. Both 
sites are operated as daily sediment stations and pro 
vide the most accurate record of suspended-sediment 
loads available for comparison to loads predicted from 
mass-balance calculations.

The high natural variability in annual suspended- 
sediment transport is apparent, with annual loads at 
Turah Bridge varying more than 20-fold between 9,300 
tons/year in 1992 and 211,000 tons/year in 1997. Sim 
ilarly, the copper loads at Turah Bridge determined 
from monitoring data for 1991-97 varied 13-fold from 
8.5 tons/year in 1992 to 109 tons/year in 1997. The 
mass-balance estimates for the long-term (1930-95) 
average annual sediment loads are approximately 60 
percent higher than the average observed for the period 
1991-97 at both Deer Lodge and Turah Bridge (table 
19). The long-term mass-balance overestimate of sed 
iment transport results in an overestimate of copper 
loading in the Clark Fork. The long-term mass-balance 
estimate for copper at Turah Bridge under current 
source conditions is approximately 30 percent higher 
than the average annual loads estimated from monitor 
ing data for 1991-97. The predicted average annual 
copper loading at Turah Bridge was 58 tons/year for 
current source conditions under long-term hydrology, 
whereas the 1991-97 monitoring data estimate indi 
cates an average annual load of about 44 tons/year.

Table 19. Suspended-sediment and total-recoverable copper loads for the Clark Fork at Deer Lodge and Clark Fork at Turah 
Bridge, Montana, estimated from monitoring data for water years 1991-1997 compared to mass-balance predictions for long- 
term (1930-95) hydrologic conditions (modified from R2 Resource Consultants, 1998)

Annual suspended-sediment load 
(tons/year) Annual copper load (tons/year)

Station

Clark Fork at Deer Lodge 
Clark Fork at Turah Bridge

1991-97 monitoring-data 
estimate

Mini 
mum 

(1992)

3,360 
9,300

Maxi 
mum 

(1997)

31,200 
211,000

Average

12,600 
76,700

Mass 
balance, 

long- 
term 

hydrol 
ogy

20,200 
126,000

1991-97 monitoring-data 
estimate

Mini 
mum 

(1992)

6.0
8.5

Maxi 
mum 

(1997)

40 
109

Average

18
44

Mass 
balance, 
current 

conditions, 
long-term 
hydrology

23 
58

Mass 
balance, 

equilibrium 
conditions, 
long-term 
hydrology

22 
46
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The difference in the average annual 1991-97 
loads determined from water-quality and streamflow 
data and the predicted long-term averages calculated 
by mass balance is caused primarily by the overestima- 
tion of transport during the two high-flow years, 1996- 
97. As shown in figure 18, the amount of sediment 
transported by the high sustained streamflow of 1997 
and the post-ice-breakup streamflow of 1996 was sig 
nificantly less than the transport predicted by the rating 
curve developed from 1985-95 data. This underesti 
mation indicates the difficulty in extrapolating long- 
term estimates from data collected during a base period 
with non-representative hydrologic conditions. Appar

ently, during years when streamflow remains high for 
an extended period, sediment loads are not sustained at 
the high levels predicted by the rating curve, suggest 
ing that sediment-supply limitations affect transport, 
the long-term flow adjustment was too large, or that the 
upper range of the rating curve was poorly defined. 
Whether the lower-than-predicted transport observed 
for 1991-97 is typical of the long-term average relation 
between flow and sediment transport is unknown. 
Thus, the 1991-97 data suggest that the mass-balance 
algorithm calibrated to 1985-95 data overestimates 
suspended-sediment (and associated metal) transport at 
high discharges. Few transport data from other high-
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Figure 18. Comparison of 1996 and 1997 daily mean streamflow and daily mean suspended-sediment discharge to the 1985- 
95 suspended-sediment rating curve for Clark Fork at Turah Bridge (station 12334550), Montana.
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streamflow years are available to evaluate how the rela 
tion between streamflow and sediment transport varies 
during different runoff conditions.

The potential effect of overestimation of sedi 
ment and copper loading on the relative proportions of 
copper contributed from various sources under current 
(post-1990) conditions can be seen by comparing 
tables 16 and 17. Table 16 shows the relative contribu 
tion of copper from each source calibrated with the 
available sediment- and copper-transport data for 
1985-95. With a 1991-95 average load of 22.4 tons/ 
year of copper transported past the Clark Fork at Turah 
Bridge, about 56 percent of the total input originates 
from bank erosion (table 16). For a long-term, flow- 
adjusted average annual estimate of 58 tons/year of 
copper transported past Turah Bridge, bank erosion 
constitutes about 60 percent of the total input from all 
sources (table 17). Thus, the relative percentage of 
total load contributed from various sources is not 
highly sensitive to the actual magnitude of long-term 
average annual copper loads.

SUMMARY AND CONCLUSIONS

Trace-element concentrations in water, sediment, 
and biota in the Clark Fork are elevated as a result of 
tailings introduced during a century of extensive min 
ing and smelting in the headwaters and selected tribu 
taries of the upper basin. Flood-deposited tailings rich 
in arsenic, cadmium, copper, iron, lead, and zinc are 
distributed over the upper Clark Fork flood plain. Most 
of these tailings were deposited during several large 
floods that occurred between the late 1800's and 1908. 
Metal enrichment extends for over a hundred miles of 
the Clark Fork mainstem, posing a potential risk of tox- 
icity to aquatic biota. Because the erosion and trans 
port of metals from the extensive flood-plain sources is 
a continuing public concern, remediation planning and 
initial cleanup efforts were begun in the 1980's as part 
of the U.S. Environmental Protection Agency's Super- 
fund process.

To support remediation planning efforts, a study 
of metals transport and associated geomorphic pro 
cesses in the Clark Fork valley between the Warm 
Springs Ponds and Milltown Reservoir, Montana, was 
conducted during 1995-98. The goal of the study was 
to synthesize existing and new data in order to provide 
an overview of interrelated metals-transport processes 
in the Clark Fork fluvial system. This assessment 
required quantifying the loads coming into the river

from all important sources and then tracking the trans 
port and accumulation of metals through the 120-mile 
reach of river.

Available data on metal distribution and inputs 
were compiled and incorporated into a mass-balance 
algorithm to account for metals inputs from specific 
sources, transport down the river, and deposition in the 
channel. Copper data were used to estimate metals 
mass balance because copper concentrations in the 
Clark Fork occur in measurable concentrations and 
exceed aquatic-life criteria more frequently than con 
centrations of other trace elements. Sources consid 
ered were the basin headwaters, tributaries, material 
eroded from streambanks, flood-plain runoff, ground- 
water inflow, seasonal bank-storage inflow, and metal 
stored in the streambed. Water-quality and continuous- 
streamflow data collected as part of a USGS long-term 
monitoring program were used to quantify the transport 
rates of suspended sediment and metals and to provide 
calibration values for the mass-balance calculations.

The upstream input from Silver Bow and Warm 
Springs Creeks during 1991-95 collectively accounted 
for about 4 percent of the suspended-sediment load 
passing Turah Bridge and about 12, 5, and 14 percent, 
respectively, of the total-recoverable copper, lead, and 
zinc. The three major tributaries above Turah Bridge 
(Little Blackfoot River, Flint Creek, and Rock Creek) 
collectively contributed one-third of the sediment load 
at Turah Bridge, but only a minor amount (6 percent) 
of the copper. Their combined contribution of lead and 
zinc (29 and 15 percent, respectively) was about 2-5 
times greater than that of copper. The largest single 
tributary contribution of metal (lead) was from Flint 
Creek (17 percent of the total at Turah Bridge).

Loads originating from the five intervening 
reaches between mainstem stations represent the com 
bined input from ungaged tributaries, flood-plain run 
off, ground water, and channel sediments. The 
intervening reaches contributed a large proportion (63 
percent) of the suspended-sediment load at Turah 
Bridge during 1991-95. Similarly, metal loads from 
these reaches accounted for a large proportion, repre 
senting 81, 66, and 71 percent of the copper, lead, and 
zinc loads, respectively, at Turah Bridge. Average 
annual yield, in tons per river mile, indicated that sedi 
ment yields were highest in the three middle reaches. 
Zinc yields generally varied in a manner similar to that 
of suspended sediment. In contrast, the copper yield 
from upstream reaches between Warm Springs and 
Deer Lodge was 3-5 times greater than in downstream
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reaches from Deer Lodge to Turah Bridge. Lead yields 
varied the least, with the highest lead yield occurring 
between Galen and Deer Lodge.

The proportion of load derived from specific 
sources within intervening reaches cannot be deter 
mined from the stream monitoring data; therefore, a 
mass-balance evaluation required that estimates of 
inputs from individual sources be developed. Inputs 
from individual sources within the intervening reaches 
were estimated from available data on flood-plain tail 
ings distribution, bank-erosion rates, flood-plain run 
off, and ground-water data.

A tailings and soils map was produced during this 
study for selected areas of the 100-year flood plain to 
identify the areal and vertical extent of tailings and 
impacted soils, the range of trace-element concentra 
tions, and the location of affected soils relative to the 
Clark Fork channel. In the 43-mile reach of the Clark 
Fork between Warm Springs Creek and the confluence 
with the Little Blackfoot River (Reach A, Deer Lodge 
valley), approximately one-third of the flood plain con 
tains tailings or mixed soil/tailings layers. The infor 
mation compiled from this mapping and sampling 
effort was used to estimate average metals concentra 
tions in streambanks. Sampling of flood-plain tailings 
and soils was very limited in the lower 75 miles of the 
study reach (Reaches B and C, Clark Fork between the 
Little Blackfoot River and Turah Bridge) and, there 
fore, metals concentrations for flood-plain deposits in 
this area were generalized from sparse local data and 
data from the Deer Lodge valley.

Calculations of the volume of bank material 
eroded and the average copper concentrations in the 
banks were used to estimate the copper loads from 
bank erosion. Average annual meander-migration rates 
for the Deer Lodge valley were quantified by compar 
ing the change in channel position using aerial photo 
graphs taken in 1960 and 1989. During this period, 
migration rates ranged from 0.0 to 5.8 ft/year, with an 
average rate of 0.6 ft/year over the 43-mile reach. 
Streamflow during the 1960-89 period was slightly 
higher than during the longest available gaging record 
of 1930-95; therefore, bank-erosion rates for 1960-89 
were adjusted downward slightly to better reflect long- 
term bank erosion.

Input data were incorporated into a mass-balance 
algorithm that simulates copper transport during vari 
able flow conditions over time as source conditions 
change. The resulting mass balance was used to esti 
mate the relative contribution from various sources in

the upper Clark Fork basin. The mass-balance esti 
mates were calibrated with 1985-95 monitoring data on 
suspended-sediment and copper transport.

Copper loads in surface runoff from the Clark 
Fork flood plain were predicted separately for areas of 
exposed tailings (slickens) and vegetated tailings areas 
using runoff volumes and average soil copper concen 
trations. The estimated copper load from slickens rep 
resented 18 percent of the average annual copper load 
passing Turah Bridge during 1991-95, whereas that 
from vegetated tailings was negligible.

Copper loads from the shallow ground-water sys 
tem were estimated using flow rates and copper data 
collected from monitoring wells completed in gravel 
underlying flood-plain deposits. The copper supplied 
from ground water discharging to the Clark Fork along 
the 120-mile study reach represented only about .7 per 
cent of the copper loads at Turah Bridge. Seasonal cop 
per loading from bank storage is probably small based 
on limited data that indicated minimal change in chem 
istry and hydraulic gradients during changes in river 
stage.

The gross inputs of sediment and copper were 
coupled with estimates of transport to determine the 
percentage of material delivered to the river that is sub 
sequently deposited within the channel. Suspended- 
sediment transport was simulated for various flow con 
ditions and duration during 1985-95 and compared to 
estimates obtained from monitoring data to assess the 
accuracy. The algorithm is based on the assumption 
that copper predominantly is transported attached to 
sediment; therefore, the copper concentrations deter 
mined for each of the sediment sources were used to 
calculate the corresponding copper transport.

The flux of copper into and out of the streambed 
beneath the armor layer affects transport because cop 
per concentrations in the bed presumably are elevated 
as a result of historical inputs prior to the recent 
cleanup efforts in parts of the upper basin and enhance 
ment of retention capabilities in the Warm Springs 
Ponds. Thus, the streambed is expected to act as a cop 
per source by releasing historically stored copper to 
downstream transport until the bed comes to equilib 
rium with current (post-1990) copper inputs. At equi 
librium, the bed is expected to be neither a source nor a 
sink for copper. Copper-concentration data for surfi- 
cial bed sediment available from several studies were 
used in conjunction with estimated shear stress to sim 
ulate exchange of copper from the bed during high-
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flow conditions, when there is sufficient energy to 
mobilize the armor layer of pebble and cobble that cov 
ers the Clark Fork streambed. Under such conditions, 
fine sediments and associated copper underlying the 
armor layer can exchange with less concentrated mate 
rial in suspension and become progressively diluted 
over time. The mass-balance algorithm was first run 
using initial streambed copper concentrations that were 
elevated with historical copper sources (pre-1990). 
The algorithm then was run without these sources for 
five years to simulate the removal and treatment of tail 
ings in portions of the upstream reach that were com 
pleted around 1990. The equilibrium condition after 
five years then was used to represent current (post- 
1990) conditions of copper concentration in the stream- 
bed. Copper exchange with the streambed was grossly 
estimated to be 8 percent of the load at Turah Bridge.

Copper transport through intervening reaches 
was calibrated by modifying the initially assigned mag 
nitude of various input concentrations or rates to pro 
duce output values similar to the average copper loads 
estimated from the 1991-95 monitoring data. The 
resulting distribution of mass inputs then was used to 
evaluate the relative contribution of copper from differ 
ent sources. Under current source conditions and 
1985-95 hydrology, the mass-balance calculations 
indicate that streambank erosion is the largest source of 
copper to the river, comprising approximately 56 per 
cent of the total copper input within the 120-mile reach. 
Upstream input accounts for about 5 percent, whereas 
tributary and streambed exchange each account for 
about 8 percent. Flood-plain runoff and ground water 
together account for about 24 percent of the total cop 
per input. Not all of the copper entering the river is 
transported past Turah Bridge. Instead, about 47 per 
cent of the copper input is deposited on point bars.

After mass-balance calibration with data col 
lected from the 1985-95 monitoring period, long-term 
transport rates were simulated by adjusting rates to 
streamflow conditions representative of 1930-95 
hydrology. This long-term mass-balance simulation of 
loads was done for two scenarios: (1) current (post- 
1990) source conditions adjusted to long-term hydrol 
ogy, and (2) future source conditions adjusted to long- 
term hydrology. Future source conditions represent 
expected conditions after the historical (pre-1990) 
metal enrichment in the bed is depleted by sediment 
exchange and metal concentrations in the bed are in

equilibrium with metal concentrations in suspended 
sediment.

Under current source conditions and with 1985- 
95 transport rates adjusted to 1930-95 hydrology, the 
average annual copper load at Turah Bridge estimated 
by mass balance increases from 22.4 to 58.0 tons/year. 
About 60 percent of all copper input to the river under 
current source conditions and long-term hydrology 
originates from bank erosion, with tributaries and the 
combined input from ground water and flood-plain run 
off accounting for about 10 percent each. Upstream 
input represents 6 percent and streambed exchange 
provides about 14 percent. About 56 percent of this 
input reaches Turah Bridge, with 44 percent being 
deposited in channel features such as point bars.

Because upstream inputs of metals have been 
greatly reduced by the Warm Springs Ponds and recent 
cleanup efforts, the mass-balance estimates also predict 
changes in copper transport after the metals that were 
historically deposited in the streambed become 
depleted over time through bed-scour sediment 
exchange to the point where the streambed is no longer 
acting as a source or sink for metals. The long-term 
copper load at Turah Bridge under future streambed 
equilibrium conditions decreases from 58 to 46 tons/ 
year. The proportion of bank input increases to about 
70 percent while the streambed input goes to 0 percent. 
The other inputs increase by only about 1 or 2 percent. 
About 52 percent of the input reaches Turah Bridge, 
with the remaining 48 percent being deposited within 
the 120-mile reach.

High streamflows in 1996 and 1997 exceeded 
those of the 1985-95 calibration period. The additional 
data for the two high-streamflow years results in flow- 
duration statistics for 1991-97 that are similar to those 
for the long-term 1930-97 period. Under a hydrologic 
regime that includes high streamflows, inputs to the 
river from intervening reaches increase disproportion 
ately in the lower reaches of the river compared to the 
upper reaches. This results in nearly equivalent copper 
yields along the 120-mile length, with the exception of 
the Galen to Deer Lodge reach, which provides about 
double the input per mile compared to the other 
reaches.

Loads estimated by the mass-balance algorithm 
that was calibrated to 1985-95 data and adjusted to 
long-term (1930-95) hydrology were compared to the 
1991-97 average annual loads estimated from monitor 
ing data to evaluate the mass-balance load estimates for 
the higher streamflow conditions of the long-term
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period. The long-term suspended-sediment transport 
at Turah Bridge predicted by mass-balance calculations 
for current source conditions are about 60 percent 
higher than the 1991-97 average annual load deter 
mined from monitoring data. The difference results 
primarily from overestimation of transport during the 
high-flow range, which is a consequence of the sedi 
ment rating being developed from data collected during 
a period absent of such high flows and then extrapo 
lated to conditions outside the measured flow range. 
The long-term prediction of copper transport under 
current source conditions was 58 tons per year at Turah 
Bridge, whereas the 1991 -97 monitoring data indicated 
an average annual copper load of 44 tons per year. 
However, regardless of the difference in loads pre 
dicted by the mass-balance algorithm and those deter 
mined from the 1991-97 monitoring data, the relative 
percentage of total load contributed from various 
sources remains similar.

REFERENCES CITED

Axtmann, E.V., and Luoma, S.N., 1991, Large-scale distri 
bution of metal contamination in fine-grained sedi 
ments of the Clark Fork River, Montana, U.S.A.: 
Applied Geochemistry, v. 6, p. 75-88.

Brook, E.J., 1988, Particle-size and chemical control of met 
als in Clark Fork River bed sediment: Missoula, Uni 
versity of Montana, unpublished M.S. thesis, 126 p.

Brooks, Rebekah, 1988, Distribution and concentration of 
metals in sediments and water of the Clark Fork River 
flood plain, 'Montana: University of Montana, Mis 
soula, unpublished M.S. thesis.

Brooks, Rebekah, and Moore, J.N., 1989, Sediment-water 
interactions in the metal-contaminated flood plain of 
the Clark Fork River, Montana, USA: GeoJournal, v. 
19, p. 27-36.

CH2M Hill, Inc., 1989, Silver Bow Creek flood modeling 
study: Boise, Idaho, unpublished report prepared for the 
Montana Department of Health and Environmental Sci 
ences, November 1989.

CH2M Hill, Inc., 1991, Draft final Clark Fork River site 
screening study: Helena, Mont., unpublished report 
prepared for Montana Department of Health and Envi 
ronmental Sciences, 94 p.

Davis, Andy, 1995, Clark Fork River geochemistry: unpub 
lished expert report, United States District Court, Dis 
trict of Montana, Helena Division, State of Montana 
versus Atlantic Richfield Company, no. CV-83-317- 
HLN-PGH, 19 p.

Dietrich, W.E., and Smith, J.D., 1983, Influence of the point 
bar on flow through curved channels: Water Resources 
Research, v. 19, p. 1173-1192.

Dietrich, W.E., and Smith, J.D., 1984, Bed load transport in 
a river meander: Water Resources Research, v. 20, p. 
1355-1380.

Dodge, K.A., Hornberger, M.I., and Axtmann, E.V., 1996, 
Water-quality, bed-sediment, and biological data (Octo 
ber 1993 through September 1994) and statistical sum 
maries of data for streams in the upper Clark Fork 
basin, Montana: U.S. Geological Survey Open-File 
Report 96-432, 109 p.

Dodge, K.A., Hornberger, M.I., and Axtmann, E.V., 1997, 
Water-quality, bed-sediment, and biological data (Octo 
ber 1995 through September 1996) and statistical sum 
maries of data for streams in the upper Clark Fork 
basin, Montana: U.S. Geological Survey Open-File 
Report 97-552, 91 p.

Emrnett, W.W., 1984, Measurement of bedload in rivers, in 
Hadley, R.F., and Walling, D.E., eds., Erosion and sed 
iment yield: Norwich, England, Geo Books, p. 91-110.

Essig, D.A., and Moore, J.N., 1992, Clark Fork damage 
assessment bed sediment sampling and chemical analy 
sis report: Missoula, Mont., unpublished report pre 
pared for the Natural Resource Damage Program, State 
of Montana, October 1992, 110 p.

Friedman, J.M., Osterkamp, W.R., and Lewis, W.M., Jr., 
1996, Channel narrowing and vegetation development 
following a Great Plains flood: Ecology, v. 77, p. 2167- 
2181.

Graf, W.H., 1971, Hydraulics of sediment transport: New 
York, McGraw-Hill, 513 p.

Hornberger, M.I., Lambing, J.H., Luoma, S.N., and Axt 
mann, E.V., 1997, Spatial and temporal trends of trace 
metals in water, bed sediment, and biota of the upper 
Clark Fork basin, Montana, 1985-95: U.S. Geological 
Survey Open-File Report 97-669, 127 p.

Horstman, M.C., 1984, Historical events associated with the 
upper Clark Fork drainage: Missoula, Mont, unpub 
lished report prepared for the Montana Department of 
Fish, Wildlife and Parks.

Interagency Advisory Committee on Water Data, 1982, 
Guidelines for determining flood flow frequency Bul 
letin 17B of the Hydrology Subcommittee: U.S. Geo 
logical Survey, Office of Water Data Coordination, 
183 p.

Lambing, J.H., 1991, Water-quality and transport character 
istics of suspended sediment and trace elements in 
streamflow of the upper Clark Fork basin from Galen to 
Missoula, Montana, 1985-90: U.S. Geological Survey 
Water-Resources Investigations Report 91-4139, 73 p.

Lambing, J.H., 1998, Estimated 1996-97 and long-term 
average annual loads of suspended sediment and 
selected trace metals in streamflow of the upper Clark

54 Geomorphology, flood-plain tailings, and metal transport in the upper Clark Fork valley, Montana



Fork basin from Warm Springs to Missoula, Montana: 
U.S. Geological Survey Water-Resources Investiga 
tions Report 98-4137, 35 p.

Lambing, J.H., Hornberger, M.I., Axtmann, E.V., and
Dodge, K.A., 1995, Water-quality, bed-sediment, and 
biological data (October 1993 through September 
1994) and statistical summaries of data for streams in 
the upper Clark Fork basin, Montana: U.S. Geological 
Survey Open-File Report 95-429, 104 p.

Lambing, J.H., Hornberger, M.I., Axtmann, E.V., and Pope, 
D.A., 1994, Water-quality, bed-sediment, and biologi 
cal data (October 1992 through September 1993) and 
statistical summaries of water-quality data (March 1985 
through September 1993) for streams in the upper Clark 
Fork basin, Montana: U.S. Geological Survey Open- 
File Report 94-375, 85 p.

Leopold, L.B., Wolman, M.G., and Miller, J.P., 1964, Fluvial 
processes in geomorphology: San Francisco, W.H. 
Freeman and Company, 522 p.

Matthai, H.F., 1969, Floods of June 1965 in South Platte 
River basin, Colorado Floods of 1965 in the United 
States: U.S. Geological Survey Water-Supply Paper 
1850-B, 64 p.

Meyer, C., Shea, E.P., and Goddard, C.G., 1968, Ore depos 
its at Butte, Montana, in Ridge, J., ed., Ore deposits of 
the United States, 1937-1967, The Granton Sales vol 
ume: New York, American Institute of Mining, Metal 
lurgical, and Petroleum Engineers Inc., p. 1375-1415.

Middleton, G.V., and Southard, J.B., 1984, Mechanics of 
sediment movement: Society of Economic Paleontolo 
gists and Mineralogists, Short Course no. 3 [variously 
paged].

Miller, R.N., 1973, Production history of the Butte District 
and geological function, past and present, in Miller, 
R.N., ed., Guidebook for the Butte field meeting of 
Society of Economic Geologists, August 18-21, 1973: 
Butte, Mont., Society of Economic Geologists, U.S. 
Geological Survey, and the Anaconda Company, p. F-1 
toF-10.

Montana Department of Health and Environmental Sci 
ences, 1989, Feasibility study for the Warm Springs 
Ponds operable unit: Helena, Mont., 951 p.

Moore, J.N., 1985, Source of metal contamination in Mill- 
town Reservoir, Montana an interpretation based on 
the Clark Fork River bank sediment: unpublished report 
to the U.S. Environmental Protection Agency, Helena, 
Mont., September 1985.

Moore, J.N., and Luoma, S.N., 1990, Hazardous wastes from 
large-scale metal extraction: Environmental Science 
and Technology, v. 24, p. 1279-1285.

MultiTech, 1987, Silver Bow Creek Remedial Investigation 
final report, appendix A, part 1  Surface-water and 
point-source investigation: Helena, Mont., [variously 
paged].

Nimick, D.A., 1990, Stratigraphy and chemistry of metal- 
contaminated flood plain sediments, upper Clark Fork 
River, Montana: Missoula, University of Montana, 
M.S. thesis, 118 p.

Nimick, D.A., Brooks, Tom, Dodge, K.A., and Tuck, L.K., 
1993, Hydrology and water chemistry of shallow aqui 
fers along the upper Clark Fork, western Montana: U.S. 
Geological Survey Water-Resources Investigations 
Report 93-4052, 63 p.

Nimick, D.A., and Moore, J.N., 1991, Prediction of water- 
soluble metal concentrations in fluvially deposited tail 
ings: Applied Geochemistry, v. 6, p. 635-646.

Nimick, D.A., and Moore, J.N., 1994, Stratigraphy and 
chemistry of sulfidic flood-plain sediments in the upper 
Clark Fork valley, Montana, in Alpers, C.N., and 
Blowes, D.W., eds., Environmental geochemistry of 
sulfide oxidation: Washington, D.C., American Chemi 
cal Society Symposium Series 550, p. 276-288.

Osterkamp, W.R., and Costa, J.E., 1987, Changes accompa 
nying an extraordinary flood on a sandbed stream, in 
Mayer, L., and Nash, D., eds., Catastrophic flooding: 
Boston, Alien and Unwin, p. 201-224.

PTI Environmental Services, 1990, Upper Clark Fork River 
assessment of geomorphology and tailings distribution: 
Bellevue, Wash., prepared for ARCO, March 1990, 
143 p.

PTI Environmental Services, 1997, Arsenic, copper, and 
zinc mineralogy in Clark Fork river soil/tailings sam 
ples: Boulder Colo., prepared for ARCO, March 1997, 
24 p.

Rice, P.M., and Ray, G J., 1985, Heavy metals in flood plain 
deposits along the upper Clark Fork, in Carlson, C.E. 
and Bahls, L.L., eds., Proceedings, Clark Fork Sympo 
sium: Butte, Mont., Montana Academy of Sciences, 
Montana College of Mineral Science and Technology, 
April 19, 1985, p. 26-45.

R2 Resource Consultants, Inc., 1997, Upper Clark Fork 
River streambank erosion rates: Redmond, Wash., 
unpublished report prepared for ARCO, 13 p.

R2 Resource Consultants, Inc., 1998, Numerical model of 
metals transport in the upper Clark Fork River, Mon 
tana: Redmond, Wash., unpublished report prepared for 
ARCO, March 1998, 64 p.

Schafer and Associates, 1988, Clark Fork River tailings and 
soil investigations An assessment of the distribution of 
mine waste in the flood plain, analysis of contaminant 
migration pathways, and discussion of potential reme 
dial measures: Bozeman, Mont., unpublished report to 
the Montana Governor's Office, 36 p.

Schafer and Associates, 1996, Clark Fork River Governor's 
demonstration monitoring (1993-95) Final report: 
Bozeman, Mont., unpublished report prepared for 
ARCO, March 1996, 207 p.

References cited 55



Schafer and Associates, 1997'a, Soil and tailings map of a 
portion of the Clark Fork River flood plain: Bozeman, 
Mont., unpublished report prepared for ARCO, Decem 
ber 18, 1997, 56 p.

Schafer and Associates, 1997b, Clark Fork River remedial 
investigation metal concentrations in soils exposed in 
banks: Bozeman, Mont., unpublished report prepared 
for ARCO, December 18, 1997, 79 p.

Schafer and Associates, 1997c, Mass load to the Clark Fork 
River from groundwater: unpublished report prepared 
for ARCO, October 29, 1997, Bozeman, Mont., 17 p.

Schafer and Associates, 1997d, Changes in groundwater 
chemistry and groundwater elevation in response to 
peak hydrograph conditions: Bozeman, Mont., unpub 
lished report prepared for ARCO, December 18, 1997, 
21 p.

Titan Environmental Corporation, 1995, Silver Bow Creek/ 
Butte Area NPL Site-Streamside Tailings Operable 
Unit RI/FS, Draft remedial investigation report: Boze 
man, Mont., unpublished report prepared for ARCO, v. 
1 of 2,413 p.

Titan Environmental Corporation, 1997, Surface water run 
off and metal mass loads from the Clark Fork River

flood plain: unpublished report prepared for ARCO, 
October 29, 1997, Bozeman, Mont., 30 p.

University of Montana, 1996, Clark Fork River riparian 
zone inventory, Final report: Missoula, Mont, unpub 
lished report prepared for ARCO by the Riparian and 
Wetland Research Program, School of Forestry, Uni 
versity of Montana.

U.S. Department of Agriculture, 1975, Soil taxonomy, in 
Agricultural handbook no. 436, Soil Conservation Ser 
vice, 754 p.

U.S. Geological Survey, issued annually, Water-resources 
data, Montana: U.S. Geological Survey Water-Data 
Report.

Weed, H.W., 1912, Geology and ore deposits of Butte Dis 
trict, Montana: U.S. Geological Survey Professional 
Paper 74, 257 p.

Wheeler, R.J., 1974, Water resources and hazard planning 
report for the Clark Fork River valley above Missoula, 
Missoula County, Montana: Missoula, University of 
Montana, Department of Geology, Montana Water 
Resource Report 51, 69 p.

Yalin, M.S., 1977, Mechanics of sediment transport (2d ed.): 
Oxford, Pergamon, 298 p.

56 Geomorphology, flood-plain tailings, and metal transport in the upper Clark Fork valley, Montana

£ U.S. GOVERNMENT PRINTING OFFICE: 1998 676-582 / 85002 Region No. 8









S
m

ith
 a

n
d

 O
th

e
rs

-G
E

O
M

O
R

P
H

O
L

O
G

Y
, F

L
O

O
D

-P
L

A
IN

 T
A

IL
IN

G
S

, A
N

D
 M

E
T

A
L

 T
R

A
N

S
P

O
R

T
 IN

 T
H

E
 U

P
P

E
R

 C
L

A
R

K
 F

O
R

K
 V

A
L

L
tY

, M
O

N
I A

N
A

-U
b

U
b

/W
K

IK
 9

8
-4

1
7

0


