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Reconnaissance of Arsenic in Surface and Ground Water along
the Madison and Upper Missouri Rivers, Southwestern and

West-Central Montana

By LK. Tuck

Abstract

Geothermal waters in Yellowstone National Park
contribute large quantities of arsenic to the headwaters
of the Madison River. The Madison River flows for
about 150 miles to the confluence of the Jefferson and
Gallatin Rivers near Three Forks where the Missouri
River begins. Arsenic concentrations in the Madison
and upper Missouri Rivers and some ground water
commonly exceed the State of Montana water-quality
human-health standard of 18 micrograms per liter
(ug/L) as well as the U.S. Environmental Protection
Agency Maximum Contaminant Level for drinking
water of 50 pug/L. This report describes the magnitude,
extent, and possible sources of arsenic in surface and-
ground water, describes the processes controlling
arsenic in ground water, and assesses the effect of irri-
gation on ground-water quality.

The median dissolved-arsenic concentration of
the Madison River near West Yellowstone is 270 pg/L,
whereas the median dissolved-arsenic concentration of
the Missouri River at Toston is 30 pg/L. Arsenic con-
centrations decréase from the Madison River near West
Yellowstone to the Missouri River at Toston because
tributaries having much smaller arsenic concentrations
dilute water in the Madison and upper Missouri Rivers.
Downstream trends in arsenic loads and boron and lith-
ium concentrations indicate that arsenic in the main-
'stem Madison and upper Missouri Rivers is largely
chemically conservative.

In the upper Madison River Valley, arsenic con-
centrations in irrigation-supply water range from <1 to
88.5 ug/L, whereas arsenic concentrations in water in
drains and springs and seeps range from <0.7 to
25.8 ug/L. Arsenic loads in water at selected surface-
water sites increase during the irrigation season, which
likely indicates that some arsenic originates from irri-
gation. Most arsenic concentrations in water at these
sites are less than about 20 pg/L, and some arsenic

from applied irrigation water is removed by sorption
onto soils. Arsenic concentrations in ground water of
the upper Madison River Valley range from 0.5 to

40 pg/L, with a median of 2.0 ug/L.

In the lower Madison River Valley, arsenic con-
centrations in irrigation-supply water range from 27.0
to 113 ng/L. Arsenic concentrations in water in drains
and Rey and Spring Creeks range from 42.2 to
321 ug/L. The predominant effect on arsenic concen-
trations in water in drains and Rey and Spring Creeks
probably is inflow from deeper ground water that dis-
charges to these sites. Arsenic concentrations in
ground water of the lower Madison River Valley and
areas along the lower Jefferson and Gallatin Rivers
range from 0.4 to 176 pg/L, with a median concentra-
tion of 54 pg/L.

In the Townsend Valley, arsenic concentrations
in irrigation-supply water range from 4.0 to 38.4 pug/L.
Arsenic concentrations in water in drains and seeps
range from <1 to 12.8 ug/L. Arsenic loads in water at
some surface-water sites increased during the irrigation
season, which likely indicates that some arsenic origi-
nates from irrigation. Most arsenic concentrations in
water in drains and seeps are less than about 8 pg/L;
thus, most arsenic from applied irrigation water is
removed by sorption onto soil. Arsenic concentrations
in ground water of the Townsend Valley range from <1
to 18 ug/L, with a median of 2.2 pg/L.

In the Helena Valley, arsenic concentrations in
irrigation-supply water range from 1.1 to 31 pg/L.
Arsenic concentrations in water in drains range from
<0.8 to 25 pg/L. Most arsenic concentrations in water
from drains are less than about 5 pg/L; thus, either
arsenic is diluted by other water sources, or much is
removed from applied irrigation water by sorption onto
soils. Arsenic concentrations in ground water of the
Helena Valley range from 0.9 to 22 pug/L, with a median
of 2.0 pg/L.

Abstract 1



The behavior and fate of arsenic in the study area
are complex and dependent on many chemical and
physical processes. Sorption/desorption reactions
probably are the primary chemical processes control-
ling arsenic concentrations in ground water of the study
area. In the upper Madison River, Townsend, and Hel-
ena Valleys, arsenic concentrations in irrigation-supply
water generally are higher than arsenic concentrations
in water from drains and springs and seeps. Arsenic
concentrations in very shallow ground water generally
are higher than arsenic concentrations in deeper ground
water. The most likely explanation for these decreases
in arsenic concentrations is sorption of arsenic onto
soils from applied irrigation water. Desorption appears
to be an important chemical process causing some high
arsenic concentrations in ground water primarily in the
lower Madison River Valley. Evapoconcentration
might be a significant factor in causing high arsenic
concentrations in soil moisture and some very shallow
ground water. Dilution also appears to physically con-
trol arsenic concentrations where large quantities of
tributary inflow recharge basin-fill deposits or where
regional ground water has an upward component of
flow.

In the upper Madison River, Townsend, and Hel-
ena Valleys, the areas where ground water is affected
by canal leakage or applied irrigation water are variable
and are not apparent in many instances. In all three val-
leys, local conditions near or at the well--such as dis-
tance from irrigation recharge sources, sorption/
desorption reactions, aquifer permeability, well depth
and construction, dilution by tributaries or regional
ground water, and horizontal and vertical gradients--
affect the ground-water quality and control the arsenic
concentrations in water at the well. The net result of
these conditions is that most arsenic concentrations in
ground water of the upper Madison River, Townsend,
and Helena Valleys that is recharged or might be partly
recharged by irrigation are much lower than the State of
Montana water-quality human-health standard of 18
ug/L, as well as the U.S. Environmental Protection
Agency Maximum Contaminant Level of 50 pg/L.

The effects of irrigation on ground-water quality
of the lower Madison River Valley cannot be deter-
mined in a large part of the valley. Most arsenic con-
centrations in ground water are higher than the State of
Montana human-health standard of 18 ptg/L and are
caused by unique hydrogeologic and chemical condi-
tions. Ground-water quality and arsenic concentrations
are affected predominantly by direct recharge from the

Madison River and ground water inflows from upgra-
dient areas. The effects of irrigation on ground-water
quality are not apparent but might only occur in the
near-surface part of the aquifer. Horizontal and vertical
flow gradients might prevent deep percolation of irri-
gation water. Along the eastern valley margin,
recharge from irrigation and leaching of arsenic from
Tertiary sediment affect ground-water quality and
arsenic concentrations.

INTRODUCTION

Geothermal waters in Yellowstone National Park
contribute large quantities of arsenic to the headwaters
of the Madison River (fig. 1). The median total-
recoverable arsenic concentration in water from the
Madison River near West Yellowstone is 280 ug/L.
The Madison River joins the Jefferson and Gallatin
Rivers near Three Forks to form the upper Missouri
River, where the median total-recoverable arsenic con-
centration in water is 74 ug/L.. Farther downstream
below Canyon Ferry Lake near Helena, the median
total-recoverable arsenic concentration in water is
27 pg/L (Knapton and Horpestad, 1987; Knapton and
Brosten, 1987, 1989; U.S. Geological Survey, pub-
lished annually). Ground water in some Quaternary
and Tertiary deposits along the Madison and upper
Missouri Rivers is locally enriched in arsenic. Arsenic
concentrations in ground water are highest in the lower
Madison River Valley near Three Forks, where a dis-
solved-arsenic concentration of 176 lg/L has been
reported (Sonderegger and Sholes, 1989).

Arsenic in surface and ground water in the Mad-
ison and upper Missouri River Valleys is a public-
health concern. Arsenic concentrations in the Madison
and upper Missouri Rivers and some ground water
commonly exceed the State of Montana water-quality
human-health standard of 18 pug/IL (Montana Depart-
ment of Environmental Quality (MDEQ), 1995) as
well as the U.S. Environmental Protection Agency
(EPA) Maximum Contaminant Level (MCL) for drink-
ing water of 50 pug/L. (U.S. Environmental Protection
Agency, 1996). In addition, the EPA is proposing to
change the MCL for arsenic in drinking water from 50
to 5 ug/L. The extent of affected areas and the mecha-
nisms that control arsenic concentrations in surface and
ground water in the Madison and upper Missouri River
Valleys are relatively unknown.

2 Reconnaissance of Arsenic in Surface and Ground Water along the Madison and Upper Missouri Rivers, Southwestern and West-Central Montana
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The Montana Department of Natural Resources
and Conservation (MDNRC) adopted a water alloca-
tion policy in 1992 that prevents new irrigation projects
if water diverted for irrigation increases arsenic con-
centrations in surface or ground water. A better under-
standing of the historic effects of irrigation on arsenic
in surface and ground water was needed to enable man-
agers to predict the effect that proposed new irrigation
projects will have on arsenic concentrations. Conse-
quently, the U.S. Geological Survey (USGS), in coop-
eration with MDNRC, conducted a study to obtain
additional information to meet this need.

Purpose and Scope

This report documents the results of a reconnais-
sance evaluation of arsenic in the Madison and upper
* Missouri Rivers and the irrigation canals, ditches,
drains, springs and seeps, and ground water along these
rivers. Specifically, the report describes the magnitude,
extent, and possible sources of arsenic in surface and
ground water, describes the processes controlling
arsenic in ground water, and assesses the effect of irri-
gation on ground-water quality. The emphasis of the
report is on four valleys where water from the Madison
and Missouri Rivers has been diverted for irrigation:
the northern part of the upper Madison River Valley,
the lower Madison River Valley, the southern part of
the Townsend Valley, and the Helena Valley (fig.1).

Water-quality data used in this report and infor-
mation about sampling locations, types of data, meth-
ods of data collection and compilation, sample
processing and analysis, and quality assurance for
those data are presented in a companion data report by
Tuck and others (1997). The hydrologic and water-
quality data were collected and compiled during
1988-95.

Previous Investigations

General hydrogeologic investigations have been
conducted in all four valleys. The most recent study
that included all four valleys was part of the Regional
Aquifer-System Analysis (RASA) program, which was
a nationwide series of studies by the USGS. Reports
from that study include hydrogeologic data from wells
in western Montana (Dutton and others, 1995), geo-
logic and hydrologic summaries of valleys in western

Montana (Kendy and Tresch, 1996), geologic history
and hydrogeologic units (Tuck and others, 1996),
ground-water levels (Briar and others, 1996), and qual-
ity of ground and surface water (Clark and Dutton,
1996). In addition, Nimick and others (1998) investi-
gated the transport and fate of arsenic in the Madison
and Missouri Rivers from Yellowstone National Park
to Fort Peck Lake. Mangelson and Brummer (1994)
also investigated the occurrence of arsenic along the
Madison and upper Missouri Rivers. Site-specific
hydrogeologic investigations have been conducted in
the lower Madison River Valley (Nimick, 1998; Son-
deregger and Sholes, 1989; and Sonderegger and
Ohguchi, 1988), the Townsend Valley (Pardee, 1925;
Lorenz and McMurtrey, 1956; Wyatt, 1984) and the
Helena Valley (Lorenz and Swenson, 1951; Wilke and
Coffin, 1973; Moreland and others, 1979; Moreland
and Leonard, 1980; Briar and Madison, 1992; and
Kendy and others, 1998).

Site-Numbering Systems

Surface-water sites are assigned a site number
from S1 through S103 (table 1 at back of report).
Eight-digit station-identification numbers for routine
surface-water sites represent the standard USGS num-
bering system for streamflow-gaging stations. Fifteen-
digit station-identification numbers are used for mis-
cellaneous or temporary surface-water stations; these
numbers represent the approximate latitude and longi-
tude of the site (first 13 digits), plus the sequence num-
ber (last 2 digits).

Ground-water sites are assigned a site number
that refers to the valley in which the well is located
(table 2 at back of report). For example, well H21 is
located in the Helena Valley.

Ground-water sites also are assigned location
numbers according to their geographic position within
the rectangular grid system used for the subdivision of
public lands (fig. 2). The location number consists of
as many as 14 characters. The first three characters
specify the township and its position north or south
(N or S) of the Montana Base Line. The next three
characters specify the range and its position east or
west (E or W) of the Montana Principal Meridian. The
next two characters are the section number. The next
one to four characters designate the quarter section
(160-acre tract), the quarter-quarter section (40-acre
tract), the quarter-quarter-quarter section (10-acre
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tract), and the quarter-quarter-quarter-quarter section
(2.5-acre tract), respectively, in which the well is -
located. These four subdivisions of the section are des-
ignated A,B,C, and D in a counter-clockwise direction,
beginning in the northeastern quadrant. The last two
numeric characters specify a sequence number to dis-
tinguish between multiple wells at a single location.
For example, as shown in figure 2, well
11NO3W33BBAAO?2 is the second well inventoried in
the NE 1/4 (A) of the NE 1/4 (A) of the NW1/4 (B) of
the NW1/4 (B) of sec. 33, T. 11 N,,R. 3 W.

Methods of Investigation and Analysis of Data

Generalized land use was mapped in the northern
part of the upper Madison River Valley, the lower Mad-
ison Valley, and the southern part of the Townsend Val-
ley during the 1993-94 irrigation seasons. Land use

was delineated on USGS 7.5-minute topographic quad-
rangles, digitized, and included in a Geographic Infor-
mation System (GIS). Generalized land-use
information for the Helena Valley was available in a
GIS from a previous study (Briar and Madison, 1992).

The potentiometric surfaces in basin-fill deposits
in the northern part of the upper Madison River Valley,
southern part of the Townsend Valley, and Helena Val-
ley are based primarily on measured water levels and
surface-water altitudes from 7.5-minute topographic
quadrangles. Reported water levels from drillers’ logs
were used where measured water levels were sparse. In
the southern two-thirds of the lower Madison River
Valley, the potentiometric surface of the basin-fill
deposits is based primarily on reported water levels
from drillers’ logs and surface-water altitudes from
7.5-minute topographic quadrangles. In the northern
part of the lower Madison River Valley, many water-

Location number 11NO3W33BBAA02

(Site number H21)

Figure 2. Numbering system for ground-water sites along the Madison and upper Missouri Rivers, Montana.
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level data from drillers’ logs are inconsistent with
nearby surface-water altitudes; thus, surface-water alti-
tudes also were used to construct the potentiometric
surface.

For data analysis and incorporation into a GIS,
arsenic concentrations that were less than the minimum
reporting level were assumed to be one-half the mini-
mum reporting level rounded to the nearest 0.1 pg/L.
For example, the minimum reporting levels for arsenic
concentrations.for surface-water site S16 (table 3 at
back of report), for the non-irrigation (October 15
through April 14) and irrigation seasons (April 15
through October 14) were 0.7 p1g/L and 1 pug/L, respec-
tively. The mean and median arsenic concentrations
for water samples from this site were calculated by
using 0.4 ug/L and 0.5 pug/L, respectively, as if these
values were the minimum arsenic concentrations deter-
mined for this site. The convention of using one-half
the minimum reporting level also was used for compar-
ing arsenic, boron, and lithium concentrations in
graphs in the section “Arsenic in Ground Water.” For
ground-water sites where more than one sample was
analyzed for arsenic, the mean concentration was used
in figures in the section “Arsenic in Ground Water.”

Water samples were analyzed by one of three
laboratories: USGS National Water Quality Labora-
tory, Denver, Colo.; Montana Bureau of Mines and
Geology (MBMG) Analytical Division, Butte, Mont.;
and Bureau of Reclamation (BOR), Bismarck, N.D.
Significant figures for arsenic concentrations are those
reported by the respective laboratories; other concen-
trations are rounded according to standard USGS pro-
cedures (Tuck and others, 1997). Significant figures
for maximum and minimum arsenic concentrations and
for summaries (tables 3-10 at back of report) are as
reported by the analyzing laboratory. Significant fig-
ures for mean and median arsenic concentrations are
rounded to standard USGS reporting levels.

Arsenic can exist in organic and inorganic spe-
cies in natural waters. Water samples sent to the
USGS laboratory were analyzed after a sulfuric-acid
potassium-persulfate digestion, and water samples sent
to the BOR laboratory were analyzed after a nitric acid
digestion. Both digestion procedures are designed to
liberate organic arsenic-containing compounds prior to
analysis. Water samples sent to the MBMG laboratory
were analyzed with no digestion before analysis. Thus,
arsenic concentrations reported by the USGS and the
BOR laboratories include both organic and inorganic
species of arsenic, whereas arsenic concentrations

reported by the MBMG laboratory include only inor-
ganic arsenic. The different digestion procedure of the
MBMG laboratory could result in lower arsenic con-
centrations if organic arsenic exists in large concentra-
tions. However, on the basis of qualitative data from
only four samples, Nimick and others (1998) deter-
mined that organic arsenic probably composes less
than 20 percent of the dissolved arsenic in water from
the Madison River. Therefore, arsenic concentrations
reported by the MBMG laboratory were treated as
comparable to those of the USGS and BOR laborato-
ries. Distinctions between organic and inorganic
arsenic are not made in subsequent discussions and fig-
ures.

Total-recoverable arsenic was determined on
unfiltered samples, whereas dissolved arsenic was
determined on samples filtered through a 0.45-um
pore-size filter. Data for both total-recoverable and
dissolved arsenic concentrations are not available for
many surface-water sites. In particular, only total-
recoverable arsenic concentrations are available for
many of the samples collected from most irrigation
canals, ditches, drains, and springs or seeps. Discharge
in-irri%ation canals and ditches generally was less than
150 ft°/s (Tuck and others, 1997), and suspended-
sediment concentrations were assumed to be low on the
basis of suspended-sediment concentrations deter-
mined in the mainstem Madison and Missouri Rivers
(table 4) for much higher discharges. Likewise, dis-
charge in drains or flow from springs and seeps also
was low and was assumed to have little or negligible
quantities of suspended sediment. Suspended-
sediment concentrations in the Madison and upper
Missouri Rivers typically are low (median concentra-
tions range from 2 to 21 mg/L) and most of the arsenic
is dissolved during most of the year (Nimick and oth-
ers, 1998). Thus, arsenic concentrations in water from
irrigation canals, ditches, drains, and springs and seeps
were assumed to be primarily dissolved. For compari-
son and data analysis, total-recoverable and dissolved-
arsenic concentrations were considered essentially
equivalent at all sites except on the mainstem Madison
and Missouri Rivers (sites S1-3, S8, S24, S26, S58, and
S63) at high flows. Distinctions between total-
recoverable and dissolved arsenic are not made in sub-
sequent discussions and figures (except for the initial
discussion of the mainstem sites in the section “Arsenic
in Surface Water”). For clarity, concentrations or sta-
tistics about concentrations will be referred to only as
“arsenic concentrations” even though data for both
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total-recoverable and dissolved arsenic are presented in
some figures.

Dissolved arsenic in ground water is presented in
Tuck and others (1997) as As™? and As™3. Distinctions
between arsenic species generally are not made in sub-
sequent discussions and figures. For clarity, concentra-
tions or statistics about concentrations of As*> and
AsT in ground water will be referred to only as
“arsenic concentrations” even though data for both
arsenic species are presented in figures.

The magnitude and extent of arsenic in ground
water were delineated using multiple lines of evidence
including arsenic concentration determined from sam-
ple analysis, land use, geology, and known or probable
hydraulic connection between basin-fill deposits and
the Madison or upper Missouri Rivers, or the irrigation
canals or ditches in each of the four valleys. Informa-
tion about vertical hydraulic gradients also was used to
delineate the magnitude and extent of arsenic in ground
water in the Helena Valley. Each valley was delineated
to represent regions where arsenic in ground water was
or probably was within the following general concen-
tration ranges: less than 4.0 pg/L (Region 1), 4.0 to
17.9 pug/L (Region 2), 18.0 to 49.9 ug/L (Region 3),
and 50.0 pug/L or greater (Region 4). The range of less
than 4 png/L shows where arsenic concentrations were
less than the minimum reporting level to slightly
elevated'. The range of 4.0 to 17.9 pg/L shows where
arsenic concentrations were slightly elevated to ele-
vated, but still below the State of Montana water-
quality standard of 18 ug/L. The range of 18.0 to 49.9
shows where arsenic concentrations were equal to or
higher than the State standard, but lower than the EPA
MCL of 50 ug/L.. The range of 50 pg/L or greater
shows where the arsenic concentrations were equal to
or greater than the EPA MCL. In addition, Region A
was delineated to represent areas where arsenic con-
centrations are estimated to be about 4 ug/L or higher,
but where arsenic was not necessarily determined from
sample analysis. Information about land use, geology,
and known or probable hydraulic connections between
the aquifers and the Madison or upper Missouri Rivers,
or the irrigation canals, was used to infer that arsenic
might exist in ground water at concentrations of about

4 ng/L.

Each of the four valleys contains anomalies
where at least one value for arsenic was greater than or
less than the general range of arsenic concentration for
a specific region. For example, in the lower Madison
River Valley (see fig. 23), Region 2 along the western
part of the valley has three arsenic concentrations
within the range of 4.0 to 17.9 ug/L and one arsenic
concentration (29 pg/L) that is greater than 17.9 pg/L.
These anomalies presumably exist because of localized
factors such as land use, geology, topography, and
hydraulic connection to arsenic sources. In addition,
the location of some ground-water sites from the
MBMG were not field checked, which might affect
interpretation of the areal extent of certain concentra-
tion ranges.
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DESCRIPTION OF STUDY AREA

The study area consists of about 2,320 mi?
located within Madison, Gallatin, Jefferson, Broad-
water, and Lewis and Clark Counties in southwestern
and west-central Montana (fig. 1). The study area
extends from West Yellowstone downstream to the
Helena Valley and is divided into four areas where
stream water is diverted for irrigation: the northern part
of the upper Madison River Valley, the lower Madison
River Valley, the southern part of the Townsend Valley,
and the Helena Valley. Additionally, three surface-
water sites (S1-3) are located southeast of the upper
Madison River Valley from West Yellowstone to Earth-
quake Lake (also known as Quake Lake) (fig. 1).

Un this report, the terms “slightly elevated” and “elevated” are used simply to identify concentration ranges above the minimum reporting
level. The terms do not imply that concentrations are attributable to recharge from the Madison or upper Missouri Rivers or irrigation.
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General Features

The northern part of the upper Madison River
Valley (hereinafter called upper Madison River Valley)
extends from south of Cameron north to Ennis Lake
(fig. 3). About 10,000 acres of land located primarily
on the Cameron Bench and along the West Madison
Canal are irrigated (see fig. 8). Water is diverted for
irrigation from the Madison River and some of its
major tributaries, which include Indian, O’Dell, Bear,
and Blaine Spring Creeks. Therefore, many areas are
irrigated with a mixture of water from the Madison
River and its tributaries. The main supply canals
include Granger and Shewmaker Ditches, an unnamed
canal that diverts water from O’Dell Creek to the Jef-
fers area, and the West Madison Canal. Water has been
diverted for irrigation to some areas in the upper Mad-
ison River Valley for more than 80 years (Keith, 1995).
Irrigated crops consist of alfalfa and native grass.
Some irrigated land is used for pasture.

The lower Madison River Valley, which also
includes areas along the lower Jefferson and Gallatin
Rivers, extends from near Elk Creek to Trident (fig. 4).
About 5,900 acres of land, located mostly between the
river and prominent cliffs of the Madison Plateau to the
east, are irrigated (see fig. 9). Water is diverted for irri-
gation from the Madison River near Elk Creek to near
the Missouri River north of Three Forks, as well as
from Spring and Rey Creeks that originate as springs
on the valley floor. Some areas are sub-irrigated by
shallow ground water. The main supply canals include
Sloan, Hutchison, Dell, Crowley, and Darlington
Ditches and Spring and Rey Creeks on the east side of
the valley, and the Francis Walbert Ditch on the north-
west side of the valley. Water has been diverted for irri-
gation to some areas in the lower Madison River Valley
for more than 90 years (Keith, 1995). Irrigated crops
consist of cereal grains, alfalfa, and native grass. Some
irrigated land is used for pasture.

The southern part of the Townsend Valley (here-
inafter called Townsend Valley) extends from about
Plunket Lake to Canyon Ferry Lake (fig. 5). About
31,700 acres of land are irrigated (see fig. 10). Water
is diverted from the Missouri River from near Toston to
as far north as Duck Creek. Many areas are irrigated
with a mixture of water from the Missouri River and its
tributaries. The main supply canals include Toston
Canal, Warm Springs Creek, Broadwater-Missouri
Westside Canal, Broadwater Missouri Canal, and Mon-
tana Ditch. Water has been diverted for irrigation to

some areas in the Townsend Valley for more than 100
years (Lorenz and McMurtrey, 1956). Irrigated crops
consist of cereal grains, seed potatoes, alfalfa, and
native grass. Some irrigated land is used for pasture.

The Helena Valley extends from Helena and the
Scratchgravel Hills northeast to Lake Helena (fig. 6).
About 21,200 acres of land are within the irrigation dis-
trict (see fig. 11). Water is diverted from the Missouri
River below Canyon Ferry Dam and is pumped to the
Helena Valley Regulating Reservoir. Water is then
released to the Helena Valley Canal and its extensive
network of distributary canals and ditches. Water is
also diverted from Prickly Pear, Tenmile, and Seven-
mile Creeks. Therefore, some areas are irrigated with
a mixture of water from these sources. Some areas are
sub-irrigated by shallow ground water. Water has been
diverted for irrigation to some areas in the Helena Val-
ley for more than 100 years (Lorenz and Swenson,
1951). Irrigated crops consist of cereal grains, alfalfa,
and native grass. Some irrigated land is used for pas-
ture.

General Geology

The four valleys in the study area are north-
trending structural basins that formed as a result of
intermittent crustal movements throughout Tertiary
time. Except for the lower Madison River Valley, faults
or fault systems extend along the valleys, which have
dropped relative to adjacent mountains (fig. 7). The
lower Madison River Valley is part of a larger structural
basin that includes areas east of the Madison Plateau
and west of the Jefferson River. Movement along these
faults generally followed existing zones of structural
weakness and has occurred since about middle Eocene
time (Fields and others, 1985). The fault-controlled
structural basins (or valleys) became depositional cen-
ters for locally derived sediment during the middle
Eocene to early Oligocene. Lower Tertiary sediments
primarily are fine-grained tuffaceous sandstone, silt-
stone, claystone, limestone, and volcanic ash that were
deposited in shallow subsiding basins that extended
across present valleys and mountain ranges. During
middle Miocene time extensional, basin-and-range
type faulting caused erosion and folding of lower Ter-
tiary rocks. This episode of faulting probably estab-
lished the general outline of valleys in the study area
(Reynolds, 1979). Present valley floors began to form
about 5 million years ago during the Pliocene Epoch as -
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renewed faulting uplifted mountain blocks, as rivers
and streams began to form their present drainage
patterns, and as the basins continued to fill with
sediment (Fields and others, 1985). Upper Tertiary
sediments primarily are coarse-grained conglomerate,
sandstone, siltstone, claystone, and volcanic ash that
were deposited along high-energy streams.
Pleistocene and Holocene streams continued to deposit
gravel, sand, silt, and clay across channels, flood
plains, terraces, and alluvial-fans on valley floors and
valley margins.

The Tertiary to Quaternary basin-fill deposits,’
which contain modern stream channels, flood plains,
terraces, and alluvial fans, form a complexly stratified
sequence of gravel, sand, silt, and clay. That sequence
generally can be from about 2,000 to 15,000 ft thick
(Robinson, 1967; Schofield, 1981).

Bedrock of Late Archean to Quaternary age sur-
rounds and underlies most valleys and is composed of
many rock types (fig. 7) that can be more than 15,000
ft thick (Kinoshita and others, 1965). Most bedrock
crops out in uplifted, fault-bounded blocks that form
mountains or crops out as erosional remnants within
the valleys.

Hydrolegic Framework

The Madison River originates in Yellowstone
National Park, in northwest Wyoming, and flows for
about 150 mi to the confluence of the Jefferson and
Gallatin Rivers near Three Forks, where the Missouri
River begins (fig. 1). About 110 mi downstream, the
Missouri River flows into Canyon Ferry Lake. Three
hydroelectric dams and one natural dam impound
waters of the Madison and Missouri Rivers. Hebgen
and Canyon Ferry Lakes are sufficiently large to have
average water residence times of about 200 days.
Earthquake Lake and Ennis Lake are small and shallow
with short (less than 12 days) water residence times
(Nimick and others, 1998). The Missouri River also is
impounded at Hauser Dam, forming Hauser Lake.
Lake Helena is a small and shallow lake that is actually
an arm of Hauser Lake.

Periodic streamflow measurements of the Madi-
son River near West Yellowstone (site S1) ranged from
about 350 to 1,700 ft’/s and below Ennis Lake (site
S24) ranged from about 1,100 to 6,300 ft3/s in 1989-95
(Tuck and others, 1997). Annual mean streamflows

ranged from 442 to 2,050 ft3/s at these two sites (water
years 1989-95; U.S. Geological Survey, published
annually). Streamflows probably are larger down-
stream at the Madison River near Norris (site S26, fig.
4) and at Three Forks (site S58, fig. 4), owing to tribu-
tary inflows and ground-water discharge. However,
periodic streamflow information is insufficient to ade-
quately describe the range of streamflows at sites S26
and S58. Periodic streamflow measurements of the
Missouri River at Toston (site S63, fig. 5) ranged from
1,080 to 25,400 ft3/s in 1988-95 (Tuck and others,
1997), with annual mean streamflows that ranged from
about 3,170 to 6,040 ft3/s (water years 1989-95; U.S.
Geological Survey, published annually).

The basin-fill deposits (hydrogeologic units Qal,
QTd, and Ts, fig. 7) are composed principally of uncon-
solidated to consolidated gravel, sand, silt, clay, and
volcanic ash that typically form a thick sequence of
complexly stratified deposits. In most of the valleys,
these hydrogeologic units probably respond as a com-
plex aquifer system. Basin-fill deposits can be uncon-
fined, leaky confined, or confined. Most basin-fill
deposits are unconfined and yields from some wells
can be as large as 3,400 gal/min (Dutton and others,
1995). Quaternary and Tertiary undifferentiated depos-
its (QTd) and Tertiary sediment (Ts) typically have
fine-grained layers that can be laterally discontinuous
and are considered to be leaky-confining units. The lat-
eral discontinuity generally allows interconnection
between the coarse-grained sediments of the different
basin-fill deposits. With depth, fine-grained layers
within Tertiary sediment are more consolidated,
thicker, and less permeable, resulting in confined con-
ditions (Tuck and others, 1996; Briar and others, 1996).

In general, recharge to basin-fill deposits is by
direct infiltration of precipitation, leakage from
streams or rivers, subsurface inflow from surrounding
bedrock, and infiltration of water from irrigation canals
or water applied to fields. In some areas, the largest
component of recharge to basin-fill deposits is infiltra-
tion from irrigation canals or water applied to fields.
Discharge from basin-fill deposits is by seepage to riv-
ers and streams, evapotranspiration, withdrawals from
wells, and flow to springs. The largest component of
ground-water discharge from most basin-fill deposits is
seepage to rivers and streams (Tuck and others, 1996;
Briar and others, 1996).

Ground-water flow in all four valleys is domi-
nated by recharge to the adjacent uplands and valley
sediments and discharge to the major streams and
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EXPLANATION FOR FIGURE 3

GENERAL EXTENT OF VALLEY IN THE STUDY AREA
SURFACE-WATER SITE
A Continuous streamflow record
/A Periodic streamflow record
N Periodic water-quality record
S4 Site number

GROUND-WATER SITE

@ Hydrologic data. For some sites, data include
onsite measurements of water temperature,
specific conductance, pH, and nitrate concentration

¢ Hydrologic and water-quality data
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EXPLANATION FOR FIGURE 4
------ GENERAL EXTENT OF VALLEY IN THE STUDY AREA
SURFACE-WATER SITE
A Periodic streamfiow record
XN Periodic water-quality record
S25 Site number
GROUND-WATER SITE
@ Hydrologic data. For some sites, data include
onsite measurements of water temperature,
specific conductance, pH, and nitrate concentration
2 ¢ Hydrologic and water-quality data. Numeral

indicates the number of wells at the same
general location
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Figure 4. General extent and location of surface- and ground-water sites of the lower Madison River Valley, Montana.
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EXPLANATION FOR FIGURE 5
------ GENERAL EXTENT OF VALLEY IN THE STUDY AREA
SURFACE-WATER SITE
A Continuous streamflow record
A\ Periodic streamflow record
N/ Periodic water-quality record
S61 Site number
GROUND-WATER SITE
@ Hydrologic data. For some sites, data include
onsite measurements of water temperature,

specific conductance, pH, and nitrate concentration

¢ Hydrologic and water-quality data
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EXPLANATION FOR FIGURE 6
------ GENERAL EXTENT OF VALLEY IN THE STUDY AREA
SURFACE-WATER SITE
/A Periodic streamflow record
N Periodic water-quality record
WV Periodic water-quality record (discontinued)
[J Periodic Lake Helena water-quality record
S§77 Site number
GROUND-WATER SITE
@ Hydrologic data. For some sites, data include
onsite measurements of water temperature,
specific conductance, pH, and nitrate concentration
2 ¢ Hydrologic and water-quality data. Numeral

indicates the number of wells at the same
general location
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DESCRIPTION OF HYDROGEOLOGIC UNITS

MAJOR LITHOLOGY

EXTENT OF OUTCROPS

WATER-BEARING PROPERTIES

QAb

ALLUVIAL DEPOSITS (Quaternary)-- Unconsolidated
stream-laid gravel, sand, silt, and clay that are poorly to
moderately well sorted. Includes some talus, colluvium,
landslide, and placer deposits and mine tailings

UNDIFFERENTIATED DEPOSITS (Quaternary and
Tertiary)--Unconsolidated to semiconsolidated gravel, sand,
silt, clay, volcanic ash and locally contains limestone. Includes
colluvium and landslide deposits, extensive alluviual-fan
deposits within and outside of basins, alluvium on some
alluvial fans, Tertiary sediments with a veneer of Quaternary
deposits. Includes areas where Quaternary and Tertiary
deposits are indistinct

SEDIMENT (Tertiary)--Lower part generally contains fine-
grained tuffaceous sandstone, siltstone, claystone, limestone,
and volcanic ash. Upper part generally contains coarse-grained
conglomerate, sandstone, siltstone, claystone, and volcanic ash

BEDROCK (Quaternary to Late Archean)--Many rock types,
including volcanic, and volcaniclastic rocks that range in
composition from rhyolite to basalt. Granite and rocks of
granitic composition related to the Boulder Batholith, smaller
plutons, stocks, dikes, and sills. Marine shale with interbedded
nonmarine sandstone, siltstone, mudstone, and marine
limestone. Massive and thick- to thin-bedded limestone with
dolomite, interbedded phosphatic sandstone, quartzite,
siltstone, mudstone, and shale. Argillaceous limestone,
dolomite, ubiquitous thin-to-medium interbedded siltite and
argillite, arkosic conglomerate and sandstone, massive
feldspathic quartzite with interbedded limestone, siltite, and
conglomerate which have been subjected to low-grade
metamorphism. Metamorphosed granitic plutons, dikes and
sills, quartzo-feldspatic gneiss, amphibolite, anorthosite, schist,
dolomitic marble, quartzite, and iron formation

Mainly present along present-day stream channels,
flood plains and low-level terraces near rivers and
as smaller deposits near perennial and ephemeral
streams. In mountainous areas, Qal is found as
narrow deposits that are not laterally or vertically
extensive. In most mountainous regions these
deposits are not shown on figure 7

Mainly present along valley margins or as
erosional remnants near present-day stream
channels, flood plains, and low-level terraces
where streams and rivers dissect these deposits

Mainly present near valley margins as erosional
remnants and as isolated outcrops in uplifted fault-
bounded blocks which form mountains

Most rocks crop out in uplifted, fault-bounded
blocks which form mountains in southwestern and
west-central Montana. In the upper Madison River
and the Helena Valleys, these rocks surround
deposits of Qal, QTd, and Ts. In the lower
Madison River and Townsend Valley, structural
deformation is more extensive; thus, rocks crop out
as remnants within those deposits

Deposits generally yield abundant water to wells
throughout the study area. Yields range from about [ to
650 gallons per minute (gal/min). Specific capacity
ranges from 0.2 to 130 gallons per minute per foot
[(gal/min)/ft] (Dutton and others, 1995)

Yields are variable and might be dependent on hydraulic
interconnection with more permeable units and extent of
interbedded gravel

Yields are variable and might be dependent on hydraulic
interconnection with more permeable units and extent of
interbedded gravel. Yields range from about 3 to 3,400
gal/min. Specific capacity ranges from 0.1 to 100
(gal/min)/ft

Yields are variable and are dependent on the occurrence
and extent of fractures, faults, joints, breccia, and
caverns in volcanic and volcaniclastic rocks, granite,
limestone, and argillaceous limestone and dolomite.
One spring located in the Townsend Valley issues from
limestone and discharges in excess of 5 million gallons
per day (Mgal/d) (Lorenz and McMurtrey, 1956).
Bedrock surrounding the Helena Valley supplies large
volumes of subsurface recharge (about 35.5 Mgal/d) to
Qal, QTd, and Ts deposits.

Water-yielding zones in the generally low permeability
marine shale with interbedded nonmarine sandstone,
siltstone, mudstone, and marine limestone are dependent
on occurrence and extent of more permeable
conglomerate and sandstone. These rocks can yield
water locally, but generally water-yielding properties are
unknown.

Metamorphic rocks generally are a barrier to ground-
water flow. Might yield water locally, but generally
water-yielding characteristics are unknown
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rivers within each valley. Bedrock (hydrogeologic
unit QAD, fig. 7) or relatively impermeable Tertiary
sediment surrounding the valleys restricts ground-
water flow between adjacent valleys. Throughflowing
streams such as the Madison and Missouri Rivers
probably provide the predominant hydraulic con-
nection between these valleys.

Potentiometric-surface maps were constructed
for basin-fill deposits of the four valleys (figs. 8-11).
The potentiometric surface in the upper Madison River
Valley (fig. 8) indicates that ground water generally
flows from recharge areas near the valley margins
toward the Madison River and northward to Ennis
Lake, which are local discharge areas. Bear Creek
(from about 5 mi southeast of Ennis to its confluence
with O’Dell Creek) also is a local discharge area for
ground water, as evidenced by many springs and one
flowing well. Hydraulic gradients are steep (about
0.03) along the western side of the valley south of
Ennis. Hydraulic gradients in other parts of the valley
range from about 0.005 from Ennis to Ennis Lake to
about 0.01 northwest of McAllister.

Ground water in the lower Madison River Valley
generally flows parallel to the valley margins and
northward. The potentiometric surface in the lower
Madison River Valley (fig. 9) indicates that streamflow
is lost as the river enters the valley west of Willow
Springs and, thus, recharges ground water. The poten-
tiometric surface also indicates that ground water dis-
charges to the river as it flows north through the valley.
Ground-water flow is subparallel to the valley margins
in response to recharge from irrigation and, possibly,
from adjacent Tertiary sediments. The confluence of
the Jefferson, Madison, and Gallatin Rivers forms the
Missouri River near Three Forks, which is a local dis-
charge area for the lower Madison River Valley. Most
of the valley is drained by two small perennial
creeks—Rey and Spring Creeks. These streams gain
flow in the central third of the valley and function as
local discharge areas. Irrigation return flow (water
from drains or springs and seeps) also supplements
streamflow to these creeks (David A. Nimick, U.S.
Geological Survey, written commun., 1997). Hydrau-
lic gradients are relatively flat (0.006 to 0.004)
throughout the valley.

The potentiometric surface in the Townsend Val-
ley (fig. 10) between Radersburg and Toston indicates
that ground water generally flows southeast and then
northeast from recharge areas near the valley margins

and Crow Creek toward the Missouri River, which is a
local discharge area. In the rest of the Townsend Val-
ley, the potentiometric surface indicates that flow is
from the valley margins to the Missouri River and then
northward to Canyon Ferry Lake, which also are local
discharge areas in the Townsend Valley. Ground water
also flows from the valley margins northeast of
Townsend to Canyon Ferry Lake. Hydraulic gradients
along the west side of the valley between Radersburg
and Toston range from about 0.007 to 0.012. Hydraulic
gradients are relatively flat in other parts of the valley
and are about 0.002 from Toston to Townsend.

The potentiometric surface in the Helena Valley
(fig. 11) indicates that ground water generally flows
from recharge areas near the northern, western, and
southern valley margins to Lake Helena. Prickly Pear,
Tenmile, Sevenmile, and Silver Creeks lose water as
they enter the Helena Valley, recharging basin-fill
deposits (Briar and Madison, 1992). Recharge from
surrounding bedrock accounts for about 46 percent of
total recharge to basin-fill deposits (Briar and Madison,
1992). Hydraulic gradients are relatively flat through-
out the valley and range from about 0.003 just south of
Lake Helena to about 0.012 north of Helena. Briar and
Madison (1992) approximated vertical hydraulic gradi-
ents and divided the Helena Valley into two areas.
First, the area within about 4 mi of Lake Helena has an
upward gradient that ranges from 0.002 to 0.221; the
rest of the Helena Valley has a downward gradient that
ranges from 0.002 to 0.319.

ARSENIC IN SURFACE WATER

" Mainstem Madison and upper Missouri Rivers

Concentrations of total-recoverable and dis-
solved arsenic were determined (table 4) for surface-
water sites along the mainstem Madison and upper
Missouri Rivers (sites S1-3, S8, S24, S26, S58, and
S63; figs. 1, and 3-5). Total-recoverable arsenic con-
centrations represent the concentration of dissolved

~ and particulate arsenic associated with suspended sedi-

ment. Suspended-sediment concentrations in the Mad-
ison and upper Missouri Rivers typically are low
(median concentrations range from 2 to 21 mg/L) and
most arsenic is dissolved (table 4). During spring run-
off, when streamflow and suspended-sediment concen-
trations are higher than at other times of the year, the

ARSENIC IN SURFACE WATER 15



EXPLANATION

IRRIGATED LAND

— 5,200 == POTENTIOMETRIC CONTOUR--Shows altitude at which water would have stood in
tightly cased wells, 1960-93. Dashed where approximately located. Contour
interval is 40 feet. Datum is sea level
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EXPLANATION

IRRIGATED LAND

= 4,300== POTENTIOMETRIC CONTOUR--Shows altitude at which water would have stood in
tightly cased wells, 1952-93. Dashed where approximately located. Contour
interval is 20 feet. Datum is sea level
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EXPLANATION

IRRIGATED LAND

w— 4,120 == POTENTIOMETRIC CONTOUR--Shows altitude at which water would have stood in
tightly cased wells,. 1968-93. Dashed where approximately located. Contour
interval is 20 feet. Datum is sea level

75 GROUND-WATER SITE AND NUMBER

? MILES

o0

T
5 KILOMETERS



01 TANODIA
aujawonuajod ayy jo uoieinBiyuod pue apnyije pue pue| pajeBiu jo uoieao] “gL ainbig

"BUBJUOJ ‘AB||BA puasumoy| ay} jo syisodap |jij-uiseq ul 83epns

81

RUSE.

— 11°37'30" R.IE. R.2E. 1°22'30"
6°30 T — T——T" - - - —— 2=
[, k ] P e "
TON.& [/ s e 3
| B/ S R 6 == = - .

Gold
Mines

[
N 5 1 | 8 QS
RN ‘ %
N %, ok
i. \\ i \ e, ( ’ Du
< N A (9] { /_f —
[\ > I
| =) 2\ % > 1
AN W [) |
o)\ 2 -
N |
| \\ / 3 Nl o/
T.8N. | N { — P} | -~ —
N/

e Glirnett

PRLES

2
Duc >

Pond ’ = = % : G
36 | 31

Duck

J T H
Pond [ STATE GAME | s

T TN.

\ Limestone"

T.6N.

T.5N.

swol|l}

T4N.f

46° N S I

Base modified from Bureau of Land Management
Townsend, 1976, 1:100,000



EXPLANATION
IRRIGATED LAND

— 3,820 == POTENTIOMETRIC CONTOUR--Shows altitude at which water would have stood in
tightly cased wells, 1989-95. Dashed where approximately located. Contour
interval is 20 feet. Datum is sea level
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surface in basin-fill deposits of the Helena Valley, Montana.
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proportion of particulate arsenic increases. For the
Missouri River at Toston (site S63), particulate arsenic
can compose as much as 50 percent of total-
recoverable arsenic when streamflow is greater than
about 5,600 ft3/s. When streamflow is less than about
2,800 ft°/s, particulate arsenic composes less than 10
percent of the total-recoverable arsenic (Nimick and
others, 1998).

The median total-recoverable arsenic concentra-
tion at site S1 is 280 pg/L, and 50 percent of the total-
recoverable arsenic concentrations are between 200
ug/L (25th percentile) and 310 pg/L (75th percentile).
Downstream about 130 mi, the median total-recover-
able arsenic concentration at site S63 is 33 pug/L and 50
percent of the total-recoverable arsenic concentrations
are between 23 pg/L and 38 lg/L (table 4).

The median dissolved-arsenic concentration at
site S1 is 270 pg/L (table 4) and 50 percent of the
dissolved-arsenic concentrations are between 200 pg/L
and 310 ug/L.. Downstream at site S63, the median
dissolved-arsenic concentration is 30 pg/L, and 50 per-
cent of the arsenic concentrations are between 22 ug/L
and 39 pg/L. Overall, between sites S1 and S63,
arsenic concentrations decrease by about an order of
magnitude. Arsenic concentrations decrease down-
stream because tributaries having much smaller arsenic
concentrations dilute water in the Madison and upper
Missouri Rivers. Knapton and Horpestad (1987) and
Knapton and Brosten (1987) previously determined
that arsenic concentrations in some tributaries were,
in general, less than 4 ug/L, but at times as high as
22 ug/L. The Jefferson River at Three Forks contrib-
utes more arsenic than any other tributary to the Mis-
souri River, with the exception of the Madison River.
The quantity of arsenic in the Jefferson River typically
is less than 6 percent of the quantity of arsenic in water
from the Madison River at Three Forks at site S58
(Nimick and others, 1998).

Arsenic generally is chemically reactive and its
concentration can be controlled by sorption in oxic
(dissolved-oxygen concentrations generally larger than
1 mg/L) aqueous environments (Goldberg, 1986; Xu
and others, 1988, 1991; Belzile and Tessier, 1990).
Suspended sediment can affect particulate arsenic
transport if the sediments have high concentrations of
sorbed arsenic. Downstream trends in total-recover-
able and dissolved-arsenic concentrations and stream-
flow were used to evaluate whether arsenic transport is
mostly chemically conservative (non-reactive).

Arsenic loads in water from site S1 are fairly constant
over the range of sampled streamflows, except for
slightly increased arsenic loads at the highest stream-
flows (Nimick and others, 1998). Arsenic loads are not
as constant downstream from site S1, probably because
of water storage and management effects in large reser-
voirs such as Hebgen Lake. Hebgen Lake partly con-
trols suspended arsenic concentrations by allowing
particulate arsenic to settle from suspension. In addi-
tion, arsenic concentrations in Hebgen Lake outflow
during the summer and fall can be less than during the
rest of the year owing to relatively dilute tributary
inflow that enters and is stored in the lake during spring
runoff. Arsenic concentrations in lake outflow during
spring runoff periods can be higher because of rela-
tively high concentrations in water stored during base-
flow conditions (Nimick and others, 1998).

Downstream trends in dissolved boron and lith-
ium concentrations also were used to evaluate whether
arsenic is mostly chemically conservative (Nimick and
others, 1998). These elements are chemically conser-
vative and the concentration ratios of boron to lithium
(range of 1.0 to 1.5) remain relatively constant between
the Madison River near West Yellowstone (site S1) and
at Three Forks (site S58). Comparison of arsenic,
boron, and lithium concentrations indicates that arsenic
transport is largely conservative along the Madison
River between these two sites. Boron to lithium ratios
in water from the Missouri River at Toston (S63) are
not as constant (1.1 to 2.4) and indicate that boron
probably is added from tributary inflow. Insufficient
data are available for the Jefferson and Gallatin Rivers
to verify that dissolved arsenic transport is conserva-
tive at site S63. Consequently, non-conservative reac-
tions might affect some arsenic in streamflow between
sites S58 and S63. However, Nimick and others (1998)
concluded that arsenic transport was largely conserva-
tive in the Madison and upper Missouri River down-
stream to Canyon Ferry Lake.

Irrigation Supply and Drainage, Tributaries, and Lake
Helena

During the irrigation season, irrigation-supply
water in canals and ditches is primarily from either the
Madison or upper Missouri Rivers. Water in canals and
ditches also can consist of inflow from shallow ground
water and surface runoff (irrigation return flow), tail-
water from lateral canals, as well as inflow from deeper
ground water. During the non-irrigation season, water

20 Reconnaissance of Arsenic in Surface and Ground Water along the Madison and Upper Missouri Rivers, Southwestern and West-Central Montana



in canals and ditches can consist of irrigation return
flow and inflow from deeper ground water where
canals and ditches drain irrigated fields and the ground-
water table is high. Thus, water at some canals and
ditches is a mixture from these sources and arsenic con-
centrations determined at these sites represent the con-
tribution from more than one source.

Similarly, during the irrigation season, water in
drains also can consist of tailwater from canals and
ditches and inflow from deeper ground water, as well as
irrigation return flow. Thus, water at some ditches and
drains, springs and seeps, and some tributaries is a mix-
ture from these sources and arsenic concentrations
determined at some of these sites represent the contri-
bution from more than one source.

Upper Madison River Valley

In the upper Madison River Valley (fig. 3),
arsenic concentrations in surface water range widely

160

from <1 to 150 pug/L, depending on the source of water.
Arsenic concentrations in irrigation-supply water in the
upper Madison River Valley at sites S4-5, S11, and S19
range from 31.9 to 88.5 pg/L and generally are lower
than arsenic concentrations in the Madison River (sites
S8 and S24), which range from 42 to 150 ug/L (tables
3, 4; fig. 12). Arsenic concentrations in irrigation-
supply water at site S14, which range from <1 t0 6.9
ug/L (table 3), are much lower than those at sites S8
and S24, which might indicate that supply is a mixture
of water and diluted by ground-water discharge to the
canal. Site S14 also might function as a drain during
the non-irrigation season.

Arsenic concentrations in water from drains at
sites S15-16 (Bear Creek) and springs and seeps at sites
S10 and S20-23 range from <0.7 to 25.8 pg/L (table 3)

"and generally are lower than arsenic concentrations in

irrigation-supply water (fig. 12). The decrease in
arsenic concentrations in water at these sites relative to
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Figure 12. Range of arsenic concentrations in surface and ground water of the upper Madison River Valley, Montana. Arsenic
concentrations for sites S8 and $24 are dissolved. Arsenic concentrations for other surface-water sites are a combination of total-
recoverable and dissolved. Arsenic concentrations (As*3 and As*®) for ground water are dissolved. Arsenic concentrations reported
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irrigation-supply water indicates that some arsenic is than about 20 lg/L; therefore, arsenic either is diluted

removed from applied irrigation water. Keith (1995) by other water sources (tributaries or regional ground
and Mangelson and Brummer (1994) demonstrated the water), or some is removed from applied irrigation
sorption capacity of soils in the study area and con- water (range from <1 to 88.5 ug/L) by sorption onto
cluded that arsenic sorbs to irrigated soils, thus reduc- soils and aquifer materials.
ing arsenic concentrations in drainage originating from Arsenic concentrations and loads (table 5) are
applied irrigation water. In addition, inflow from plotted for the non-irrigation and irrigation seasons for
deeper ground water might dilute arsenic concentra- selected sites in the upper Madison River Valley (fig.
tions in water from drains and springs and seeps. Most 13). Dashed lines connecting measured concentrations
arsenic concentrations in water at <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>