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Potential Water-Quality Effects of Coal-Bed Methane 
Production Water Discharged along the Upper Tongue 
River, Wyoming and Montana

By Stacy M. Kinsey and David A. Nimick 

Abstract
Water quality in the upper Tongue River from Monarch, 

Wyoming, downstream to just upstream from the Tongue 
River Reservoir in Montana potentially could be affected 
by discharge of coal-bed methane (CBM) production water 
(hereinafter referred to as CBM discharge). CBM discharge 
typically contains high concentrations of sodium and other 
ions that could increase dissolved-solids (salt) concentrations, 
specific conductance (SC), and sodium-adsorption ratio (SAR) 
in the river. Increased inputs of sodium and other ions have the 
potential to alter the river’s suitability for agricultural irriga-
tion and aquatic ecosystems. Data from two large tributaries, 
Goose Creek and Prairie Dog Creek, indicate that these tribu-
taries were large contributors to the increase in SC and SAR in 
the Tongue River. However, water-quality data were not avail-
able for most of the smaller inflows, such as small tributaries, 
irrigation-return flows, and CBM discharges. Thus, effects of 
these inflows on the water quality of the Tongue River were 
not well documented. Effects of these small inflows might be 
subtle and difficult to determine without more extensive data 
collection to describe spatial patterns. Therefore, synoptic 
water-quality sampling trips were conducted in September 
2005 and April 2006 to provide a spatially detailed profile of 
the downstream changes in water quality in this reach of the 
Tongue River. The purpose of this report is to describe these 
downstream changes in water quality and to estimate the 
potential water-quality effects of CBM discharge in the upper 
Tongue River. 

Specific conductance of the Tongue River through the 
study reach increased from 420 to 625 microsiemens per 
centimeter (µS/cm; or 49 percent) in the downstream direction 
in September 2005 and from 373 to 543 µS/cm (46 percent) in 
April 2006. Large increases (12 to 24 percent) were mea-
sured immediately downstream from Goose Creek and Prairie 
Dog Creek during both sampling trips. Increases attributed 
to direct CBM discharges were smaller. In September 2005, 
the SC of 12 measured CBM discharges ranged from 1,750 
to 2,440 µS/cm, and the combined discharges increased SC 
in the river by an estimated 4.5 percent. In April 2006, the 

SC of eight measured CBM discharges ranged from 1,720 to 
2,070 μS/cm; the largest of these discharges likely increased 
SC in the river by 5.8 percent. 

Estimates of potential effects of the CBM discharges 
on the SC of the Tongue River near the Tongue River Res-
ervoir were calculated using a two-step process involving 
linear regression and mass-balance calculations for a range of 
streamflow and CBM-discharge conditions. Potential effects 
from CBM discharges are larger increases of SC and SAR at 
lower flows than at higher flows and relative increases that are 
substantially smaller for SC than for SAR. For example, if the 
streamflow was 100 cubic feet per second (ft3/s) in the Tongue 
River near the Tongue River Reservoir and CBM discharge 
ranged from 1,250 to 5,000 gallons per minute, the projected 
increases would range from 4.4 to 16 percent for SC and from 
39 to 151 percent for SAR. In comparison, if the streamflow 
was 600 ft3/s, the projected increases would range from 2.2 to 
8.4 percent for SC and from 21 to 79 percent for SAR. This 
analysis of potential water-quality effects on the SC and SAR 
of the Tongue River in the study area assumes that the quantity 
and quality of water flowing into the study reach at the time 
of this study was the same as during the period before CBM 
development (data from water years 1985–99).

Introduction
Coal-bed methane (CBM) development began in the 

Tongue River watershed in about 1999 and currently (2011) 
occurs primarily near the Montana-Wyoming State line. 
Groundwater produced during CBM development typically 
has high concentrations of sodium and low concentrations of 
calcium and magnesium (Rice and others, 2000; Van Voast, 
2003), resulting in a high sodium-adsorption ratio (SAR). This 
production water (hereinafter referred to as CBM discharge) 
commonly is discharged to surface-water drainages or con-
structed reservoirs (figs. 1 and 2). Although some CBM devel-
opment is downstream from the Tongue River Reservoir, most 
of the CBM discharge outfalls are upstream from the reservoir. 
CBM discharge into the Tongue River or its tributaries has the 
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potential to increase the salinity and SAR of water in the river, 
thereby decreasing the suitability of Tongue River water for 
irrigation because water having increased SAR can deteriorate 
soil structure (U.S. Department of Agriculture, 1995). Because 
agricultural irrigation is the predominant consumptive water 
use in the Tongue River watershed, there is concern about 
potential degradation of water quality from CBM discharges. 
An additional concern is the potential risk to aquatic ecosys-
tems if water quality is altered in the streams receiving CBM 
discharge.

Specific conductance (SC) is a characteristic of water 
that can be related to the dissolved-solids concentration, 
which is referred to as salinity, or salt content (Hem, 1985). 
Typically, the SC of the Tongue River increases as the river 
flows downstream from its headwaters to the Tongue River 
Reservoir through areas where CBM has been developed. For 
example, the mean daily mean SC for the March to October 
season during 2004–06 was 380 µS/cm at Tongue River at 
Monarch, Wyo. (gaging station 06299980, hereinafter referred 
to as Tongue River at Monarch), which is upstream from 
CBM-development areas. At Tongue River at State line, near 
Decker, Mont. (gaging station 06306300, hereinafter referred 
to as Tongue River at State line), which is downstream from 
most CBM-development areas, the mean daily mean SC for 
this period was 627 µS/cm (Berkas and others, 2005, 2006; 
U.S. Geological Survey, 2007d). Similarly, the mean daily 
mean estimated SAR for March to October during 2004–06 
was higher downstream at Tongue River at State line (0.80) 
than upstream at Tongue River at Monarch (0.33). Water-
quality data for Goose Creek near Acme, Wyo. (gaging station 
06305700, hereinafter referred to as Goose Creek near Acme) 
and Prairie Dog Creek near Acme, Wyo. (gaging station 
06306250, hereinafter referred to as Prairie Dog Creek near 
Acme) indicate that these tributaries were a large contributor 
to the increase in SC and SAR in the Tongue River (U.S. Geo-
logical Survey, 2007a, b). However, water-quality data were 
not available for most of the smaller inflows, such as small 
tributaries, irrigation-return flows, and CBM discharges. Thus, 
effects of these inflows on the water quality of the Tongue 
River were not well documented. Effects of these small 
inflows, either individually or collectively, might be subtle and 
difficult to determine without more extensive data collection 
to describe spatial patterns. Therefore, for this study, the U.S. 
Geological Survey (USGS) collected synoptic water-quality 
samples along the upper Tongue River (between Monarch, 
Wyo., and the Tongue River Reservoir) on two occasions 
(September 2005 and April 2006) to examine downstream 
changes in water quality. 

Purpose and Scope

The purpose of this report is to describe the downstream 
changes in water quality along the upper Tongue River 
between Monarch, Wyoming, and the Tongue River Reser-
voir in Montana as indicated by the results of two synoptic 

sampling trips and to estimate the potential water-quality 
effects of CBM discharge in the upper Tongue River. Water-
quality data were collected during synoptic sampling trips 
on September 27–28, 2005, and April 20, 2006, to provide a 
spatially detailed profile of SC along the length of the upper 
Tongue River. During each synoptic sampling trip, SC of the 
river water was measured at multiple locations through the 
reach, particularly upstream and downstream from tributaries, 
irrigation returns, and CBM discharges permitted at the time 
of sampling (figs. 1 and 2). In addition, SC of most inflows 
was measured, and water-quality samples were collected from 
selected inflows for analysis of SAR. These data, in conjunc-
tion with other water-quality and continuous SC data collected 
at the four USGS gaging stations upstream from the Tongue 
River Reservoir, were used to estimate the load of salt contrib-
uted from various sources upstream from the reservoir. 

During the September 2005 synoptic sampling trip, 
23 SC measurements were made from the main stem of the 
Tongue River and 17 SC measurements were made from the 
inflows. Seven water-quality samples were collected from the 
inflows. Sampled inflows were Ash Creek, Youngs Creek, and 
5 of the 15 CBM discharges that were permitted at the time of 
sampling. 

During the April 2006 synoptic sampling trip, 46 SC 
measurements were made from the main stem of the Tongue 
River and 12 SC measurements were made from the inflows. 
Four water-quality samples were collected from the inflows. 
Sampled inflows were Youngs Creek and 3 of the 15 CBM 
discharges that were permitted at the time of sampling. 

The potential effects on water quality in the upper Tongue 
River also were assessed by comparing historical SC and SAR 
values estimated for the period prior to CBM development 
with SC and SAR values projected for various rates of CBM 
discharge. The projected increases in SC and SAR resulting 
from CBM discharges to the river were estimated by using 
linear regression and mass-balance calculations for a range of 
streamflows [50–3,000 cubic feet per second (ft3/s)] represen-
tative of most historical flow conditions.

Description of the Study Area 

The Tongue River is divided into three reaches by 
main-stem impoundments. The upper reach extends from the 
headwaters in the Bighorn Mountains to the Tongue River 
Reservoir and includes the reach of the upper Tongue River 
investigated for this study. The middle reach extends from 
Tongue River Dam to the T&Y Diversion Dam, which is 
just upstream from Pumpkin Creek. The lower reach extends 
from the T&Y Diversion Dam to the confluence with the 
Yellowstone River at Miles City. The study area is a reach of 
the upper Tongue River extending from the gaging station at 
Monarch (gaging station 06299980) downstream to the Otter 
Road bridge, which is just upstream from the Tongue River 
Reservoir (fig. 1). Tongue River at Monarch is upstream from 
all CBM development within the watershed. 



Figure 1.  Locations of synoptic measurement and sampling sites along the upper Tongue River and selected tributaries, 
Wyoming and Montana, September 27−28, 2005.

90

339

338

314

OTT
ER  ROAD

Tongue
River
Reservoir

Tanner

Youngs

Creek

Creek

Badger

Deer

Creek

Creek

Coutant

Hidden

G
oose

Youngs
Little

Dog
Cr

To
ng

ue

Tongue

Ri
ve

r

Creek

Creek

Creek

Water

Rive
r

Creek

Creek Coal

Tongue

Rive
r

C
re

ek

Pr
air

ie

Creek

Badger

Little

Ash

Ca
na

l

Ca
na

l

Squirrel

Creek

106°48’107°00’

45°04’

44°53’

06306300

06306250

06306250

CROW

MONTANA
WYOMING

Decker

Acme

WEST 
DECKER
COAL 
MINE

0 2 3 KILOMETERS1

0 2 3 MILES1

INDIAN

RESERVATION

U.S. Geological Survey gaging station and number

Specific conductance measurement site

Outfall of permitted coal-bed methane discharge

Tributary

Tongue River main stem

Irrigation return flow

Water-quality sampling site06305700

06299980

Monarch

EXPLANATION

Base from U.S. Census Bureau TIGER digital data, 1994–2001, 1:100,000 
Hydrography from U.S. Geological Survey National Hydrography Dataset (NHD), 2006, 1:24,000 
Indian reservation boundary from U.S. Geological Survey digital data, 1991, 1:250,000
Lambert Conformal Conic projection
Standard parallels: 41°N and 45°N, central meridian 107°30’W
North American Datum of 1983 (NAD 83)

Map area

MONTANA

WYOMING

Miles City

Sheridan

Bighorn
Mountains

Pu
m

pk
in

Cr
ee

k

Rive
r

To
ng

ue

T&Y DIVERSION DAM

Rive
r

Yellowstone

TONGUE RIVER 
DAM

Introduction    3



Figure 2.  Locations of synoptic measurement and sampling sites along the upper Tongue River and selected tributaries, 
Wyoming and Montana, April 20, 2006.
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Methods of Data Collection and Analysis    5

Two major tributaries enter the upper Tongue River in 
the study area: Goose Creek and Prairie Dog Creek (fig. 1). 
Streamflow for these tributaries varies both seasonally and 
annually. Annual mean streamflow for Goose Creek near 
Acme (gaging station 06305700) ranged from about 50 to 
303 ft3/s during water years 1984–2006 (U.S. Geological 
Survey, 2007a), and the mean annual streamflow was 144 ft3/s. 
Goose Creek receives discharge from the wastewater-
treatment facility in Sheridan, Wyo. Annual mean streamflow 
for Prairie Dog Creek near Acme (gaging station 06306250) 
ranged from about 14 to 73 ft3/s during water years 1971–2006 
(U.S. Geological Survey, 2007b), and the mean annual stream-
flow was 36 ft3/s. More than 1,000 CBM wells have been 
drilled in the Prairie Dog Creek drainage since 2000 (Wyo-
ming Oil and Gas Commission, 2008b).

Four small tributaries enter the upper Tongue River in the 
study area (Ash, Youngs, Squirrel, and Badger Creeks; fig. 1). 
Hundreds of CBM wells have been drilled in the drainages of 
these four tributaries since 2000 (Wyoming Oil and Gas Com-
mission, 2008a, b, c), although there are no permits to dispose 
of CBM discharge into these tributaries (Tom Reid, Montana 
Department of Environmental Quality, written commun., 
2008).

The study reach had 15 direct CBM discharge outfalls; 
all were located in Montana and were permitted by the State 
of Montana at the time of the synoptic sampling trips (Mon-
tana Department of Environmental Quality, written commun., 
2006; figs. 1 and 2). Twelve of the CBM discharge outfalls 
were upstream from Prairie Dog Creek, and the others were 
downstream from Prairie Dog Creek. During the April 2006 
synoptic sampling trip, outfall MT–0030457–003 could not 
be located, therefore, 11 of the 15 CBM discharge outfalls 
were upstream from Prairie Dog Creek (fig. 2). The permit 
(MT–0030457–003) authorized a maximum combined CBM 
discharge of 2,500 gallons per minute (gal/min), or 5.57 ft3/s, 
from the 15 outfalls to the Tongue River. The actual CBM 
discharge measured during both synoptic sampling trips was 
less than the permitted discharge because field measurement 
of streamflow at some outfalls was not practicable and because 
the amount of CBM discharge can fluctuate in response to the 
amount of water being removed from the aquifer in order to 
extract the methane gas (Keith and others, 2003). Although the 
number of outfalls was the same for both synoptic sampling 
trips, outfall MT–0030457–15 was relocated to a new site 
downstream from Tongue River at State line (gaging station 
06306300) and renamed MT–0030457–16 after the September 
2005 synoptic sampling trip (Montana Department of Environ-
mental Quality, written commun., 2006). In 2010, the Montana 

Supreme Court voided the permit for the 15 direct CBM dis-
charges in the study reach (Montana Supreme Court, 2010).

Methods of Data Collection and 
Analysis

Two synoptic sampling trips were designed to (1) deter-
mine the location of inflows by canoeing along the Tongue 
River in the reach upstream from the Tongue River Reservoir 
and (2) spatially delineate and quantify downstream changes 
in SC. In September 2005, the synoptic sampling trip extended 
from Tongue River at Monarch (gaging station 06299980) to 
Tongue River at State line (gaging station 06306300). The 
downstream part of the trip (river mile 15.54 to 30.57) was 
conducted on September 27; the upstream part (river mile 0.00 
to 12.94) was conducted on September 28 (fig. 1; tables 1 and 
2). The part of the river between river mile 4.54 and 12.94 was 
not visited or sampled because information from topographic 
maps and descriptions of CBM permit locations (Montana 
Department of Environmental Quality, written commun., 
2006) indicated that this part of the river lacked inflows that 
could affect the SC of the Tongue River. 

In April 2006, the synoptic sampling trip extended from 
Tongue River at Monarch to the county bridge on Otter Road, 
which is just upstream from the Tongue River Reservoir. This 
sampling trip covered a longer reach than the trip in Septem-
ber 2005 so that Badger Creek and a new CBM discharge 
outfall downstream from Tongue River at State line could be 
included in the investigation. The entire trip was conducted in 
1 day (April 20) by utilizing two study teams. The first team 
covered river mile 0.00 to 12.50 and then river mile 30.57 
to 34.51, while the second team covered river mile 12.50 to 
30.57 (fig. 2; tables 3 and 4). During this synoptic sampling 
trip, the reach from river mile 4.54 and 12.94 was visited and 
no inflows to the main stem were found. 

Tongue River at Monarch, Tongue River at State line, 
Goose Creek near Acme, and Prairie Dog Creek near Acme 
were sampled periodically throughout 2005 and 2006 as 
part of ongoing monitoring activities; therefore, these sites 
were not sampled during either synoptic sampling trip. Most 
tributaries were sampled at their mouth during the synoptic 
sampling trips (figs. 1 and 2). CBM discharge outfalls were 
selected for sampling on the basis of amount of flow, loca-
tion, and visibility from the river. Very small or diffuse CBM 
discharges were not sampled. 



Table 1.  Specific conductance along the upper Tongue River, Wyoming and Montana, September 27–28, 2005.

[Sites are listed in downstream order. Abbreviation: ft3/s, cubic feet per second; µS/cm, microsiemens per centimeter at 25 degrees Celsius; SAR, sodium-adsorption ratio. Symbol: --, no data]

Latitude1 Longitude1 River  
mile2 Date Time

Specific 
conductance 

(µS/cm)

Streamflow 
(ft3/s)

SAR3 Remarks

44°54′8.20″ 107°1.0′12.1″ 0.00 9/28/2005 0830 420 74 0.36 Tongue River at Monarch, Wyo. (gaging station 06299980). Continuous 
streamflow and specific conductance data recorded.

44°54′25.3″ 107°0.0′41.6″ .64 9/28/2005 0845 419 -- --

44°54′29.2″ 107°0.0′30.5″ .84 9/28/2005 0850 419 -- --

44°54′34.0″ 107°0.0′29.4″ 1.04 9/28/2005 0857 419 -- --

44°54′27.6″ 107°0.0′2.3″ 1.40 9/28/2005 0908 419 -- --

44°54′43.0″ 106°59′40.3″ 1.84 9/28/2005 0917 420 -- --

44°54′51.6″ 106°59′29.8″ 2.24 9/28/2005 0925 420 -- --

44°54′48.6″ 106°59′19.7″ 2.44 9/28/2005 0936 420 -- --

44°54′47.6″ 106°59′10.9″ 2.54 9/28/2005 0938 420 -- -- Upstream from Goose Creek.
44°54′33.6″ 106°58′11.2″ 3.64 9/28/2005 1016 520 -- -- Downstream from Goose Creek.
44°54′26.4″ 106°57′50.2″ 3.94 9/28/2005 1024 520 -- --

44°54′28.7″ 106°57′13.5″ 4.54 9/28/2005 1050 520 -- --

44°56′44.0″ 106°56′35.0″ 12.94 9/28/2005 1130 522 -- -- Upstream from Ash Creek.
44°57′33.5″ 106°55′16.2″ 15.54 9/27/2005 0941 539 -- -- Downstream from Ash Creek.
44°58′24.7″ 106°54′50.7″ 17.04 9/27/2005 1100 543 -- -- Downstream from Youngs Creek.
44°58′55.3″ 106°53′40.7″ 19.34 9/27/2005 1140 544 -- --

44°58′56.1″ 106°53′25.0″ 19.74 9/27/2005 1200 542 -- --

44°59′31.6″ 106°53′35.9″ 20.48 9/27/2005 1215 542 -- --

44°59′41.4″ 106°53′14.7″ 20.94 9/27/2005 1235 541 -- -- Downstream from irrigation return flow.
44°59′16.7″ 106°53′13.7″ 21.54 9/27/2005 1253 540 -- -- Upstream from all Montana coal-bed  

methane discharge outfalls.
44°59′56.5″ 106°52′31.9″ 22.84 9/27/2005 1400 539 -- --

44°59′24.0″ 106°49′49.2″ 27.94 9/27/2005 1645 544 -- -- Upstream from Prairie Dog Creek.
45°00′32.0″ 106°50′08.0″ 30.57 9/27/2005 1830 625 195 .76 Tongue River at State line, near Decker, Mont. (gaging station 06306300). 

Continuous streamflow and specific conductance data recorded.
1Latitude and longitude, in degrees, minutes and seconds, are referenced to the North American Datum of 1983 (NAD 83). 
2Distance downstream from Tongue River at Monarch (gaging station 06299980).
3Estimated from real-time specific conductance by using linear-regression methods (Cannon and others, 2007).
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Table 2.  Physical and chemical characteristics of inflows to the upper Tongue River, Wyoming and Montana, September 27–28, 2005.

[Site names for permitted coal-bed methane discharges correspond to names designated by the Montana Department of Environmental Quality (for example, MT–0030457–009). Sites are listed in downstream 
order. Sodium-adsoprtion ratio was calculated from laboratory analytical data unless otherwise noted. Site type: C, permitted coal-bed methane discharge; I, irrigation return flow; T, tributary. Abbreviations: e, 
estimated; ft3/s, cubic feet per second; µS/cm, microsiemens per centimeter at 25 degrees Celsius; mg/L, milligrams per liter; SAR, sodium-adsorption ratio. Symbols: <, less than; --, no data]

Site name

U.S. Geological 
Survey gaging 

station or  
miscellaneous 
measurement 

number

Latitude1 Longitude1 River 
mile2

Site 
type

Date Time
Stream-

flow  
(ft3/s)

Specific 
conduc-

tance  
(µS/cm)

Dissolved 
sodium 
(mg/L)

Dissolved 
calcium 
(mg/L)

Dissolved 
magnesium 

(mg/L)
SAR

Goose Creek near 
Acme, Wyo.

06305700 44°54′44.6″ 106°58′45.3″ 2.81 T 9/28/2005 1000 87 612 -- -- -- 30.63

Ash Creek near 
mouth

445700106563101 44°57′00.0″ 106°56′31.0″ 13.07 T 9/28/2005 1135 .10 1,700 95.0 123 113 1.0

Youngs Creek at 
mouth

445817106544601 44°58′17.0″ 106°54′46.2″ 16.52 T 9/27/2005 1030 .27 1,260 54.5 83.8 99.5 1.0

Unnamed irrigation 
return flow

44°59′39.1″ 106°53′37.2″ 20.60 I 9/27/2005 1230 -- 530 -- -- -- --

MT–0030457–009 445949106524801 44°59′48.9″ 106°52′48.4″ 22.17 C 9/27/2005 1315 .26 2,050 464 5.89 2.19 42
MT–0030457–008 44°59′55.2″ 106°52′48.0″ 22.27 C 9/27/2005 1340 .002 2,160 -- -- -- --
MT–0030457–002 44°59′56.5″ 106°52′31.9″ 22.47 C 9/27/2005 1354 4<.01 5-- -- -- -- --
MT–0030457–003 45°00′06.8″ 106°52′27.2″ 22.73 C 9/27/2005 1405 Dry 0-- -- -- -- --
MT–0030457–004 450011106522501 45°00′10.9″ 106°52′25.2″ 22.77 C 9/27/2005 1413 .034 1,980 467 3.70 1.31 53
MT–0030457–001 45°00′17.3″ 106°52′17.9″ 23.37 C 9/27/2005 1440 .004 1,880 -- -- -- --
MT–0030457–010 45°00′02.7″ 106°52′11.2″ 23.67 C 9/27/2005 1450 .009 2,040 -- -- -- --
MT–0030457–005 445955106515801 44°59′54.8″ 106°51′57.6″ 23.87 C 9/27/2005 1505 .022 1,750 417 3.65 1.25 48
MT–0030457–006 45°00′09.7″ 106°51′16.2″ 24.97 C 9/27/2005 1535 .21 1,960 -- -- -- --
MT–0030457–007 45°00′15.8″ 106°51′10.8″ 25.07 C 9/27/2005 1547 .16 2,000 -- -- -- --
Squirrel Creek at 

mouth
45°00′15.5″ 106°51′04.2′ 25.12 T 9/27/2005 1600 Dry -- -- -- -- --

MT–0030457–011 44°59′55.1″ 106°50′52.0″ 25.47 C 9/27/2005 1615 Dry -- -- -- -- --
MT–0030457–014 44°59′53.5″ 106°50′53.3″ 25.62 C 9/27/2005 1620 .33 1,830 -- -- -- --
Prairie Dog Creek 

near Acme, Wyo.
06306250 44°59′24″ 106°49′49.2″ 27.99 T 9/27/2005 1650 31 1,034 -- -- -- 3.87

MT–0030457–012 44°59′49.6″ 106°49′26.0″ 28.71 C 9/27/2005 1715 .056 1,990 -- -- -- --
MT–0030457–013 450007106495201 45°00′07.2″ 106°49′51.7″ 29.91 C 9/27/2005 1735 .035 1,970 488 3.55 1.28 57
MT–0030457–015 450017106494001 45°00′17.0″ 106°49″40.0″ 30.17 C 9/27/2005 1750 e2.0 2,440 581 4.59 1.84 58

1Latitude and longitude, in degrees, minutes and seconds, are referenced to the North American Datum of 1983 (NAD 83). 
2Distance downstream from Tongue River at Monarch (gaging station 06299980).
3Estimated from real-time specific conductance by using linear-regression methods (Cannon and others, 2007).
4Not used in calculations because specific conductance could not be measured.
5Streamflow too small to measure specific conductance.
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Table 3.  Specific conductance along the upper Tongue River, Wyoming and Montana, April 20, 2006.

[Sites are listed in downstream order. Shaded portion highlights the time difference in readings. Abbreviation: ft3/s, cubic feet per second; µS/cm, microsiemens 
per centimeter at 25 degrees Celsius; SAR, sodium-adsorption ratio. Symbol: --, no data]

Latitude1 Longitude1 River 
mile2 Time

Specific  
conductance  

(µS/cm)

Streamflow  
(ft3/s)

SAR3 Remarks

44°54′3.4″ 107°1.0′11.7″ 0.00 0745 373 158 0.33 Tongue River at Monarch, Wyo. (gaging station 
06299980). Continuous streamflow and specific 
conductance data recorded.

44°54′8.3″ 107°1.0′11.9″ .10 0755 373 -- --
44°54′24.1″ 107°0.0′52.2″ .59 0805 373 -- --
44°54′28.5″ 107°0.0′30.5″ .94 0810 374 -- --
44°54′42.6″ 106°59′40.7″ 1.89 0825 376 -- --
44°54′51.0″ 106°59′26.8″ 2.27 838 377 -- --
44°54′48.8″ 106°59′5.1″ 2.55 0845 378 -- -- Upstream from Goose Creek.
44°54′33.0″ 106°58′10.3″ 3.51 0905 439 -- -- Downstream from Goose Creek.
44°54′24.8″ 106°57′30.3″ 3.69 0930 439 -- --
44°54′31.7″ 106°57′9.7″ 4.05 0945 442 -- --
44°54′46.4″ 106°56′40.4″ 4.67 0955 446 -- --
44°55′2.8″ 106°56′41.2″ 5.02 1000 447 -- --
44°55′3.6″ 106°57′13.5″ 5.63 1013 449 -- --
44°55′12.3″ 106°57′41.7″ 6.21 1030 451 -- --
44°55′35.4″ 106°57′49.5″ 6.77 1040 452 -- --
44°55′42.2″ 106°56′28.0″ 8.02 1100 455 -- --
44°56′2.1″ 106°56′29.9″ 8.56 1107 459 -- --
44°56′9.0″ 106°57′4.6″ 9.20 1119 462 -- --
44°56′57.6″ 106°57′43.7″ 10.85 1145 469 -- --
44°56′21.1″ 106°57′41.1″ 11.37 1203 469 -- --
44°56′29.0″ 106°57′1.0″ 11.97 1215 469 -- --
44°56′41.1″ 106°56′28.1″ 12.50 1243 465 -- -- Upstream from Ash Creek.
44°56′41.1″ 106°56′28.1″ 12.50 0905 452 186 -- Upstream from Ash Creek.
44°57′8.7″ 106°55′18.2″ 14.43 0945 443 -- --
44°57′58.6″ 106°54′31.6″ 15.85 1020 436 -- --
44°58′20.0″ 106°54′50.9″ 16.44 1105 436 -- -- Downstream from Youngs Creek.
44°58′53.6″ 106°53′55.7″ 18.69 1140 433 -- --
44°58′57.8″ 106°53′24.8″ 19.27 1210 432 -- --
44°59′47.3″ 106°52′46.3″ 21.74 1300 428 -- -- Montana-Wyoming State line.
44°59′58.4″ 106°52′40.7″ 22.03 1340 429 -- --
44°59′53.0″ 106°51′57.9″ 23.73 1450 432 -- --
45°0.0′11.2″ 106°51′13.0″ 24.94 1515 435 -- --
45°0.0′15.0″ 106°51′9.2″ 25.58 1525 442 -- --
44°59′48.2″ 106°50′50.5″ 27.35 1543 438 -- --
44°59′23.3″ 106°49′48.7″ 27.82 1613 439 -- -- Upstream from Prairie Dog Creek.
44°59′41.2″ 106°49′20.5″ 28.82 1644 492 -- -- Downstream from Prairie Dog Creek.
44°59′50.5″ 106°49′2.7″ 29.42 1710 496 -- --
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Latitude1 Longitude1 River 
mile2 Time

Specific  
conductance  

(µS/cm)

Streamflow  
(ft3/s)

SAR3 Remarks

45°0.0′17.4″ 106°49′40.8″ 30.17 1735 502 -- --
45°0.0′32.3″ 106°49′58.9″ 30.57 1745 504 206 0.57 Tongue River at State line, near Decker, Mont. 

(gaging station 06306300). Continuous stream-
flow and specific conductance data recorded.

45°0.0′32.3″ 106°49′58.9″ 30.57 1410 515 206 .57 Tongue River at State line, near Decker, Mont. 
(gaging station 06306300). Continuous stream-
flow and specific conductance data recorded.

45°0.0′43.8″ 106°50′1.0″ 31.03 1422 514 -- --
45°0.0′34.6″ 106°49′20.0″ 31.74 1438 513 -- --
45°1.0′1.5″ 106°48′27.4″ 32.81 1535 4543 210 -- Downstream from MT–0030457–16 and Badger 

Creek.
45°1.0′22.6″ 106°48′45.8″ 33.64 1700 4542 -- --
45°1.0′31.6″ 106°48′27.3″ 33.96 1707 4543 -- --
45°1.0′50.5″ 106°48′45.7″ 34.51 1720 5539 -- -- Tongue River near the Tongue River Reservoir.

1Latitude and longitude, in degrees, minutes, and seconds, are referenced to the North American Datum of 1927 (NAD 27).
2Distance downstream from Tongue River at Monarch (station 06299980).
3Estimated from real-time specific conductance by using linear-regression equations (Cannon and others, 2007).
4From cross-sectional average.
5Probably affected by backwater from reservoir.

Table 3.  Specific conductance along the upper Tongue River, Wyoming and Montana, April 20, 2006.—Continued

[Sites are listed in downstream order. Shaded portion highlights the time difference in readings. Abbreviation: ft3/s, cubic feet per second; µS/cm, microsiemens 
per centimeter at 25 degrees Celsius; SAR, sodium-adsorption ratio. Symbol: --, no data]
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Streamflow 

Streamflow was measured at most CBM discharge out-
falls volumetrically by using a calibrated collection container 
and stopwatch (Rantz and others, 1982). Three measurements 
were made and the results were averaged. CBM discharge at 
outfall MT–0030457–15 was too large to measure volumetri-
cally; therefore, the flow was estimated on the basis of visual 
estimates of velocity and cross-sectional area (table 2). CBM 
discharge at outfall MT–0030457–16 was estimated using a 
mass-balance calculation (table 4) because the flow could not 
be directly measured or estimated visually (see the “Mass-
Balance and Other Calculations” section). 

Streamflow for the Tongue River (Tongue River at Mon-
arch and Tongue River at State line) and the two major tribu-
taries (Goose Creek near Acme and Prairie Dog Creek near 
Acme) was obtained from stage-discharge rating tables (Rantz 
and others, 1982). For tributaries without gaging stations, 
streamflow was determined either by using the floating-object 
method or by using a current meter (Rantz and others, 1982), 
depending on the amount of flow. 

Water Quality

Specific conductance of the Tongue River was measured 
at multiple locations throughout the study reach and at points 
upstream and downstream from inflows (figs. 1 and 2). Down-
stream from inflows, the degree of mixing was determined 
by measuring SC along a transect across the river. If the river 
appeared to be well mixed on the basis of the cross-sectional 
data, the SC at midstream was recorded. If mixing was not 
complete, the average value for the cross-sectional data was 
recorded. SC also was measured at most inflow sites. In addi-
tion, continuous SC was monitored before, during, and after 
each synoptic sampling trip at four gaging stations (Tongue 
River at Monarch, Goose Creek near Acme, Prairie Dog Creek 
near Acme, and Tongue River at State line) and made avail-
able to the public in real-time on the World Wide Web (http://
waterdata.usgs.gov).

 Specific-conductance measurements made with the same 
meter on the same day are assumed to have an associated 
error of no more than plus or minus 1 percent of the measured 
value, which is the accuracy listed in the manufacturer’s 

http://waterdata.usgs.gov
http://waterdata.usgs.gov


Table 4.  Physical and chemical characteristics of inflows to the upper Tongue River, Wyoming and Montana, April 20, 2006.

[Site names for permitted coal-bed methane discharges correspond to names designated by the Montana Department of Environmental Quality (for example, MT–0030457–009). Sites are listed in downstream 
order. Sodium-adsoprtion ratio was calculated from laboratory analytical data unless otherwise noted. Site type: C, permitted coal-bed methane discharge; T, tributary. Abbreviations: ft3/s, cubic feet per second; 
µS/cm, microsiemens per centimeter at 25 degrees Celsius; mg/L, milligrams per liter; SAR, sodium-adsorption ratio. Symbols: <, less than; --, no data]

Site name

U.S. Geological 
Survey gaging- 

station or 
miscellaneous 
measurement 

number

Latitude1 Longitude1 River 
mile2 Time

Site 
type

Stream-
flow  
(ft3/s)

Specific  
conductance  

(µS/cm)

Dissolved  
sodium  
(mg/L)

Dissolved  
calcium  
(mg/L)

Dissolved  
magnesium  

(mg/L)
SAR

Goose Creek near Acme, 
Wyo.

06305700 44°54′44.6″ 106°58′45.3″ 2.81 850 T 73.0 562 -- -- -- 30.57

Youngs Creek at mouth 445817106544601 44°58′17.0″ 106°54′46.2″ 16.12 1040 T .96 2,020 131 120 173 1.8
MT–0030457–009 -- 44°59′48.9″ 106°52′48.4″ 22.17 1310 C Dry -- -- -- -- --
MT–0030457–008 445955106524801 44°59′55.2″ 106°52′48.0″ 22.27 1330 C .08 1,900 466 5.08 1.71 46
MT–0030457–002 -- 44°59′56.5″ 106°52′31.9″ 22.47 1350 C Dry -- -- -- -- --
MT–0030457–004, 

Diffuser
-- 45°00′10.9″ 106°52′25.2″ 22.77 1400 C -- -- -- -- -- --

MT–0030457–001 -- 45°00′17.3″ 106°52′17.9″ 23.37 1420 C .05 1,920 -- -- -- --
MT–0030457–010 -- 45°00′02.7″ 106°52′11.2″ 23.67 1430 C .02 2,000 -- -- -- --
MT–0030457–005 445955106515801 44°59′54.8″ 106°51′57.6″ 23.87 1445 C .04 1,720 404 3.82 1.27 46
MT–0030457–006, 

Diffuser
-- 45°00′09.7″ 106°51′16.2″ 24.97 1510 C -- -- -- -- -- --

MT–0030457–007 -- 45°00′15.8″ 106°51′10.8″ 25.07 1520 C .08 2,070 -- -- -- --
Squirrel Creek at mouth -- 45°00′15.5″ 106°51′04.2″ 25.12 1415 T -- -- -- -- -- --
MT–0030457–011 -- 44°59′55.1″ 106°50′52.0″ 25.47 1535 C Dry -- -- -- -- --
MT–003457–014 -- 44°59′53.5″ 106°50′53.3″ 25.62 1535 C .05 1,820 -- -- -- --
Prairie Dog Creek near 

Acme, Wyo.
06306250 44°59′19.6″ 106°50′47.9″ 27.99 1620 T 11.0 1,400 -- -- -- 31.33

MT–0030457–012 -- 44°59′49.6″ 106°49′26.0″ 28.71 1655 C .03 1,970 -- -- -- --
MT–0030457–013 450007106495201 45°00′07.2″ 106°49′51.7″ 29.91 1725 C .05 1,920 471 3.26 .99 59
MT–0030457–0154 -- 45°00′17.0″ 106°49″40.0″ 30.17 1735 C Dry -- -- -- -- --
MT–0030457–016, 

Diffuser
-- 45°00′46.4″ 106°49′05.8″ 31.97 1445 C 54.25 61,900 -- -- -- --

Badger Creek at mouth -- 45°00′42.9″ 106°48′44.5″ 32.30 1515 T 70 8,520 -- -- -- --
1Latitude and longitude, in degrees, minutes and seconds, are referenced to the North American Datum of 1927 (NAD 27). 
2Distance downstream from Tongue River at Monarch (station 06299980).
3Estimated from real-time specific conductance by using linear-regression equations (Cannon and others, 2007).
4Outfall for discharge relocated to MT–0030457–016.
5Estimated by using a mass-balance calculation.
6Flow-weighted average of specific-conductance values for the other outfalls.
7Pooled water, no flow.
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Methods of Data Collection and Analysis    11

specifications for the instrument used to measure SC (Orion 
Research, Inc., 1991; YSI, Incorporated, 2004). Comparison of 
data collected with different meters on the same day (as during 
the April 2006 synoptic sampling trip) or the same meter on 
different days (as during the September 2005 synoptic sam-
pling trip) indicated that measurements could have an associ-
ated error of about 2–3 percent owing to variations introduced 
by recalibrating the instrument each day or variations between 
meters.

Water-quality samples were collected from selected 
inflows (tables 2 and 4). These samples were collected at a 
single point in the center of flow (tributaries) or directly from 
the CBM discharge outfalls. Samples were passed through a 
syringe filter (0.45-micrometer pore size), preserved, and then 
analyzed at the USGS National Water Quality Laboratory in 
Denver, Colo., for dissolved calcium, magnesium, and sodium 
(Fishman, 1993). 

Quality-assurance procedures used for the collec-
tion and field processing of water-quality data and samples 
are described by Ward and Harr (1990), Lambing (2006), 
Horowitz and others (1994), Edwards and Glysson (1999), 
and U.S. Geological Survey (variously dated). Standard 
procedures used by the National Water Quality Laboratory for 
internal sample handling and quality assurance are described 
by Friedman and Erdmann (1982), Jones (1987), and Pritt and 
Raese (1995). 

The quality of analytical results reported for water-quality 
samples was not evaluated directly for this study but likely is 
similar to the quality reported by Cannon and others (2007) for 
samples collected along the Tongue River during water years 
2004–06. Cannon and others (2007) evaluated the quality of 
analytical results through the use of quality-control samples 
that were analyzed concurrently in the laboratory with the 
environmental samples. These quality-control samples con-
sisted of field replicates and blanks, which provided quantita-
tive information on the precision and bias of the overall field 
and laboratory process. The average relative percent difference 
(RPD) for calcium, magnesium, and sodium concentrations 
in the 14 field-replicate samples was 1.3 percent, 0.8 percent, 
and 1.3 percent, respectively. The maximum RPD for these 
constituents was 3.1 percent, 2.4 percent, and 4.0 percent, 
respectively. RPD values were calculated by dividing the dif-
ference in concentration of the two replicates by the average 
of the two concentrations, and then multiplying the result by 
100. Concentrations of calcium, magnesium, and sodium were 
less than the laboratory reporting level in the 12 field-blank 
samples collected during the same period. 

Mass-Balance and Other Calculations 

Mass-balance calculations were used to estimate stream-
flow, SC, SAR, or ion concentrations for some sites along 
the Tongue River where one (or more) of these physical or 
chemical characteristics was not measured. Mass-balance 
calculations also were used to project potential increases in SC 
and SAR resulting from direct CBM discharge to the Tongue 

River. These calculations are based on the principle of conser-
vation of mass, as expressed in the following two equations:

	 Cdown Qdown = (Cup Qup ) + (Cinf Qinf ),	 (1)

and

	 Qdown = Qup + Qinf ,	 (2)

where
	 Cdown 	 is concentration, in milligrams per liter, 

specific conductance, in microsiemens per 
centimeter at 25 degrees Celsius, or SAR 
of the Tongue River downstream from an 
inflow;

	 Qdown 	 is streamflow of the Tongue River 
downstream from an inflow, in cubic feet 
per second;

	 Cup 	 is concentration, in milligrams per liter, 
specific conductance, in microsiemens per 
centimeter at 25 degrees Celsius, or SAR 
of the Tongue River upstream from an 
inflow;

	 Qup 	 is streamflow of the Tongue River upstream 
from an inflow, in cubic feet per second;

	 Cinf 	 is concentration, in milligrams per liter, 
specific conductance, in microsiemens per 
centimeter at 25 degrees Celsius, or SAR 
of the inflow; and

	 Qinf 	 is streamflow of the inflow, in cubic feet per 
second. 

Implicit in the mass-balance calculations used for 
estimating SC is the assumption that SC is a chemically 
conservative characteristic that can be used as a proxy for 
dissolved-solids concentration. Similarly, implicit in the 
mass-balance calculations used for estimating SAR is the 
assumption that SAR is a chemically conservative character-
istic. However, this assumption for SAR is not always valid, 
particularly if the major-ion composition of the stream and 
inflow is not similar. 

To evaluate potential effects of CBM discharge on the 
Tongue River, historical information on the SC and SAR in 
the river prior to CBM development was needed for a range 
of streamflow conditions. This information was estimated for 
Tongue River at State line using linear regression (Helsel and 
Hirsch, 2002) and historical streamflow and water-quality 
data. One regression equation was developed for estimating 
historical SC from streamflow. Another set of regression equa-
tions was developed for estimating historical concentrations of 
calcium, magnesium, and sodium from streamflow. The uncer-
tainty associated with regression estimates may be represented 
by the 95-percent prediction interval, which represents the 
range of values within which the true value will occur 95 per-
cent of the time (Helsel and Hirsch, 2002). 
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The average value of the SC or concentration of a major 
ion in the combined flow from multiple sources (for example, 
several CBM discharges) was needed to assist in interpreting 
water-quality data. These values were determined by using 
the flow-weighted average. The flow-weighted average was 
calculated by first summing the products of the SC or ion con-
centration and the flow for each source and then dividing the 
resulting sum by the sum of the flows for all sources. 

Specific Conductance along the Upper 
Tongue River

Field conditions were appropriate for conducting synoptic 
sampling during both sampling periods. During both synop-
tic sampling trips, the weather was sunny and warm, and no 
precipitation fell in the area. Streamflows during the Septem-
ber 2005 sampling trip generally were steady (fig. 3), varying 
by about 10 percent or less during the sampling period. SC 
varied between 625 and 645 µS/cm at Tongue River at State 
line (about a 3-percent change; fig. 4). Three days prior to 
the sampling, 0.23 inch (in.) of rain fell at the precipitation 
station in Sheridan, Wyo. (National Oceanic and Atmospheric 
Administration, 2007). This rain caused increased streamflow 
at Tongue River at Monarch and at Goose Creek near Acme 
prior to the September 2005 sampling trip, but streamflows in 
the main stem decreased and remained fairly constant at these 
sites during the sampling period (fig. 3). At Tongue River at 
State line, streamflow increased gradually during the sampling 
trip (about an 11-percent increase), most likely representing 
arrival of the increased streamflow recorded at Tongue River 
at Monarch and at Goose Creek near Acme during the preced-
ing days. This increasing streamflow could have had a small 
effect on the results of the sampling. On the basis of field 
observations, some water was being diverted for irrigation 
during the September 2005 sampling. Although the amount of 
water being diverted was not determined, the small amount of 
water probably had little effect on the sampling results. 

Streamflows during the April 2006 synoptic sampling 
trip were higher and more varied than during the September 
2005 sampling trip, primarily owing to diurnal flow patterns 
at several sites (fig. 5). Streamflows during the April 2006 
sampling period varied by about 20 percent or less at the 
Tongue River at State line and Goose Creek near Acme gag-
ing stations. Streamflows at Tongue River at Monarch varied 
about 50 percent while streamflows at Prairie Dog Creek near 
Acme decreased sharply (about 60 percent) during the sam-
pling period. SC varied between 492 and 495 µS/cm at Tongue 
River at State line (about a 1-percent change; fig. 6). Three 
days prior to the sampling, 0.24 in. of rain fell at the precipita-
tion station in Sheridan, Wyo. (National Oceanic and Atmo-
spheric Administration, 2007). Streamflow increased slightly 
to moderately on April 17 and 18 at all sites (fig. 5). On the 
basis of field observations, water was not being diverted for 
irrigation during the April 2006 sampling trip.

Specific Conductance, September 2005

Specific conductance of the upper Tongue River gener-
ally increased in the downstream direction during the synoptic 
investigation on September 27–28, 2005 (fig. 7 and table 1). 
The overall increase in SC from 420 µS/cm at Tongue River 
at Monarch (river mile 0.00) to 625 µS/cm at Tongue River 
at State line (river mile 30.57) was 49 percent. The increases 
in SC downstream from Goose Creek and Prairie Dog Creek 
were large. SC increased 24 percent from 420 µS/cm upstream 
from Goose Creek to 520 µS/cm downstream from Goose 
Creek (table 1). SC increased 15 percent from 544 µS/cm 
upstream from Prairie Dog Creek to 625 µS/cm downstream 
from Prairie Dog Creek. 

Specific conductance of the Tongue River remained 
essentially constant between Tongue River at Monarch and 
Goose Creek and then between Goose Creek and Prairie Dog 
Creek. There was an increase in SC of about 3 percent near 
Ash Creek where the September 27 measurement reach began 
and the September 28 reach ended (fig. 7 and table 1). This 
change in SC likely is a combined result of differences in SC 
in the river and in calibration of the SC meter on the two sam-
pling days. Although the SC of Ash and Youngs Creeks was 
high (1,700 and 1,260 µS/cm, respectively), these tributaries 
had a negligible effect on the SC of the Tongue River because 
of their very small flow (table 2). Also, the irrigation return 
flow (river mile 20.60) had negligible effect because the SC 
of the return flow was similar to that of the Tongue River (530 
and 541 µS/cm, respectively; tables 1 and 2). 

The only other visible inflows to the Tongue River were 
the 15 CBM discharge outfalls. Two of these outfalls were 
dry, and one had too little streamflow to allow measurement 
of SC. SC of the 12 remaining CBM discharges ranged from 
1,750 to 2,440 µS/cm (table 2), and the flow-weighted average 
was 2,260 µS/cm. The combined streamflow from all mea-
sured CBM discharge outfalls was 3.12 ft3/s or 1,400 gal/min. 
About two-thirds of this flow was discharged from outfall 
MT–0030457–015 (table 2), which was about 2 river miles 
downstream from Prairie Dog Creek. 

CBM discharge from the outfalls upstream from Prairie 
Dog Creek had no measurable effect on SC in the Tongue 
River (fig. 7). The effect of CBM discharge on the Tongue 
River downstream from Prairie Dog Creek was not measured 
directly because inflows from CBM discharges and Prairie 
Dog Creek did not completely mix in the main stem before the 
river reached the next downstream CBM discharge. However, 
between the Tongue River immediately upstream from Prairie 
Dog Creek and Tongue River at State line, SC increased 
81 µS/cm, from 544 to 625 µS/cm (about 15 percent; table 1 
and fig. 7). The contribution of CBM discharge to the increase 
in SC in this reach was estimated by using equations 1 and 
2, the SC and streamflow data for Tongue River at State line 
(625 µS/cm, 195 ft3/s), the flow-weighted average SC of the 
12 measured CBM discharges (2,260 µS/cm), and the sum 
of the streamflow for the three CBM discharges downstream 
from Prairie Dog Creek (2.09 ft3/s). The estimated increase in 



Figure 3.  Continuous streamflow during September 23−30, 2005. A, Tongue River at Monarch, Wyo. (06299980). B, Goose Creek near 
Acme, Wyo. (06305700). C, Prairie Dog Creek near Acme, Wyo. (06306250). D, Tongue River at State line, near Decker, Mont. (06306300).
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SC at Tongue River at State line resulting from the three CBM 
discharges downstream from Prairie Dog Creek combined was 
18 µS/cm (a 2.9-percent increase). The remaining increase of 
63 µS/cm in this reach was attributed to Prairie Dog Creek. 

The increase in SC in the Tongue River resulting from 
the inflow of Prairie Dog Creek could have been calculated by 
using equations 1 and 2 and data from the Prairie Dog Creek 
near Acme gaging station. However, because of the difference 
between SC values from the continuous monitor at the station 
on Prairie Dog Creek near Acme (about 1 mile upstream from 
the mouth; figs. 1 and 4) and the measured value at the mouth 
during the synoptic investigation (table 2), the calculation 
method of subtracting out the outfalls (described in previous 
paragraph) is better constrained because the synoptically mea-
sured values are spatially and temporally more representative 
and consistent than the values from the SC monitor at Prairie 
Dog Creek near Acme. 

The estimated increase in SC at Tongue River at State 
line resulting from all 15 CBM discharge outfalls was 

27 µS/cm (a 4.5-percent increase). This increase in SC was 
determined by using equations 1 and 2, SC and streamflow 
data for Tongue River at State line (625 µS/cm, 195 ft3/s), the 
flow-weighted average SC of the 12 measured CBM discharge 
outfalls (2,260 µS/cm), and the combined streamflow of all 
measured outfalls (3.12 ft3/s). On the basis of relative flow 
rates among the outfalls, the large flow (estimated 2.0 ft3/s) 
from CBM discharge outfall MT–0030457–15 contrib-
uted about 63 percent, or about 17 µS/cm, of the 27-µS/cm 
increase.

Specific Conductance, April 2006

The SC of the Tongue River generally increased in the 
downstream direction and increased substantially downstream 
from Goose and Prairie Dog Creeks during the synoptic 
investigation on April 20, 2006 (fig. 8 and table 3). This 
downstream trend in SC was similar to the trend in September 



Figure 4.  Continuous specific conductance during September 23−30, 2005. A, Tongue River at Monarch, Wyo. (06299980). B, Goose 
Creek near Acme, Wyo. (06305700). C, Prairie Dog Creek near Acme, Wyo. (06306250). D, Tongue River at State line, near Decker, Mont. 
(06306300).
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2005. The overall increase from 373 µS/cm at river mile 0.00 
to 543 µS/cm at river mile 33.96 in April 2006 was 46 percent. 
SC in the Tongue River increased from 378 µS/cm upstream 
from Goose Creek to 439 µS/cm downstream from Goose 
Creek (a 16-percent increase). SC increased from 439 µS/cm 
upstream from Prairie Dog Creek to 492 µS/cm downstream 
from Prairie Dog Creek (a 12-percent increase). These 
increases generally were similar to the increases (24 percent  
at Goose Creek and 15 percent at Prairie Dog Creek) in Sep-
tember 2005. Locations of measurement sites referred to as 
“upstream” or “downstream” from river inflows varied slightly 
between the two synoptic sampling trips.

Specific conductance in the reach between Goose Creek 
and the Montana-Wyoming State line was more varied in April 
2006 than in September 2005 (figs. 7 and 8). In the upper 
part of this reach in April 2006, SC increased about 7 percent 
from 439 µS/cm at river mile 3.51 to 469 µS/cm at river mile 
10.85 and then remained nearly constant to river mile 12.50 
(upstream of Ash Creek; fig. 8 and table 3). No visible 

inflows occurred in this reach. Continuing downstream, SC 
decreased about 5 percent from 452 µS/cm at river mile 12.50 
to 428 µS/cm at the Montana-Wyoming State line (river mile 
21.74; fig. 8 and table 3). The decreasing SC in this reach may 
have masked any increase in SC in the main stem that might 
have been contributed by Youngs Creek, which was flowing 
0.96 ft3/s with a SC of 2,020 µS/cm (table 4). The irrigation 
return flow observed in September 2005 at river mile 20.60 
(table 2) was not found during April 2006. The overall down-
stream pattern of increasing and then decreasing SC between 
Goose Creek and the Montana-Wyoming State line was not 
observed during September 2005 and is thought to reflect the 
varying SC recorded at Tongue River at Monarch during the 
24-hour period prior to the start of sampling (fig. 6).

As observed during the September 2005 synoptic 
sampling trip, the only visible inflows besides tributaries to 
the Tongue River in April 2006 were the 15 CBM discharge 
outfalls. Between the September 2005 and April 2006 syn-
optic sampling trips, three of the outfalls in the study reach 



Figure 5.  Continuous streamflow during April 15–25, 2006. A, Tongue River at Monarch, Wyo. (06299980). B, Goose Creek near Acme, 
Wyo. (06305700). C, Prairie Dog Creek near Acme, Wyo. (06306250). D, Tongue River at State line, near Decker, Mont. (06306300).
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were equipped with effluent diffusers (table 4). Diffusers 
were installed across the width of the streambed and gener-
ally perpendicular to streamflow to facilitate rapid mixing of 
CBM discharge with river water. Because the diffusers were 
submerged, streamflow and SC of CBM discharge could 
not be measured at these sites. Four CBM discharge outfalls 
were dry. In April 2006, the SC of the eight measured CBM 
discharges ranged from 1,720 to 2,070 µS/cm (table 4) and the 
flow-weighted average was 1,900 µS/cm. Streamflow from the 
eight measured outfalls varied from 0.02 to 0.08 ft3/s (table 4) 
and the combined streamflow totaled 0.40 ft3/s. However, this 
combined flow was only a small percent of the CBM discharge 
to the Tongue River in the study reach because the flows being 
discharged from the three diffuser-equipped outfalls were not 
measured but, based on visual inspection, appeared larger than 
the flows from any of the measured CBM discharges. The 
reason that the flow-weighted SC of CBM discharges from 
April 2006 (1,900 µS/cm) was lower than the flow-weighted 
SC of CBM discharges from September 2005 (2,260 µS/cm) is 

not known but may be due to either the absence of SC data for 
the unmeasured CBM discharge in April 2006 or differences in 
water-quality characteristics of the coal seams that were being 
pumped during the two periods.

Specific conductance in the Tongue River increased 
at three places in the downstream end of the study reach. 
The first increase of approximately 14 µS/cm (from 428 to 
442 µS/cm, or 3.3 percent) occurred upstream from Prairie 
Dog Creek between river miles 21.74 and 25.58 (table 3 and 
fig. 8). Visible inflows in this reach included Squirrel Creek 
and 10 CBM discharge outfalls. Squirrel Creek was not mea-
sured, and discharge at two of the CBM discharge outfalls was 
routed through diffusers and could not be measured. Three 
CBM discharge outfalls were dry. The SC values of the five 
measured CBM discharge outfalls (1,720 to 2,070 µS/cm) 
upstream from Prairie Dog Creek were similar, and these five 
outfalls had a combined discharge of 0.27 ft3/s. In order to esti-
mate the increase in SC in the Tongue River resulting from the 
five measured CBM discharges, equations 1 and 2 were used 



Figure 6.  Continuous specific conductance during April 15–25, 2006. A, Tongue River at Monarch, Wyo. (06299980). B, Goose Creek 
near Acme, Wyo. (06305700). C, Prairie Dog Creek near Acme, Wyo. (06306250). D, Tongue River at State line, near Decker, Mont. 
(06306300).
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along with SC and streamflow data for Tongue River at State 
line (515 µS/cm, 206 ft3/s), the flow-weighted average SC 
(1,900 µS/cm) of all eight measured CBM discharges, and the 
combined streamflow of the five measured CBM discharges in 
the reach (0.27 ft3/s). This mass-balance calculation indicated 
that the five measured CBM discharges upstream from Prairie 
Dog Creek could increase the SC of the Tongue River only by 
about 2 µS/cm. Thus, other factors, such as diurnal changes 
in streamflow and SC, Squirrel Creek, groundwater inflow, or 
the two diffuser-equipped CBM discharge outfalls, account for 
most of the increase in SC (12 µS/cm, or 86 percent) in this 
reach of the Tongue River. 

Second, specific conductance also increased 12 µS/cm 
(from 492 to 504 µS/cm, or 2.4 percent) in the reach from 
just downstream from Prairie Dog Creek (river mile 28.82) to 
Tongue River at State line (river mile 30.57; table 3 and fig. 8). 
Two CBM discharge outfalls were in this reach (river miles 
29.91 and 30.17); the discharge from one was 0.05 ft3/s, and 
the other was dry. To estimate the increase in SC in the Tongue 

River resulting from the flowing CBM discharge, equations 1 
and 2 were used along with SC and streamflow data for 
Tongue River at State line (504 µS/cm, 206 ft3/s), the flow-
weighted average SC (1,900 µS/cm) of all eight measured 
CBM discharges, and the streamflow of the measured CBM 
discharge (0.05 ft3/s) in the reach. This mass-balance calcu-
lation indicated that the one CBM discharge could increase 
the SC of the Tongue River only by an estimated 0.3 µS/cm. 
Therefore, this CBM discharge probably was not the cause of 
the increase in SC in this second reach upstream from river 
mile 30.57. Alternatively, this increase in SC may reflect the 
influence of groundwater inflow as well as diurnal changes in 
SC and streamflow (figs. 5 and 6).

Lastly, the SC increased 30 µS/cm (from 513 to 
543 µS/cm, or 5.8 percent) between river mile 31.74 and 
32.81 (table 3) in the Tongue River downstream from CBM 
discharge outfall MT–0030457–016 and Badger Creek. 
Although there was pooled water with an SC of 8,520 µS/cm 
at the mouth of Badger Creek (river mile 32.30), no flow was 



Figure 7.  Specific conductance of the upper Tongue River, tributaries, and other inflows between Tongue River at 
Monarch, Wyo., (06299980), and State line, near Decker, Mont., (06306300), September 27−28, 2005.

Sp
ec

ifi
c 

co
nd

uc
ta

nc
e,

 in
 m

ic
ro

si
em

en
s 

pe
r c

en
tim

et
er

 a
t 2

5 
de

gr
ee

s 
Ce

ls
iu

s

Distance, in river miles

0 5 10 15 20 25 30 35

1,000

Tongue River September 27, 2005

EXPLANATION

Permitted coal-bed methane discharge

Tributary

Irrigation return flow

Tongue River September 28, 2005

300

Youngs Creek

Tongue River at Monarch

Tongue River 
at State line

Prairie Dog Creek

Ash Creek

Goose Creek

3,000

2,000

500

Specific Conductance along the Upper Tongue River    17

observed (table 4); therefore, Badger Creek likely did not 
cause the increase of SC in the Tongue River. The only other 
visible inflow to the main stem was CBM discharge outfall 
MT–0030457–016 (at river mile 31.97). The streamflow 
and SC of this discharge could not be measured because the 
discharge was routed through a diffuser on the streambed. 
Increased SC values were noted in the main stem of the river 
directly downstream from the diffuser. The discharge for 
this outfall was estimated (table 4) by using equations 1 and 
2. For this estimate, the SC and streamflow at Tongue River 
at State line (515 µS/cm, 206 ft3/s), as well as the SC of the 
Tongue River just downstream (at river mile 32.81) from this 
diffuser (543 µS/cm), were known (table 3). The SC of the 

CBM discharge was assumed to be the flow-weighted aver-
age SC (1,900 µS/cm) of all eight CBM discharges measured 
on the day of the sampling trip (table 4). This mass-balance 
calculation indicated that the estimated streamflow for 
CBM discharge outfall MT–0030457–016 was 4.25 ft3/s (or 
1,910 gal/min). This estimate of flow for the outfall is reason-
able because it accounts for the measured increase in flow of 
4 ft3/s between Tongue River at State line (206 ft3/s; table 3) 
and river mile 32.81 (210 ft3/s; table 3). Thus, the CBM 
discharge from outfall MT–0030457–16 likely caused the 
30-µS/cm increase in SC in the Tongue River between river 
miles 31.74 and 32.81.



Figure 8.  Specific conductance of the upper Tongue River, tributaries, and other inflows between Tongue 
River at Monarch, Wyo. (06299980), and near the Tongue River Reservoir, Mont., April 20, 2006.

0 5 10 15 20 25 30 35

1,000

Tongue River at Monarch

Goose Creek 

Youngs Creek

Prairie Dog Creek

Tongue River 
at State line

Badger Creek
(pooled water, no flow)
Specific conductance = 8,520 

Tongue River

Permitted coal-bed 
    methane discharge

Tributary

300

400

500

600

700

800

900

2,000

3,000

8,000

9,000

Tongue River near 
Tongue River Reservoir 

Sp
ec

ifi
c 

co
nd

uc
ta

nc
e,

 in
 m

ic
ro

si
em

en
s 

pe
r c

en
tim

et
er

 

Distance, in river miles

EXPLANATION

18    Potential Water-Quality Effects of Coal-Bed Methane Production Water, Upper Tongue River, Wyo. and Mont.



Youngs Creek
(less than 2 percent)

Tongue River at Monarch
(47 percent)

Goose
Creek

(12 percent)

Coal-bed methane 
discharges
(68 percent)

Prairie Dog
Creek

(4 percent)

Goose
Creek

(32 percent)

Tongue
River at

Monarch
(15 percent)

Coal-bed 
methane 
discharges
(7 percent)

Prairie Dog
Creek

(12 percent)

A B

Figure 9.  Relative contributions of headwater and tributary inflows to the Tongue River between Monarch, Wyo., and 
just upstream from the Tongue River Reservoir, Mont., April 20, 2006. A, Specific conductance. B, Sodium-adsorption 
ratio.
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Potential Water-Quality Effects 
of Coal-Bed Methane Discharge 
along the Upper Tongue River

were not measured or sampled, and (2) SAR is not as conser-
vative a characteristic of water as is SC. 

The data collected during the synoptic sampling trips, 
as well as the analysis of relative contributions presented in 
the previous paragraph, are representative only for the day of 
sampling and the flow conditions encountered at that time. 
Conditions in the upstream watersheds that affected the export 
of water and dissolved ions to the Tongue River during the 
synoptic sampling trips may have been different historically 
and may be different in the future. For instance, the trend in 
SC in Goose Creek at a site near Sheridan, Wyo., was small 
but significantly upward between 1991 and 2005 (Clark and 
Mason, 2007). The watershed conditions that could affect the 
export of dissolved ions could include, for instance, climate, 
land use, irrigation and other agricultural practices, water 
management, and CBM development. Insufficient hydrologic 
and water-quality information is available for the inflows to 
the study reach to assess the potential effects of time-varying 
watershed conditions.

To broaden the analysis of potential effects to other flow 
conditions, a series of calculations were made to project the 
potential increases in SC and SAR resulting from direct CBM 
discharge to the Tongue River. These projections used data 
for Tongue River at State line and the assumption that all 
potential CBM discharge occurs upstream from this site. This 
assumption was true during the September 2005 sampling 
trip. In April 2006, however, some CBM discharge entered 
along the 4-mile reach between Tongue River at State line 
and the reservoir. Therefore, the potential effects projected 
here are assumed to occur at a downstream site that is referred 

The dissolved ions that are quantified by SC measure-
ments and that control the SAR of the upper Tongue River 
come from several sources such as headwater and tributary 
inflows as well as direct CBM discharge. It is important to 
understand the relative magnitude of all sources so that the 
contribution from direct CBM discharge can be put into per-
spective. To do this, the approximate relative contributions to 
SC and SAR from tributary and CBM sources were calculated 
for the April 2006 synoptic sampling trip. These approximate 
contributions were determined by calculating the load of SC 
and SAR (streamflow times the value of water-quality charac-
teristic) for each measured inflow to the study reach (tables 3 
and 4), summing these contributions (as shown in equation 1), 
and then determining the percent contribution of each inflow 
to the total contribution from all inflows. The two largest 
inflows—Tongue River at Monarch and Goose Creek—
accounted for about 80 percent of the SC, whereas direct CBM 
discharges accounted for only 7 percent (fig. 9A), which was 
less than the contribution (12 percent) from Prairie Dog Creek. 
In contrast, CBM discharges accounted for 68 percent of the 
SAR (fig. 9B). Note that these calculations are considered 
approximate because (1) the contributions to SC and SAR 
from the CBM discharge outfalls that used diffusers (table 4) 
were not included in the analysis because these discharges 
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to as Tongue River near the Tongue River Reservoir (river 
mile 34.51; table 3 and fig. 8). At the time of both synop-
tic sampling trips, the total combined discharge from all 
CBM outfalls was not permitted to exceed 2,500 gal/min, or 
5.57 ft3/s (Montana Department of Environmental Quality, 
written commun., 2006). Potential effects were calculated for 
CBM discharge rates equivalent to multiples of this maximum 
allowable combined discharge.

Specific Conductance

The potential effects that direct CBM discharge might 
have on the SC of the Tongue River are dependent on the 
streamflow in the river and the quantity and chemical charac-
teristics of CBM discharge. Estimates of potential effects of 
the CBM discharges on the SC of the Tongue River near the 
Tongue River Reservoir were calculated using a two-step pro-
cess involving linear regression and mass-balance calculations 
for a range of streamflow and CBM-discharge conditions. The 
first step in the calculation process was to derive an equation 
to estimate the historical SC of the river for a given stream-
flow in the absence of CBM development. This equation was 
derived by using linear regression (Helsel and Hirsch, 2002) 
as well as streamflow and SC data collected at Tongue River 
at State line during water years 1985–99 (http://waterdata.
usgs.gov/mt/nwis), prior to CBM development (fig. 10). Esti-
mated historical SC values were then calculated for a range of 
streamflows. In the second step, potential increases in the SC 
of the Tongue River near the Tongue River Reservoir result-
ing from CBM discharge were projected using mass-balance 
calculations (equations 1 and 2) for a range of streamflows and 
CBM discharges. Data used in the calculations included the 
estimated historical SC values, a range of streamflows (50 to 
3,000 ft3/s) representative of most historical flow conditions 
for Tongue River at State line, the flow-weighted average SC 
(2,260 µS/cm) of the 12 CBM discharges measured in 2005, 
and various rates of CBM discharge equivalent to multiples 
of the maximum allowable CBM discharge (2,500 gal/min, 
or 5.57 ft3/s) that was permitted at the time of the synoptic 
sampling trips. Specific conductance data for CBM discharges 
from the September 2005 synoptic investigation were used 
in these calculations because all the flowing CBM discharges 
were measured and more were sampled than in April 2006. 
The estimated historical and projected SC values determined 
by the calculations described in this paragraph are shown in 
figure 11.

The potential effects that direct CBM discharge might 
have on the SC of the Tongue River near the Tongue River 
Reservoir can be evaluated by examining and comparing the 
estimated historical and projected SC values for a range of 
streamflows (fig. 11). The projected SC values for flows of 
50 to 3,000 ft3/s in the Tongue River would not exceed the 
State of Montana irrigation-season standard of 1,500 µS/cm 
(Montana Department of Environmental Quality, 2006) for 
individual water samples (table 5) at CBM discharges as large 

as 5,000 gal/min, a rate equivalent to twice the maximum 
allowable CBM discharge that was permitted at the time 
of the synoptic sampling trips (fig. 11). In addition, CBM 
discharge would have a larger effect on SC during lower 
flows than at higher flows (fig. 11). For example, at very low 
flow (50 ft3/s) with no CBM discharge, the estimated histori-
cal data indicate that SC would be 1,170 µS/cm, whereas if 
streamflow was 50 ft3/s and CBM discharges ranged from 
1,250 to 5,000 gal/min, the SC is projected to range from 
1,230 to 1,370 µS/cm, which represents an increase of 5.1 to 
17 percent above the estimated historical SC. These projected 
SC values, as well as the estimated historical value without 
CBM discharge, exceed the State of Montana irrigation-season 
monthly mean standard of 1,000 µS/cm (table 5). Daily mean 
flows of 50 ft3/s or less at Tongue River at State line occurred 
120 times during the 39-year streamflow record (water years 
1961–99) before CBM development but occurred 133 times 
during the 8-year period (water years 2000–2007) of CBM 
development (U.S. Geological Survey, 2007c). Severe drought 
conditions persisted during the 2004 and 2006 irrigation sea-
sons (Montana Natural Resource Information System, 2008). 
If streamflow in the Tongue River near the Tongue River 
Reservoir was low (100 ft3/s) with no CBM discharge, the 
estimated historical data indicate that SC would be 871 µS/cm, 
whereas if the streamflow was 100 ft3/s and CBM discharges 
ranged from 1,250 to 5,000 gal/min, the SC is projected to 
range from 909 to 1,010 µS/cm, which represents an increase 
of 4.4 to 16 percent above the estimated historical SC. In 
comparison, if streamflow in the river was 600 ft3/s with no 
CBM discharge, the estimated historical data indicate that SC 
would be 403 µS/cm, whereas if the flow was 600 ft3/s and 
CBM discharges ranged from 1,250 to 5,000 gal/min, the SC 
is projected to range from 412 to 437 µS/cm, which represents 
an increase of 2.2 to 8.4 percent above the estimated historical 
SC. Finally, at flows greater than 600 ft3/s, potential increases 
in SC are projected to be small (less than 8.4 percent). 

The actual measured effect of CBM discharge on SC 
in the Tongue River was calculated by using the measured 
SC from the Tongue River and the CBM discharge outfalls, 
whereas the potential effects were projected by using regres-
sion-estimated historical SC data and mass-balance calcula-
tions for a range of flow conditions and CBM discharges. 
During both synoptic sampling trips, measured effects on SC 
from CBM discharges were similar to the projected effects. 
For example, on September 27, 2005, the instantaneous 
streamflow of the Tongue River at State line was 195 ft3/s 
(river mile 30.57; table 1), and as noted in the section “Spe-
cific Conductance, September 2005,” the estimated increase in 
SC of the Tongue River from CBM discharges was 27 µS/cm, 
or 4.5 percent. In comparison, the projected increase in SC 
above the estimated historical SC is 25 µS/cm, or 3.9 percent, 
for a streamflow of 195 ft3/s and the measured CBM discharge 
of 3.12 ft3/s (1,400 gal/min).

The results from the April 2006 synoptic investiga-
tion also demonstrate that the projected SC values provide a 
reasonable measure of relative effect of CBM discharges on 
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Figure 10.  Relation between streamflow and measured specific conductance prior to coal-bed methane 
development, Tongue River at State line, near Decker, Mont. (06306300), water years 1985−99.
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the Tongue River. For example, the instantaneous streamflow 
of the Tongue River near the Tongue River Reservoir on 
April 20, 2006, was 210 ft3/s (as measured at river mile 32.81; 
table 3), and as noted in the section “Specific Conductance, 
April 2006,” the increase in SC of the Tongue River from 
CBM discharges was 30 µS/cm, or 5.8 percent. In comparison, 
the projected increase in SC above the estimated historical SC 
is 27 µS/cm, or 4.3 percent, for a streamflow of 210 ft3/s and 
the measured CBM discharge of 4.65 ft3/s (2,090 gal/min).

This analysis of potential water-quality effects on the 
Tongue River assumes that the quantity and quality of water 
flowing into the study reach during the time of this study 
was the same as during the period before CBM development 
(data from water years 1985–99). Conditions in the upstream 
watersheds may have changed, but insufficient data exist to 
test this assumption. In addition, the estimated historical SC 
values for the predevelopment period are a general approxi-
mation based on regression analysis (Helsel and Hirsch, 
2002), which has some uncertainty. This uncertainty can be 
represented by the 95-percent prediction interval shown in 
figure 10 and would increase the range in percent changes of 
projected SC in the Tongue River during various rates of CBM 
discharge (fig. 11). For example, if the estimated historical SC 
(871 µS/cm) is associated with a 20-percent error, the range in 
percent changes in SC in the Tongue River at a streamflow of 
100 ft3/s would increase from a range of 4.4 to 16 percent to a 

range of 3.2 to 23 percent. In comparison, with an estimated 
historical SC of 403 µS/cm and the same 20-percent error, at 
600 ft3/s, the range in percent changes in SC would increase 
from a range of 2.2 to 8.4 percent to a range of 1.7 to 11 per-
cent. These results show that even moderately large errors in 
the estimated historical SC values have relatively little effect 
on the estimation of potential changes in water quality of the 
Tongue River that might be caused by CBM discharge.

Sodium-Adsorption Ratio

SAR is a water-quality characteristic used to classify the 
suitability of water for irrigation. The higher the SAR, the less 
suitable the water is for irrigation; SAR values greater than 4.5 
to 7.5 are high, as indicated by State of Montana numeric stan-
dards (Montana Department of Environmental Quality, 2006) 
(table 5). SAR typically is determined by an equation using 
the laboratory-measured concentrations of sodium, calcium, 
and magnesium in a water sample: 

	 SAR
Na

Ca +Mg
=

+

2

2+ 2+
 ,	 (3)

where Na+, Ca2+, and Mg2+ are sodium, calcium, and magne-
sium concentrations, respectively, in milliequivalents per liter 



Table 5.  State of Montana numeric standards for specific conductance and sodium-adsorption ratio.

[Montana Department of Environmental Quality (2006). Abbrevation: µS/cm, microsiemens per centimeter at 25 degrees Celsius]

Season 

Specific conductance  
(µS/cm)

Sodium-adsorption ratio

Individual water 
sample

Monthly mean
Individual water 

sample
Monthly mean

Irrigation season (March 2–October 31) 1,500 1,000 4.5 3.0
Nonirrigation season (November 1–March 1) 2,500 1,500 7.5 5.0

Figure 11.  Relation between streamflow and projected specific conductance at Tongue River near the Tongue River 
Reservoir, Mont., for various rates of coal-bed methane discharge.
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(Hem, 1985). SAR also can be estimated from SC by a regres-
sion relation between SC and SAR for sites that have been 
previously sampled and for which the relation is statistically 
significant (Cannon and others, 2007).

SAR was calculated for the water-quality samples col-
lected during both synoptic investigations. In September 2005, 
SAR values for the five sampled CBM discharges ranged from 
42 to 58 and were 48 to 161 times greater than the estimated 
SAR values for the Tongue River and tributary sites with con-
tinuous estimated SAR (tables 1 and 2). In April 2006, SAR 
values for the three sampled CBM discharges ranged from 46 
to 59 and were 35 to 179 times greater than the estimated SAR 
values determined for the Tongue River and tributary sites 
with continuous estimated SAR (tables 3 and 4).

With SAR values as much as two orders of magnitude 
larger than those in the Tongue River, the CBM discharges had 
the potential to increase measurably the SAR in the Tongue 
River. Estimates of potential effects of the CBM discharges on 
the SAR of the Tongue River near the Tongue River Reservoir 
were calculated using a multistep process involving linear 
regression and mass-balance calculations for sodium, calcium, 
and magnesium (the SAR ions) for a range of streamflow and 
CBM-discharge conditions. The first step in the calculation 
process was to determine the historical concentrations of each 
SAR ion for a given streamflow prior to CBM development. 
Data were retrieved (U.S. Geological Survey, 2007c) for sam-
ples collected during water years 1985–99 at Tongue River at 
State line and used to develop regression equations to estimate 
historical concentrations of these ions for a given streamflow 
(fig. 12). In addition, estimated historical SAR values were 
calculated from the estimated historical ion concentrations 
using equation 3 for a range of streamflows. The second step 
involved calculating the flow-weighted average concentra-
tion of each SAR ion in the measured CBM discharge. These 
concentrations were calculated from CBM discharge data 
from September 2005 (table 2) because all the flowing CBM 
discharges were measured and more were sampled than in 
April 2006. In the third step, potential increases in the con-
centrations of each SAR ion in the Tongue River near the 
Tongue River Reservoir resulting from CBM discharge were 
projected using mass-balance calculations (equations 1 and 2) 
for a range of streamflows and CBM discharges. Data used in 
the calculations included the calculated estimated historical 
concentrations of the SAR ions, a range of streamflows (50 to 
3,000 ft3/s) representative of most historical flow conditions 
for Tongue River at State line, the flow-weighted average 
concentration of each SAR ion in the five CBM discharges 
sampled in 2005 (table 2), and various rates of CBM discharge 
equivalent to multiples of the maximum allowable CBM 
discharge (2,500 gal/min, or 5.57 ft3/s) that was permitted at 
the time of the synoptic sampling trips. In the final step, the 
projected SAR values for the Tongue River near the Tongue 
River Reservoir were calculated from the projected concentra-
tions of each SAR ion using equation 3. The estimated histori-
cal and projected SAR values determined by the calculations 
described in this paragraph are shown in figure 13.

The potential effects that direct CBM discharge might 
have on the SAR of the Tongue River near the Tongue River 
Reservoir can be evaluated by examining and comparing the 
estimated historical and projected SAR values for a range 
of streamflows (fig. 13). The projected SAR values in the 
Tongue River near the Tongue River Reservoir for flows 
of 50 to 3,000 ft3/s would not exceed the State of Montana 
irrigation-season standard of 4.5 (Montana Department of 
Environmental Quality, 2006) for individual water samples 
(table 5) at CBM discharges as large as 5,000 gal/min, a rate 
equivalent to twice the maximum allowable CBM discharge 
that was permitted at the time of the synoptic sampling trips 
(fig. 13). Similar to SC, CBM discharge would have a larger 
effect on the SAR during lower flows than during higher flows 
(fig. 13), but the percent increases would be larger for the 
SAR than for SC. For example, at very low flow (50 ft3/s) with 
no CBM discharge, the estimated historical SAR would be 
1.06, whereas if streamflow was 50 ft3/s and CBM discharges 
ranged from 1,250 to 5,000 gal/min, the SAR is projected to 
range from 1.60 to 3.05, or 51 to 188 percent greater than the 
estimated historical SAR. If very low flows were sustained, 
the State of Montana irrigation-season monthly mean stan-
dard of 3.0 (table 5) might be exceeded at CBM discharges 
of about 5,000 gal/min. If streamflow in the Tongue River 
near the Tongue River Reservoir was 100 ft3/s with no CBM 
discharge, the estimated historical SAR would be 0.83, 
whereas if the streamflow was 100 ft3/s and CBM discharges 
ranged from 1,250 to 5,000 gal/min, the SAR is projected to 
range from 1.15 to 2.08, which represents a 39 to 151 percent 
increase above the estimated historical SAR. In comparison, if 
streamflow in the river was 600 ft3/s with no CBM discharge, 
the estimated historical SAR would be 0.43, whereas if the 
streamflow was 600 ft3/s and CBM discharges ranged from 
1,250 to 5,000 gal/min, the SAR is projected to range from 
0.52 to 0.77, which represents a 21 to 79 percent increase. 
Finally, if the streamflow in the river was 3,000 ft3/s and CBM 
discharges ranged from 1,250 to 5,000 gal/min, the SAR is 
projected to range from 0.26 to 0.34, which represents a small 
but measurable increase (8 to 42 percent) above the estimated 
historical SAR of 0.24.

During the September 2005 synoptic investigation, the 
measured effect of CBM discharges permitted at the time of 
sampling, the SAR in the Tongue River was similar to the 
projected effect. For example, on September 27, 2005, when 
streamflow at Tongue River at State line was 195 ft3/s, the 
measured SAR was 0.76 (table 1). The estimated historical 
SAR (fig. 13) would be 0.65 for the same streamflow; thus, 
the measured SAR was 0.11 higher than the estimated histori-
cal SAR. In comparison, for a streamflow in the Tongue River 
near the Tongue River Reservoir of 195 ft3/s and the combined 
CBM discharge of 3.12 ft3/s (measured in September 2005), 
the projected SAR is 0.87, which represents an increase of 
0.22 above the estimated historical SAR of 0.65. Although the 
projected increase in the SAR (0.22) is twice the measured 
increase (0.11) above the estimated historical value, the mag-
nitudes of these SAR differences are small and indicate that 
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Figure 12.  Relation between streamflow 
and A, sodium; B, calcium; and C, magnesium 
concentrations from water-quality samples 
collected prior to coal-bed methane development, 
Tongue River at State line, near Decker, Mont. 
(06306300), water years 1985–99, used to estimate 
sodium-adsorption ratio (SAR) for various 
streamflows in figure 13. 
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Figure 13.  Relation between streamflow and projected sodium-adsorption ratio at Tongue River near the Tongue 
River Reservoir, Mont., for various rates of coal-bed methane discharge.

30 40 50 60 80 150 200 300 400 500 600 800 1,500 2,000 3,000 4,000100 1,000
0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

No coal-bed methane discharge, from regression equation for historical data (fig. 12)
  and SAR equation (Hem, 1995)

State of Montana irrigation-season (March 2–October 31) 
SAR standard for individual water sample is 4.5 
(Montana Department of Environmental Quality, 2006) 

Projected sodium-adsorption ratio (SAR)

EXPLANATION

Streamflow, in cubic feet per second

Pr
oj

ec
te

d 
so

di
um

-a
ds

or
pt

io
n 

ra
tio

, d
im

en
si

on
le

ss

Maximum allowable coal-bed methane discharge permitted at time of sampling (2,500 gallons per minute)

One-half maximum allowable coal-bed methane discharge permitted at time of sampling (1,250 gallons per minute)

Twice maximum allowable coal-bed methane discharge permitted at time of sampling (5,000 gallons per minute)

Potential Water-Quality Effects of Coal-Bed Methane Discharge along the Upper Tongue River    25

the projected values provide a reasonable measure for evalu-
ating potential water-quality effects from CBM discharges. 
The measured and projected SAR for the April 2006 synoptic 
investigation could not be compared because the SAR of the 
river was not measured at the downstream end of the study 
reach.

Similar to the projection of potential SC values result-
ing from CBM discharge, the projections of SAR assume 
that the quantity and quality of water flowing into the study 
reach during the time of this study was the same as during the 
period before CBM development (water years 1985–99). In 
addition, the projected SAR values shown in figure 13 have 
some uncertainty because the historical concentrations for 
each of the SAR ions (fig. 12) are general approximations 
based on regression analysis (Helsel and Hirsch, 2002). This 

uncertainty can be represented by the 95-percent prediction 
intervals shown in figure 12 and would increase the range in 
percent changes of projected SAR in the Tongue River during 
various rates of CBM discharge (fig. 13). For example, if the 
estimated historical SAR (0.83) is associated with a 20-percent 
error, the range in percent changes in SAR in the Tongue River 
at a streamflow of 100 ft3/s would increase from a range of 
39 to 151 percent to a range of 33 to 159 percent. In compari-
son, for the same 20-percent error at 600 ft3/s, the range in 
percent changes in SAR would increase from a range of 21 to 
79 percent to a range of 11 to 80 percent. These results show 
that even moderately large errors in the estimated historical 
values have relatively little effect on the projection of potential 
changes in water quality of the Tongue River that might be 
caused by CBM discharges.
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Summary and Conclusions
The purpose of this report is to describe the downstream 

changes in water quality along the upper Tongue River 
between Monarch, Wyoming, and the Tongue River Reservoir 
in Montana as indicated by the results of two synoptic sam-
pling trips and to estimate the potential water-quality effects 
of directly discharging coal-bed methane (CBM) production 
water (CBM discharge) in the river in this reach. CBM dis-
charge could potentially increase the salinity (as measured by 
specific conductance) and sodium-adsorption ratio (SAR) in 
the river. Two synoptic sampling trips were conducted in Sep-
tember 2005 and April 2006 to assess these potential effects. 

The study area is the reach of the upper Tongue River 
extending from the gaging station at Monarch (gaging station 
06299980) downstream to the Otter Road bridge, which is just 
upstream from the Tongue River Reservoir. Streamflow and 
specific conductance (SC) were measured at multiple locations 
on the Tongue River throughout the study reach and for most 
inflows. Continuous streamflow data were available from two 
gaging stations on the Tongue River and gaging stations on 
two major tributary streams. Water-quality samples for SAR 
determination were collected at selected inflow sites. 

SC generally increased in the downstream direction 
during both synoptic sampling trips. Large increases in SC 
occurred downstream from the two main tributaries: Goose 
Creek (16 to 24 percent) and Prairie Dog Creek (12 to 
15 percent). During the September 2005 synoptic sampling, 
the estimated increase in SC of the Tongue River at State line 
resulting from all 15 CBM discharge outfalls was 27 µS/cm 
(an increase of 4.5 percent). Of that 27-µS/cm increase, about 
17 µS/cm can be attributed to the large flow from CBM outfall 
MT–0030457–15 downstream from Prairie Dog Creek. During 
the April 2006 synoptic sampling, the discharge from CBM 
outfall MT–0030457–16 likely caused the 30-µS/cm increase 
in SC in the main stem between river miles 31.74 and 32.81 
downstream of Tongue River at State line.

Estimates of potential effects of the CBM discharges 
on the SC of the Tongue River near the Tongue River Res-
ervoir were calculated using a two-step process involving 
linear regression and mass-balance calculations for a range of 
streamflow and CBM-discharge conditions. Results from the 
calculations indicate that projected SC and SAR values in the 
Tongue River near the Tongue River Reservoir for streamflows 
of 50 to 3,000 ft3/s would not exceed the State of Montana 
irrigation-season standards for SC and SAR for individual 
water samples at CBM discharges as large as 5,000 gal/min, 
a rate equivalent to twice the maximum allowable CBM dis-
charge that was permitted at the time of the synoptic sampling 
trips. Also, the effects from CBM discharge are projected to 
be larger at lower flows than at higher flows. For example, the 
SC is projected to increase 4.4 to 16 percent above estimated 

historical SC if the streamflow was 100 ft3/s in the Tongue 
River near the Tongue River Reservoir and CBM discharge 
ranged from 1,250 to 5,000 gal/min. In comparison, the SC is 
projected to increase only 2.2 to 8.4 percent if the streamflow 
was 600 ft3/s and CBM discharge ranged from 1,250 to 5,000 
gal/min. During both synoptic investigations, the measured 
effect of CBM discharge on SC was similar to the projected 
effect. For example, on September 27, 2005, the increase in 
SC calculated from measured data was 4.5 percent, whereas, 
the projected increase is 3.9 percent. On April 20, 2006, the 
actual measured increase was 5.8 percent, whereas the pro-
jected increase is 4.3 percent.

 In September 2005, SAR values for the five sampled 
CBM discharges ranged from 42 to 58 and were 48 to 
161 times greater than the estimated SAR values for the 
Tongue River and tributary sites with continuous estimated 
SAR. In April 2006, SAR values for the three sampled CBM 
discharges ranged from 46 to 59 and were 35 to 179 times 
greater than the estimated SAR values determined for the 
Tongue River and tributary sites with continuous estimated 
SAR. The high SAR values of the CBM discharges indicate a 
potential to increase the SAR in the Tongue River.

Similar to SC, SAR at Tongue River near the Tongue 
River Reservoir would be affected more by CBM discharges 
at lower flows than at higher flows. For example, the SAR is 
projected to range from 39 to 151 percent above the estimated 
historical SAR if the streamflow was 100 ft3/s and CBM 
discharge ranged from 1,250 to 5,000 gal/min. In comparison, 
the SAR is projected to increase only 21 to 79 percent if the 
streamflow was 600 ft3/s and CBM discharge ranged from 
1,250 to 5,000 gal/min.

During the September 2005 synoptic investigation, the 
measured effect of CBM discharges on SAR in the Tongue 
River at State line was similar to the projected effect. For 
example, on September 27, 2005, the increase in SAR cal-
culated from measured data was 0.11, whereas, the projected 
increase is 0.22. Although the projected increase in SAR is 
twice the measured increase, the magnitudes of these SAR 
differences are small and indicate that the estimates of SAR 
provide a reasonable relative measure for evaluating potential 
water-quality effects from CBM discharges. A comparison of 
the measured and projected SAR values for the April 2006 
synoptic investigation could not made because the SAR of the 
river was not measured at the downstream end of the study 
reach.

 This analysis of potential water-quality effects on the SC 
and SAR of the Tongue River in the study area assumes that 
the quantity and quality of water flowing into the study reach 
at the time of this study was the same as during the period 
before CBM development (data from water years 1985–99). 
Conditions in the upstream watersheds may have changed, but 
insufficient data exist to test this assumption.
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