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ABSTRACT
The potential adverse geochemical impacts of dischargiadbed methane (CBM) product

water into stream drainages are well recognized and reasonably well studied. However, not
well recognized or understood are the impacts of heat commonly conveyed withp@&@Mct

water (pumped from underground coal beds) enitg) the Powder River and its tributary

streams. The present study shows that heat transported with CBM product water has an
annual visible impact on the thermal balance of the Powder River during winter. However, the
longterm effects on the river andd ecology are unclear. The study, conducted over two
winters (20092010 and 201£2011), entailed detailed surveys at two representative sites

where CBM water was discharged intotheriverSa A RSa T RRAYy 3 (2 NARIDSNRA
influence of CBI water discharged was the frequent formation of lengthy opester leads
extending along a channel bank typically for several kilometers along the river. The observed
leads, which persisted throughout the two winters, were three to seven meters in wisith.
analysis shows that, for constant values of air temperature and CBM water temperature
discharged, the surface area of the opeater leads scales with the discharge rate of CBM
water. The leads comprised a form of density or buoyancy current flawitige river, cooling

and eventually dissipating when exposed to frigid air. Lead presence altered flow distribution,
concentrating flow along the lead, causing modest scour of the bed and, at some locations,
accelerating bank erosion. Because the bedra site scoured down to expose rock, it

presently is unclear whether deeper bed scour would have occurred there. The magnitudes of
the measured channel changes were determined to be less than those typically caused by
spring ice cover breakup and thedar springflows conveyed by the river. Possible ecological
aspects of lead formation are recommended as a topic of further research. The report
additionally provides suggestions on how to manage lead formation, should further research on
ecological intiences indicate that lead extent should be minimized. Lead size can be reduced
by several actions that decrease inflow water temperature and promoting greater transverse
mixing across the rivern addition, the study provides insights into winter flalprocesses in
Wyoming streams.

WRP Focus Category: Hydrology, geomorphological processes
Keywords: Coalbed methane, product water, ice, channel stability
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1. INTRODUCTION
The ecovery of coalbed methane (CBM) requities removal ofgroundwaterto depressurize

the coalbed aquifes. In the Powder River Basin (PRB) large amounts of groundwater are

removed from coalbed aquiferaudng CBM production. These CB¥bduced waters, which

can be saline and sodic, are discharged into surface impoundments, used for irrigation (if
altAyAade AayQi G22 KAIKOET YR RAAOKINHSR Ayd?
geochemistry discharged CBM product water can increase salt content of soils, decrease soil
porosity, harm riparian plants and crops, and change the chemistry of surface water features.
Because of these potential problems, and the volume of water produced, PowasrGBw

product water has been the subject of numerous geochemical studies feogt,and Brinck,

2005; Frost et al., 2002; Jackson and Reddy, 2007a; Jackson and Reddy, 2007b; Johnson, 2007,
Mcbeth et al., 2003; Rice et al., 2002)

In addition to its geochemical lo&éBMproductwater carriesone further quantity ¢ heat
Evidently, no prior published wodddresses how CBM heat affects fluvial gsses in the PRB
or similar rivers and streams.

Introducingheat into a stream maglisrupt ice formation processemd potentially affect
channel stability This study shows thdhe continuous heat fluwassociated with CBMroduct
water discharged into water wayismpedes formation of a surface ice cover and changes the
winter ice dynamisof the Powder Riveand its tributary streamsinstead of a morer-less
continuous ice cover, accumulations cdZil and anchor icenay form,causngrapid local
changes in flow conditions resulting in flooding, increased bed and bank scoyrpasialy
adverdy affectingwinter stream habitat. Frazite comprisesnillimeter-sized discs of ice that
form in supercooled, turbulent water. Anchor ice is ice that is attachednd grows on, the
river bottom.

1.1 Objectives
ThHsLINE 2@itzipalbajectivewas to determine if and how heat from CBivbductwater

discharged into PR&reans impacts the winter flow and ice regimetite Powder River and
PRB streamsOf practical interest is whether altered ice regimes affect channel stability and
wind SNJ KFEFoAdGF o ¢CKS aidzRéQa NBadz Gda AyoOf dzRSY
1 An overall evaluation of winter flow and ice processes in streams and the Powder River
receiving CBM pruct water;

1 Quantitative information including measurements of winter water temperatures along
stream reachesvith CBM product water discharge;

1 Knowledge about frazil and anchor ice formation in the Powder River and similar
Wyoming streams

The project does not provide-tepth documentation of specific biologic impacts of CMB heat
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discharged into winter streamdnstead it focused on physical processes associated with CBM
heat discharge and preliminarily delineated areas where this discharge has potential biological
impacts. Such impacts associated with altered ice regimes should be the focus of future
studies. The immediate direct need is better understanding of the efféi#Bproductwater
discharge exerts on winter flow processes and ice formation.

1.2 Ice Formation in Rivers

C2NJ NAGSNE fA1S (GKS t26RSNI wi @S NJI20R yAIBS ARZ2INM di
GKS 61 GSN) O2f dzvy ¢ 2 KSIG G2 GKS | dY2aLKSN
GraA0ftS AOS GeL)lS Aa 02NRSNI A0S GKIG 3ANRga |
6dzadzl £ £ & GSNINSR T NKAAMIE ROy ash aliral 2 T3 NRAK f SAKYASE (S
GdzND dzf Sy > adzLISNO22ft SR 6 GSNJ 0gl GSN) O22f SR (12
FYOK2NJ AOSZ Aa AOS GKIFIG Aa FaGdlFOKSR G2 NAROSNI
I AAQPSYy NXKBSNENBIIQAKWE | 6dzy R yOS 2F SI OK AOS Ge@
0SG6SSYy Ft26 OKINIOGSNRaAaGAOaAI KSOE ORB&G Hf2a I K
YFEGSNRAFf & 6Sd3dE ¢aly3da mpyHs !akKiz2y mdpycOd
Anchor ice formations alwaysassociated wh frazil formation. Frazil is a prevalent fluvial ice

type, readily visible, when large areas of the river are open to the atmosbelg, 1994)

Frazil in supercooledaterA & ¢ 8 A 01 &2Z¢ | yR SEKAoAGA adNRy3 O
individual ice crystals and between ice crystals and bottom matgfasstens, 1966)When

frazil crystals stick to the bottom, they form initial anchor ice.

Environmental conditions leading to frazil and anchor ice firam have been studied in some
detail, with the goal of minimizing the adverse effects of ice on engineering strudiitegrg,

1936 Arden and Wigle, 1972; Barnes, 1928; Daly, 1991; Daly, 1994; Daly and Ettema, 2006;
Michel, 1971; Richard and Morse, 2008; Tsang, 1982ang (1982, p.25) succinctly

summarizes the conditions leading to frazil and anchor ice forméati@nY .requites zero solar
radiation heat input, and large heat losses by long wave radiation, evaporation, and convection
from a small water body. In common language, one says fadianchor ice are likely to form

at night when the wind is strong, the humidity of the air is low and the river is at minimum flow,
especially if such a night follows a cold, windy and cloudyday. @%91)ig more

guantitative, reporting that frazil formation issaociated with aitemperatures less than about
6°C, open water, and clear nights. Open water (tzfck surface ice cover) is critical for frazil

and anchor ice formation. Daly (1991) states emphatically that frazil cdomotand, by

extension, anchoice will not form, where a continuous, stable ioaver is present. Water
supercools at the surface; this supercooled water is mixed downward into the river by
turbulence. Frazil crystals are mixed into the water column along with the supercooled water
(Hammar and Shen, 1995p5upercooled water cools the riverbed and anything invthéer

column to below the freezing point. Once the bottom or an object in the flow is colder than the



freezing point, frazil will adhere to (Arden and Wigle, 1972; DalpdEttema, 2006) This

O2yRAGAZY A& 2F0Sy RSEONR 6 SRarstenrs, 1DB6SMicheNI T A €

1971; Tsang, 1982)

Anchor ice masses can grow to be quite large, covering hundreds of squeeeaiie

riverbed, and stick tenaciously to the bottom for as long as the water remains supercooled.
These large anchace accumulations raise stage locally. In extreme cases, aichorasses
build up to the river surface, creating anchioe damgKempema and Konrad, 20Qhgat can
create significant backwaters. Usually, incoming solar radiation during daylight hours warms
the river water to the freezing point in the morning. When this occurs, anchor ieases$ from
the bottom and floats to the surfad@rden, 1970; Arden and Wigle, 1972; Wigle, 1970)
carrying entrained sediment that can potentially be ice rafted long distances downstream
(Kempema and Ettema, 2010Although frazil ice usually forms at night, when weather
conditions are particularly severeafil can form in the water column at any time of the day,
and anchor ice accumulations can stick to the bottom for several (@gly and Ettema, 2006;
Stickler and Alfredsen, 2009)

Fluvial anchoice formation depends on a number of factors working in combination
(Kempema et al., 2008; Stickler and Alfredsen, 200®%k factors determine when and where
anchor ice will form along a river reach, and canglbouped into three broad categories: heat
flux from the water to the atmosphere; characteristics influencing flow mixing: channel
morphology, gradient, bed material, water depth, and current velocity; and the availability of
seed ice particles.

There isa consensus in the literature, extending back to Bafi€€6) that supercooling of the

(0p))

gl GSN) O2f dzvy Aa ySOSaalNER FT2N GKS FT2NXI A2y 2

formation. There is also a broad, though vague, consensus on the stream characteristics where

anchor ice forms. Anchor ice forms ighily turbulent riffles (Tsang, 198@) gravel or coarser
beds(Arden and Wigle, 1972; Gilfilian et al., 1972; Tsang, 1982; Wigle,. 194¥f)onsensus
does not adequately delineate the details of flow associated with observed anchor ice. For
example, Terada et g11999)studied anchor ice formation in a Hokkaido stream with water
depths varying from 30 to 60cm.néhor ice was hardly observed in the deeper portions of the
stream, leading Terada et al. toncludethat flow depth was one of the controlling parameters
for anchor ice formation. In contrast, Altbeff©36)reported a 1mthick anchor ice
accumulation at 20m depth in the Neva River. Similarly, reported limiting minimum water
velocities for anchor ice formation range from 0.Ih{Stickler and Alfredsen, 2009) to 0.7ms
(Hirayama et al., 2002)Stickler and Alfredsgf2009)discuss the range of values of stream

characteristics associated with anchor ice formation. They conclude that anchor ice has a wider
spatial distribution (in terms of stream characteristics) than previously recognized. Bisaillon and

Bergeron (2009)modeled the presence/absence of anchor ice on three grheelrivers in



Quebec. They found thatater had to be supercooled for anchor ice production, and that fast
and shallow conditions (as expressed by a Froude nuthEsror anchor ice formation. In
summary, the various observations about flow velocity and depth, and bed conditions, actually
express information about mixing within the flow. Accordingly, conditions leading to anchor ice
formation are best expressed in terms of parameters characterizing flow mixing (Kengpeima
Ettema, 2010

9@SyilidzZ ffex NBfSFASR | yyORK 2NW 330 Sl K NERIzFKNI i RS 4 |3l
F2N¥AY3 RNAFOAYI &fdaAK ¢6Kz2asS adaNFIF OS FNBSI Sa
LIKSYy2YSy2y FTNBljdsSSyife 20aSNBSR Ay G(GKS t24RSNI
I OO0dzydzt  1Sa | a (WRKOS KAyt O2KISOIR YN Rdzl £ £ &8 FNE
St 20A0G8 Ff26az RNATOUAYI A0S YI aasa mid0adzy dz | i
dzy ATF2NY O2@0SNJ GKIFG GKAO1Sya o0& UGKSNXYIFE AOS 3N
dzy AYF ZININX | (A 2 Yy 3dziD SABYBR FWB SKISyIAy3a RIEYaI gKAOK
6. Sthlr2az mMmphppL @

{GNBFY Fft26a akKlff26SN) GKIy (GKS LRAISYGAlIf GKA
dzy Al RAAOKIFINHS o6Fft26 NI (I9O2NMSENS dzNBEt A RI R O2 BRO
SEGSYyR&a R2gy (2 (G(KS OKIyySt oSSR ¢tKS o0f201SR
2T AOS o6l dzZFSAa0 2y GKS A0S O2@SN» ¢ KS NBadz G,
FdzZFSAa F2NNI AR D OPWFSYEETANRDB Ay I NBLFa 27F |
6/ I NBex mMptoT | I NRSYy S Ffd MptTtT YIYSS Moy m
wA @S NI hyOS F2NXYSRX | dzFSAa T2 N)I|daLas2 yoiaS O NdBa S 2 |
GKS&8 MFa GKS OKIyySt o020G2Y FyR dzadz tf& I NB 0
LI a3dAy3 20SN) FdzFSAa F2NXIGA2YyEA SNRBRS R2gy KN
TN AYSYGAy3a GKS FT2NXIFGA2yas YR S@OSylGdgFRtEe o4l .
RNASNI adzYYSNE |0 a2YS t20FGA2yas dzZFSAa F2NXI
LINSE&ASYyOS NBGINR&a Ff2¢3 dzadzZlt & RAALISNARAY3I Al
1.3 PowderRiver Basin Coatil Methane Production and CBM Product Water

The Powder River Bagsknownfor its coal deposits, and indeed the basin is the largest coal

mining region in the United States, though most of the coal is buried too deeply to be

economically accessible. The region produces forty percent of the United States coal

production. In 208, Powder River Basin coal production was 436 million tons of coal, more

than twice as much as the neldrgestcoalregion(Reddy, 2005). Coal productiorais

important commercial activity in the region. Because large extents of Powder River Basin coal

beds are located agreatdepths challenging to physical excavatiorite coalconsiderable

attention is given to utilizing the coal by means of extracting its methan€eiV.

14EA &OT OAA 1 O0i AAO EO A AEI AT OEITI1AGO 101 ARO OAI AOGET ¢/
as Fr=U/(gY)12, k: Froude number, U: velocity, g: gravitational acceleration, Y: water depth
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PRB coal seams contain an abundance of coal bed natural gas, predominantly coalbed methane
(CBM), a substantial source of hydrocarbon energy that can be recovered by means of well
systems constructed at numerous locations over PRB coal seams. Wéisspump water from
coatbearing aquifers. Pumping from the aquifer allows CBM to desorb from the coal and be
recovered at the well head. However, water pumped from the coal seam must also be

disposed of. Options for disposal of CBMductwater indude storage in lined or unlined
impoundments, water treatment with subsequent use of the treated water, managed surface
irrigation, underground injection control (UIC) facilities, and direct or indirect discharge into
surface streams. Disposal optiongpéad on the quality of the recovered CBM product water.

In a 2009 report, the Wyoming Department of Environmental Quality (2009) estimated that 916
million barrels of CBM product water were extracted from Powder River Basin CBM wells
during 2008. Of thigolume, 20% (183 million barrels, consisting of a mix of treated and
untreated water) was directly discharged into surface drainages. Most of this water
discharged into ephemeral tributaries of the Powder River¢(i SNIY SR G LISNBY YAl £ Al
& 0 NB I whé distancé @stream of respective Powder River/tributary confluenddis

volume of CBM product water translates into an average annual discharge of 33cfés{t).9m
Based on available data, the average temperature of this product veatitre wellheads

about 20C (Rice et al. 2002). This volume of water, at this temperature, adds a very large
amount of heat to Powder River Basin drainages during the winter month. It is this water, and
its entrained heat, that are the subject of this investigation.

1.4 The Powder River

The majority of the research effort for this study took place at and around two tributaries of the
Powder River that discharge CBM product water into the River. This section contains a short
description of the Powder River in this are

The Powder River is a northwafldwing river with headwaters in the Bighorn Mountains of
Wyoming. It flows northward out of Wyoming, eventually discharging into the Yellowstone
River in Montana.CBM product water entering the River directly affedts tvater quality. At

the gaging station neareste study sites (Powder River upstream of Burger Draw, USGS station
#06313590) for the water years 2003 to 2010, the average discharge for the winter season
(defined here as November 1 through March 15ksut 100cfs (2.8rs").

Hembree et al. (1952)haracterize the Powder Rivat(i KS & GdzReé | NBF & | &g A
meandering stream that flowsvera sandcovered stream bed between predominantly low

stream banks.The lowlands in close proximity to the PosvdRiver consists of a flood plaindan

a series of alluvial terrasgthat grade into alluvial farn81oody et al., 1999) These

unconsolidated sediments are underlain by Tertiary sandstones, siltstones, and shales of the



Fort Union and Wasatch Formations. Away from the rivadlands topography rises tohigh
plain. These badlands are dissected by ephenteitalitary streams.

The annual hydrograph for the Powder Rivemis-peaked with a first peakthat occurs

between late February and miélpril when lowland snows in the southern part of the basin

melt (Moody et al., 1999). A second, largeraked flow occurs in mitflay to late June driven

by snowmelt from elevations above 3000m. After this peak, discharge can be very lowto non
existent in the middle Powder River (as defined by Hembree et al., 19%#) middle Powder
River has a slope of ~0.001 and has an estimated average bedload discharge of 160,000 tons
per year. All of the bedload sediment is saszed, with a median grain size of about 0.250mm
(Hembree et al. 1952). Moody et al. studiecerieross sections on the Powder River in
Montana over a 17 year period after a large flood in 1978 (peak discharge of§3Gaverely
eroded the river channel and floodplain. They report that the floodplain redeveloped by
vertical accretion at an avege annual rate of 2 to 8cm per year over the length of their study.
Moody et al. also report that spring discharge peaks often cause ice jams to form, leading to
local flooding.

Seneca(2009)studied the possible effects of energy development on fish assemblages in the
Powder River. She notes (as do Moody etl#899 that the Powder River in Wying is one of

the lastrelatively intact unregulated prairie stream ecosystems in the United States. Senecal

cites Hubert (1993) as characterizing the river as having highly variable intermittent flow

regimes that have unique praidgver flow regimes and ecosystems. As subb,Rowder River

A& |y SEI YLévdvedadd ingreasiighl B KB &y | G A PSS FA&A&K | aaSyof
restricted her study to summer observations, and mostly considered the effects of increases in
discharge caused by CBivbductwater flow into the Pavder River. She concluded that

alteration of summer flows caused CBM discharge affect both habitat and fish assemblages in

the Powder River.
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Figure 1.1 Sketch showing longitudinal river profile during ice formatioturbnlent river

flow, the water becomes supercooled through heat loss to the atmosphere (red arrows); as a
result the first ice to form is frazil and anchor ice. This frazil and anchor ice eventually rises to
the surface and is incorporated into the gragithermal ice cover (right side of figure).

11



2.METHODS
The research for this project was carried out over two field seasons, the winters of2009

and 20162011. Winter is defined here as the period between November 1, when ice may
begin forming orPowder River Basin streams, and March 15, when the ice cover has usually
melted 2

Winter 20092010studiesentailed an initial reconnaissance of the Powder RB&sinto

identify suitable sites for more detailed survey. The investigators worked cloghly

hydrologists from the USGS office in Casper who regularly make water quality measurements in
the PRB. In November 2009, they visited a number of sites along the Powder River (and minor
tributaries): Crazy Woman Creek, Clear Creek, Prairie Dog @nekthe Tongue River. Based

on these visits, two sites were chosen for detailed stiRhgirie Dog Creek at AcrldSGS

Station 06306250here was no CBM discharge at this sitete that logger sites are in italics

through the rest of the repojtandPowder River below Burger DralySGS Station 06313590

The locations of these study sitage shown on Figure 2.1. ThRowder River below Burger

Drawsite included observations of the small creek that drains Burger Draw (referred to as

G . dzNB S NJ 5 Niheadst ofitiisNepattHSGS Station 06313604p . dzZNBSNJ 5NI ¢ Q3
discharge consists entirely of CBM product water. Studies during the first year of the project
consisted of instrumenting the study sites, and visiting the sites at thoeur-week intervals

during the winter season. During visits, the investigators walked the study reaches, observed
ice conditions, collected ice samples using methods outlined in Kempema and E2@htg

and serviced instruments. Since the USGS station Prairie Dog Creek at Wakeley (USGS Station
06306200) wasn the road between the Prairie Dog Creek Acme and Burger Draw study
reaches, the investigators often stopped at Wakeley to observe ice conditions and compare
these conditions to the Acme site.

The instruments placed &rairie Dog Creek at Acrmensistedof two Onset Hobo U20 water

level data loggers and one hobo TidbiT water temperature data logger. One water level logger

and the TidbiT were mounted via stainless steel cable t@t@Ke that was driven intthe bed

of Prairie Dog Creekn3downstream oftUSGS gaging station. The second water level logger

was placed under the USGS equipment shed, about 15m from-stek&. The water level

loggers were set to record temperature and pressure atfifute intervals. Placing a water

level loggerinaira@l SR G KS NBaS|I NOKS NEPosdtwagedoS hy aSaQa |
compensate the stream data logger for atmospheric pressure variations, resulting in true water

level measurements with a manufacturegported accuracy of 0.5cm and resolution of 0.2cm.

The wate level recorders also recorded temperature with an accuracy of’G.3hd a

2 An ice season is aepod that has a slightly different meaning than winter, in that it implies that ice, of some
form, is present on the study reach. A winter season denotes the potential for ice formation, whereas ice season
implies that potential is fulfilled. The two ges of the research project nicely define the two phases of the project

12



resolution of 0.2C. The Tidbit, which also recorded every 10 minutes, had a reported accuracy
of £0.2C and resolution of 0.02. In practice, the investigators found that therking

accuracy is much better than the Onset reported accuracy. However, gagrocalibration in

an ice/water bath was performed on the loggers at the end of the field season to check how
close recorded freezing points were to the actual freezingipoTemperature offsets observed

in the zerapoint calibration were removed from the data logger records during processing.
There was no easy way to check the absolute calibration of the pressure sensors on the water
level recorders. However, at the @wf the field season all water level records were placed in
the same location, in air, and allowed to record data for several days. The pressure logs were
inter-compared, and no significant difference was found between recorders, so the pressure
data wasdeemed acceptable.

The instrumentation at Burger Draw was similar to those at the Prairie Dog Creek reach: Hobo
water level recorders and Tidbit temperature loggers. At the start of the field season water
level loggers and Tidbits were placed in the Pendiver about 100m upstream and

downstream of Burger Draw (stations Powder River above Burger DraR@amder River below
Burger Dray. These loggers were attached to concrétied steel anchors, which in turn were
attached to bedrock outcrops in thever with expansion bolts and stainlesteelcable. These
bedrock outcrops, which were first misidentified as boulders in the Powder River at Burger
Draw, were later identified as concretionary outcrops of a bedrock sandstone outcrop that
underlies the shidow alluvum below the Powder River at this location. Detailed cross section
surveys during the 202RP011field seasonsevealed that the river can scour down to this

bedrock layer around Burger Draw. A Tidbit was also attached to a staff gage @lmdtan

the mouth of Burger Draw, in a position where it could not be affected by inflow from the
Powder RiverBurger Draw at mouth On December 16, 2009 it was discovered that the ice
cover had thickened and encased the Powder River above Burgerdatawoggers. The water
level logger was removed at this time, and the TidbiT was returned to the river for remainder of
the winter season. Removing the water level logger served two purposes: it protected the
logger from damageaused by freezingnd itfreed up the logger to be used as an air pressure
recorder, so the downstream water level recorder could be corrected for atmospheric pressure.
On March 5, 2010 two more TidbiTs were placed in Burger Bavger Draw at dischargeas
placed in the rurout of a CBMproduct waterdischarge point to record water temperatures at

the point where the CBM product water entered Burger Draw. This discharge was lofated 1
m upstream oBurger Draw at Mouth The second TidBBurger Draw at Schoonover Road

was placed just upstream of the Schoonover Road culvert, upstream @&tirger Draw at
dischargdocation, about 200m from the Burger Draw/Powder River confluence.

In early February 2010, the investigators received permission to access Beaver Creek, a CBM
discharge stream that enters the Powder River about 6km upstream of Burger Draw (USGS
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Station 06313585). On February 9, 2010, a TidbiT was placed in BeaveBeeak Creek
upstream of mout), and regular visits were made to this site to record iceditoons in the

creek and the adjacent Powder River. Table 2.1 lists the geographic coordinates and durations
of record for all of the data loggers placed during this study.

Discharge measurements were made when the Beaver Creek and Burger Draw sthég reac
were visited. The discharge measurements were made with a MdcBirney Flowmate
electromagnetic current meter attached to a tget wading rod using the standard 6dépth
technique. However, both of these creeks are very small, so usually onlPOverticals were
used to determine the discharge.

For the secondtudyseason, 2012011, it was decided to concentrate efforts on Beaver Creek
and Burger Draw. Anchor ice and frazil ice phenomena are best observed early in the day, and
the long commutebetween Prairie Dog Creek Acme and Burger Draw made it impossible to
visit both sites on the same morning. This consideration, combined with the fact that Prairie
Dog Creek was not CBM impacted, drove the decision to concentrate on the two Powder River
locations. However, the 2068010 Prairie Dog Creek observations provide a baseline for small
stream freeze up processes in the Powder RBasin

Water level loggers and@lidbiTloggers were placed in the Powder River locations listed in Table
2.1 for the2010-2011 seasons. The following changes in logger positions were made in the fall
of 2010:

1. Abandoning theBurger Draw at dischargeoint because the discharge was no longer
active the authorslater learned it had been moved upstream of Schoonover Road

z
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downstream of the Pe@der River/Beaver Creek confluence. Unfortunately, this site was
downloaded once in January 2010, after that the station was covered with thick ice and
could not be recovered. When the ice broke up, the logger was gone; and,

5. Establishing TidbiT temperature logger 8eaver Creek at Roaabout 1200 m
upstream of the confluence with the Powder. This logger became encased in ice early in
the ice season and did not record useful data.

It became apparent during the first observations at dgirCreek and Beaver Creek that there

were consistent openwater leads (large areas of open water) in the Powder River below the
O2y Tt dzSy0Sa gAlK GKSasS ONBSi1ao ¢tKS SEGSYyGa
using a GPS and estimating the leadth at a number of geoeferenced points along the lead
length. These positions and widths, along with the position of the end of the open water lead,
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were recorded in the field notes, and the areas and lengths of the leads were calculated in the
office.

A major objective for the winter season 262011 was to determine if the open water leads
affected channel cross section shape over the course oiih&er season. Seven cressction

lines were established in early September 2010, four on the PoRoler at Burger Draw

(named BD1 to BD4 from downstream to upstream) and three on the Powder River at Beaver
Creek (BC1 to BC3). The cross sections were surveyed with a total staBeptembel9,

2010 (no ice) and December 185, 2.0 (ice and open water lead present). Endpoint
benchmarks consisting of three feet of 12mm rebar capped with a plastic cap were established
on both sides of the river during the September visits. The positions of these benchmarks are
shown in Figures 2.2nd 2.3. Surveys were made by stretching a Kevlar tape between the
benchmarks marking the cross section lines, moving themagproximately 1m increments

along the tape, and recording easting, northing, and vertical displacements with the total
station.

Thecrosssectiondata were plotted in the office after field work. The sites were surveyed

again on January 242, 2011 (ice cover and open water lead) and on Marcth@d,32011
(immediately after ice out at the study reaches). For these surveys, emarge MH laser level
system was used to establish vertical displacements along the cross sections. This system has a
stated precision of +2.4mm over a 30m range. The system was used over ranges up to 100m;
the accuracy at this range degrades to aboutml Intercomparison of relative benchmark
elevations confirmed this accuracy. Horizontal control for the 2011 surveys was established by
measuring distances from the rivaft benchmarks on each survey line. This was accurate to

an estimated +5cm. Ehlargest detriment to horizontal and vertical accuracy in all surveys was
holding the survey rod (and rod man) in position in fuenetimesstrong currents. Maintaining
position was much easier when ice was present. When ice was present, 8@mmaterholes

were drilled through the ice at 1m intervals before the surveys were started. Cross sections
were then surveyed through these holes in the ice. Project personnel were very careful not to
run the ice auger into the river bed during ibele drilling Contacting the bed with the auger

teeth instantly dulled the auger teeth to the point where they would no longérice

When ice was present, ice thicknesses at survey holes were measured with a shortened

Ol NLISy d SNDa &l dz@ NB & rotate&aBourfsl ihRiceshdle, andah avirgeziceNS
thickness value for the hole was recorded. In addition, current velocities were measured at 0.4
of the water depth with the Marsh McBirney current meter. These data were used to establish
ice thickness priiles and velocity profiles under the ice and in open water leads.
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Table 2.1Data logger locations, deployment dates, and measured parameters

Site UTM Coordinates (Zone 13)Timeline of Data Instruments*
Easting Northing Date Set |Date Pulled  Measuring

Burger Draw at Mouth 408614 4388914 1/21/2010, 3/16/2011] T
Burger Draw at Discharge 409281 488877( 3/5/2010| 10/29/2010 T
Burger Draw at Schoonover Road 409372 4888604 3/5/2010[ 3/16/2011 T
Powder River above Burger Draw 408731 4888769 11/17/2009  3/5/2010 T
Powder River below Buger Draw 408524 4888864 11/17/2009 3/16/2011 T,P
Powder River at Mouth of Beaver Creek 408991 4885675 9/8/2010( 1/22/2011 T
Beaver Creek upstream of Mouth 409034 4885595 2/9/2010| 3/16/2011 T,P
Beaver Creek at Road 409366 4885577 1/21/2011] 3/16/2011] T
Powder River Air temperature and pressurg 4088971 43888554 11/17/2009 3/16/2011] T,P
Prairie Dog Creek at Acme 3549374 4982814 11/18/2009  3/5/2010 T,P

*T=temperature P=pressure
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Table 2.2:Bench mark locations faurger Draw and Beaver Cregkss sections

Location| UTM Easting UTM Northing UTM Elevatior
BC1R 408994.0 4885660.98 1208.91
BC1L 408985.7$ 4885711.06 1208.44
BC2R 408974.38 4885651.41 1209.0"
BC2R 408974.26¢ 4885656.59 1208.94
BC2L 408972.738 4885708.88 1208.6(
BC3R 408929.96 4885652.59 1209.21
BC3R 408929.64 4885660.238 1209.21
BC3L 408927.92 4885712.62 1208.61
BD1R 408540.44 4888876.78 1203.6(
BD1L 408537.90 4888831.10 1202.2¢
BD2R 408587.3% 4888866.7% 1202.9]
BD2L 408578.78 4888824.79 1202.44
BD3R 408612.738 4888863.38 1202.8¢
BD3L 408598.16 4888819.07 1202.5¢
BD4R 408632.94 4888855.34 1203.4"
BDAL 408617.00 4888814.07 1202.71
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Figure 2.1. Map showing locations of study sites at Burger Draw, Beaver Creek, and Prairie Dog
Creek.
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Figure 2.2Aerial image of the Beaver CreaeRowder River confluence showing the relative
postions of the cross sectionross sections BC1 and BC2 are downstream of Beaver Creek
while BC3 is upstream Beaver Creek. The arrow indicates flow direttiloea Powder River.
Distances (upstream or downstream) of the cross sections from the tributary confluence are:
BC1: 30m, BC2: 10m, BC3: 40m.
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Figure 2.3.Aerial image of the Burger DrawPowder River confluence showing the relative
positions of the Burger Draw cross sectionSross sections BD1, BD2, and BD3 are downstream
of Burger Draw while BD4 is upstream. The arrow indicates flow direction of the Powder River.
Distances (upstream or downstream) of the cross sections from the tripetamfluence are:

BD1: 80m, BD2: 30m, BD3: 5m, BD4: 15m.
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3. RESULTS
This chapter presents the principal findings from the field sungnducted over two winters

They comprise the following component aspects:

1. Water temperature and ice processes in responsaitdemperature variation;

2. Ice formation characteristics in the Powder Rinaard,

3. Powder River channel bathymetry responses to ice formation and the efieGBM
water.

The survey produced more data aodservations than reported herein. Additional information
is given by Stiver (2011).

3.1 Winter Water Temperatures andce Processesn Tributary Sreams

CKAAa aSOGA2Yy LINBaASyda GKS FASER aaowm&e Qa NI A dz
tributary streamgo the Powder Riveg Prairie Dog Creek, Burger Draw, and Beaver Creek. The
behavior of flow in these tributary streams bears upon ice conditions and flow in the Powder

River over the reach studied. The wintertime behawbPrairie Dog Creek was represative

of streams that do notonvey CBM water, whereas Burger Draw and Beaver CreekGizve

water conveying streamsPrairie Dog Creek conveyed flow from 11 to 14cfs (0.28 to O'gf)m

during the 20092010 ice seasonBurger Draw conveyed a small amount of CBM wdlerq to

1.6cfs; 0.005 to 0.51s™) whereas Beaver Creek conveyeduch larger CBM flové to 1Ccfs,

0.14 to 0.28n°sY).

3.1.1Prairie Dog CreeiiNo CBM Water Flow)

PrairieDog Creek did not receive any CHMcharge water during the fall freeze up of 2009. As
a result, the temperature record fdPrairieDog Creek at Acm(@igure3.1) is typical for small
Wyoming streams during freezg. This subsectionof the reportdocuments the main
observationsobtained from this site.The olservations and associated dgteovide important,
and relatively uncommon, insight into ice formation in small kpdgins streams.

Cold air temperatures during late November loedthe water temperature to nar freezing at
night. However, during daylight hours, wagnair temperatures and incoming solar radiation
warmed the water during daylight hours. During the night of Novemberti28 temperature
record shows a short period of supercooling in Prairie Dog Creek; dhirsngeriod ice was
growing in the river, although daytime warming of the water to abo¥%@ ihdicates that ice
formed overnight probably melted during daylight hours. By the night of December 1, the
water had cooledo very near the freezing point, arftbm December 2 onward daytime water
temperatures did not eceed 0.3C. These smalkeaksin daytime temperature are indicative of
a growing ice covegnddecrease in amplitude as the ice coverew. Eventuallfheywereno
longer discernable in the teperature records.Fromearly December untlate February 2010,
Prairie Dog Creek at Acmas completely covered by a continuous ice cayeto 3&m thick.
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This ice cover was firmly attached to the Creek barfiike water beneath the ice cover
remained stable at the freezing point during this peridks air temperatures warmed in
February, the temperature record of is reversed. small temperaturgpeaksshow up in the
water temperaturerecord in midFebruaryduring midday, and continue to increase in
magnitude through early March. In addition, from March 1 to March 9, 2010, Prairie Dog Creek
shows supercooling events at nigliigure 3.2)indicating that there was substantial open
water upstream of the sapiing site. The March 4 site visit confired that there was

substantial open water, although significant portions of surface ice cover were still present.
The large temperature spike on March 11, 2010, combined witlotiservationthat water
temperaturenever reached the freezing point after this date, suggests that there no moie ice
the Creek after this date.

Weather conditions, particularly air temperatures and insolation, drive ice formation and
melting on Wyoming streams. Depending on weatherdiions, formation of a permanent

ice cover may occur at any time between late October and late December. In addition, a cold
snap followed by a warm spell may result intermittent formation and melting of the ice cover
before the continuous ice coverdgveloped, as described above. Tdisurred at Prairie Dog
Creek in late November 2009. Between November 18 and 24 therefaaraights when

creek water supercooled. This was followed by a-fisg period when water temperatures

never dropped below @°C, indicating there was no ice formation (and probably complete
melting) of icein the Creek. This warm spstion transitionednto the cold snap that led to the
seasonal ice cover development described above.

During the freeze up anide-covermelt periods, when there is little or no floating ice cover and
water supercools during the night, frazil and anchor ice form in the water column. Although
frazilformation was not directly observediring this study, anchor ice (a derivative form of
frazl) was observedn Prairie Dog Creek dhree occasions. On November 18, 2009 there was
a sparse anchor ice run Prairie Dog Creekt Wakeley Siding (USGS sampling station
06306200http://wy.water.usgs.gov/projects/qw/index.htrn Anchor ice covered®% of the
gravellysand bed at this site at 7:38 AM. The anchor ice formed,satdroundedmasses up

to 30 cm thik on the creek bed. Individual crystals in the anchor ice masses wem®snted

to angular flat plates0.3 to 1.2m in diameter. Tworechor ice samples were collected at this
location, using the method described by Kempema ef24l02). A floating anchor ice sample
hada sediment concentration of 9", while an anchor ice sample recovered from treek

bed had asediment concentration of 73gL* (Table3.1). All of the sediment in both samples
was sandsized(i.e. 0.062 to 2mm diameter)At 9:45 AM on the same day anchor ice run on
Prairie Dog Creekas sampledghear Acme (USGS sampling station 06306250,
http://wy.water.usgs.gov/projects/gw/index.htrp  The ice crystaferming thefloating anchor
ice mass were similar to the Wakeley Siding samples collected earlierdayh€erl his sample
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contained 6.4 of sandsized sediment. The largest sediment et in this sample weighed
0.79 (Table3.1). In addition, there was a 20cm high anchor ice dam located about 100m
downstream of the USGS Acme gaging station at this time.

The last observedccurrence ofinchor ican Prairie Dog Creedt Acmeoccurred onMarch 4,
2010 This anchor ice formed a dam downstream of the USGS Acme sampling site3Bigure
Thedamdevelopedon top of an inundated piece of the floating ice cover, and created a
backwatereffect extendingapproximately 106h upstream of the dam Based on the water
level record at the Acme gaging station, it appears that the anchor ice dam, along with
increased discharge associated with runoff, raised thstream water level by ufp 60cm over
afour day period from Marci to March 4, 2010The ice making up the anchor ice dam were
FELGX RSYRNAMGEO® 2AKI dJSRNIOAGE@ IdEMeter The'dRchaoizick G2 p
dam, along with the ice crystals making up the dam, imaphologies remarkably similar to
features reported from the Laramie River in southeast Wyon(iikgmpema et al., 2008)n

fact, all of the ice phenomena observed on Prairie Dog Creek haveobsernved abther
Wyomingstreams(Kempema and Ettema, 290Kempema and Ettema, 2010; Kempema and
Konrad, 2004)

3.1.2BurgerDraw (Small Discharge of CBM Water)

The Novembethrough Decembey 2009water temperature history of Burger Draw, whose
smalldischarggaveraging about 0.75cf®.02n7s?, Table 3.pconsistedentirely of CBM
discharge water, is markedly different than Prairie Dog Creek (Fajlire Instead of the water
temperature asymptotially approackdthe freezing point over several days as the average
daily air temperature droed below freezing in thedil, it cooledto a point butwarmedseveral
degrees during daylight hourst was found thaBurger Draw watecooledto 0°C, or even
supercooéd during night time Howeverpunlessthe air temperaturebecamevery low, the
water temperature alwaysoseduring the dajight hours This patterrcontinuedthroughout
the winter (Figure8.4); water temperatures ofterreachedseveraldegrees centigradduring
daylight hours throughout the winter. As a reswtcontinuous ice covevasnot maintained
overBurger Draw. During the coldest winter weather, a continuous flgatiea coveroften
formed over Burger Draw, but the continuous flux of warm CBM product waigted this ice
when air temperaturesncreased However, as there is a direct connection Wweten the water
and the atmosphere in Burger Draw (je0 insulating ice cover), cold weather conditions
evidently ledto supercooling witlthe consequence dfazil and anchor ice formation at any
time during the winter.

Warm CBM discharge water was diacged into Burger Draw throughottie 2009-2011 ice
seasol. This discharge was not continuously measured during the ice season. Instead,
discharge wameasured during each visit to the study site, avas augmented wittUSGS
discharge measurements madering this study (Tabl8.2).
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Burger Draw water temperatures remaineglativelywarm (i.e., above the freezing
temperature) for several extendegeriodsduring the 20162011 ice seasofFigure 3.5)even
though the first major CBM discharge point wasved 500m upstream during the summer of
2010 Dischargeluring the2010-2011seasornwas also isnilar to the 20092010 seasolfTable
3.2). However, thavater temperature record at the mouth d@urger Draw for 201:2011

shows amarkeddifference from the2009-2010 temperature recordThis difference shows up
as temperature dips of up t&°C during late November, late December through +R&bruary,
and late February through early March. These-8ebzing temperatures were measured
becauseaufeis grewin the shallow channel where the temperature logger was placed early in
the seasor(Figure 3.6) This ice grew to the channel bed, encasing the logger in ice, and
shifting Burger Draw flow about 1m to the left of the data logger position. As a resutbufci

of the 20102011 ice season, thBurger Draw at moutlklata logger recorded ice temperatures,
rather than water temperatures. The influence of the water flowing near the logger is seen in
fact that the temperature record never falls far below thedeéng point, but this station cannot
be used to determine the temperature of water entering the Powder River at Burger Drlagv.
Burger Draw at Schoonover Radata logger, located 500m below a major discharge point
shows that stream temperatures weremmnonly 2C to5°C above freezing,200m above the
confluence, but a significant (and unknown) amount of this heat was lost to the atmosphere
before the water discharged into the Powder River.

Although theBurger Draw at moutbemperature loggerecordwasnot useable fothe 201G
2011iceseason, the Burger Draw at Schoonover logger recorded maximum daily water
temperatures of between 1 and®6 on most days during the winter season. However,
gualitatively, much more icevas observedn the lower portions 6Burger Draw during the
20102011 season compared to the previous seasAnfeis near Burger Draw mouth reached
a thicknessomewhat in excess &0cm in early January 2011, forcing water out of the creek
channel (Figur&.6). Continued warm water flownder the aufeis melted the ice from below,
creating an insulating ice and air layer that protected Burger Draw from warming

3.1.3Beaver CreekSubstantial Flow of CBM Water)

Beaver Creek, like Burger Draw, [geaenniaized streanconsisting entirely bCBM water
during the winter months.Measured discharges in Beav@reek varied between 5 and 10cfs
(0.142 to 0.283rs*, Table3.2) during the two winter seasons of this studi/ater
temperatures measured near the creek mouth during the 200Q1 iceseason generally
remained between 9Cand 5C except for a weelong period near the end of February (Figure
3.7). Water temperaturesat Beaver Creek were generally more stable that at Burger Draw
(compareHgures3.4, 3.5, and3.7). This is attributeda the orderof-magnitude higher
discharge of Beaver Creek (TaBl2) and the deeper flow depth of Beaver Cre&kuen though
measured water temperatures remained well above freezing for most of the-20Q9 ice
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seasonjce covers still formed during cofthaps and melted during subsequent warmer

periods. CBM water created open water leads in Beaver Creek during warm spells; these open
water leads allowed water to cool rapidly when exposed to frigid air temperatures. As a result,
a variety of ice typesofmed during frigid weather periods, including surface a®hor ice

dams (Figur@.8), and aufeis. Ice formation driven by cold air temperatures raised water levels
significantly, at times completely filling the stream channel. When air temperatures warmed
and ice melted, stage dropped, leaving hanging ice remnants (Rg)relt ispossible that
dropping water levels left ice perched above the water surfasavasobserved on Burger

Draw. When this happens, it creates a dead air space that insulates the water from loosing
heat to the atmosphere while at the same time insulgttheperched ice from meltig. The
dynamic natureof ice formation in Burger Creek resulted in walevel variations of up to Or

over the course of the winterThe water level tended to rise about 0.2m rather rapidly when
temperatures dropped (Figurg7) and border ice and anchor ice dams retarded creek flow.
Creek level would drop as air temperats warmedand warm creek water thermally eroded

the ice. The continuous flow of warm water down the creek created very dynamic changes in
ice and flow condibns as weather conditions varied throumlht the season.

3.1.4Powder Rivel(Recipent of CBM Inflow)

Powder River is a perennial (as opposed to perennialized) stream that has a naturatgisch
around 100to 200cfs(2.8to 4.6m°s™) at Burger Dravduring the winter month§USGS
http://nwis.waterdata.usgs.gov/wy/nwis/measurements/?site_no=063135%able 3.2 As

such,it should undergo a typical fall freeze uggsience consisting of cooling of river water to

the freezing point and then initial formation of frazil, anchor ice, border ice, and congelation ice
growth that amalgamate into a continuous surface ice layer that forms over several days. Once
a continuoudce cover forms, it should continue to thicken as long as daily average air
temperatures remain below freezing. Howevpeerenniaized CBM streams inject a significant
guantity of heat into the Powder RiverAs a result, ice conditions below CBveam

confluences are ndully naturalfor the Powder Rivelbelow these discharge point§his sub
sectionassessethe quantity of heat injected into the Powder River at discrete CBM discharge
points, and the effects that this heat has on ice conditions andssection profiles in the

Powder River.

Formation of Open-water Leads in the Powder River

A common consequence of warm water discharge into the Powder River was the formation of

long, relatively narrow stretches of opewater flanking an incomplete iagver in the river.

Herein, these opes | 1 SNJ a G NBGIOKSa I NS GSNXYSR a2LISy ¢ (S
has similarities to opemater leads observed in sea ice. Tbe leads in the Powder River,

however, formed by virtue of heat convected witlibutary CBMflow entering the river, rather

than by the action of wind or water current as is the case for sea ice.
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During the two ice seasons, op&rater leads developed at the confluences of Burger Creek

and Beaver Creek with Powder River. They al®@wbserved to occur at other locations

where CBM water was discharged into the Powder River. Accordingly, they are a distinctive
feature of CBM water discharge into the Powder River. Similar leads often develop in ice covers
at rivers adjoining thermgower plants (Ashton 1986).

As described earlign this report Burger Draw and Beaver Creek discharge water above the
freezing temperature at their confluence with the Powder River. The receiving flow in the
Powder River at these confluences withiO®FC of the freezing temperature when the river is
ice covered. On most winter days, the inflemperaturefrom the two streams varies

diurnally, peaking at up to°€ during early afternoon on sunny days, and then cooling to about
the freezing temperatureluring the night time (Figure34, 3.5and3.7). As a result, the

Powder River at the confluences received a maorrdess cyclic input of heat on a daily basis.
The temperature of CBM water entering the Powder River was influenced by the distance
between the discharge points in the tributaries and the confluences with the Powder River.

The influent discharges from Burger Draw and Beaver Creek flow as a form of density current
along the Powder River, and do not immediately mix with water flow alreatheimniver.

Density currents maintain their form because gravity forces acting on the small difference in
water density (between inflowing warmer water and Powder River watef@) thhibits instant
dispersion of water. The streamwise flow of a deneityrent in a river channel is greatly
facilitated by gravity and drag from surrounding flow. CBM watel@tig sufficiently denser
(0.013%) than water at°C that, bordered on one side by the channel bank, it can maintain
itself as a thin density curréin a lead extending over a very long distance. In contrast, CBM
water introduced at 18C would be lighter (0.074%) than water 8€Q such that it would form a
buoyant plume. Constrained on one side a channel bank (F&y8meOP and BOTTQMuch a
plume also would form an opewater lead.

In due course, through the effects of heat loss to air and turbulent mixing generated by channel
bed and bank features, a density current or buoyant plume weakens and disperses in a river.
Eventually, the leads dippear, unless augmented by additional inflow of relatively warm

water.

The width and streamwise extent of the Burger Draw and Beaver Creekvegien leads

scaled approximately with the magnitude of heat convected with tributary water flow into the
PowderRiver. The relationship for lead size can be related to a balance of heat influxes in
terms of the following heat balance relationship between heat inflow and heat loss to frigid air
above the Powder River (e.g., Ashton 1986, Dingman et al. 1968):

~. n

Y- — 0 L (1)
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In whichr = water density, &= specific heat capacity,, ¥ water temperature, t = time, U =
mean velocity, X = streamwise position, z = transverse positienirBnsverse dispersion
coefficient, Y = flow depth, arfd= heat flux from the water surface to air above. The terms in
Eq. (1) are (left to right of the page): rate of heat loss from the flow, convection of heat in the
flow, transverse dispersion of Bg and heat flux to air. The terms are expresastklative

unit volume of flow.

Equation (1) is written using the assumption that the water is fully mixed over its depth and
that there is no transverse mixing due to transverse velocities generateatdpydcale

turbulence structures in the flow. Measurement of flow velocities through the leads, estimated
as about 1rs?, suggest that the flow is well mixed over their depth, thereby impeding thermal
stratification, which could enable iemver growth oer stationary water. The assumptions
normally are sound for values of densimetric Froude numbesociated with river flows during
winter (Ashton, 1986)

The heat flux can be estimated from an energy budget analysis at the water surface. The
budget is snply expressed as

n 0o Y Y (2)
Here, Ha = heat transfer coefficient stemming from the hdaidget analysis, F air

temperature, and J = water temperature.

If warm tributary water is fully mixed across the river depth when it enteesPowder River
and a Lagrangian approach is used (i.e., follow a parcel of water at Udt = dx), Eq. (1) simplifies
to

®3)

This equation can be integrated to yield relationships for the length and area of open water
lead; ie.,

0 ® ® ae 4
If the average width of the opewater lead is taken into account, EqQ. (4) adjust to

0 0w W a € (5)

In which unit discharge qBY, B = average width of opesmter lead, and JJ, = the initial value
of Tyatx =0 and t=0. The downstream end of the lead approximately corresponds to the

3 Densimetric Froude number = U/(Dr/r[gY])%5, where Dr/r = normalized density difference of density
current relative to river flow density, g = gravity acceleration, and Y = flow depth.
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location where water in the lead has cooled to the freezing temperature as prevails in the
Powcer River. Values of B at the survey sites were influenced by several factors:

1. Therelative unit discharges (discharge per unit width) of the flows in Burger Draw and
Beaver Creek;
2. The manner whereby the flow is introduced into the Powder River (e.g.e dregveen
confluent channels, pipe discharge, manifold discharge); and,
3. The bathymetry of the channel at the discharge location and immediately downstream
of it.
The open water lead below the Burger Draw confluence always had a relatively uniform width
along its downstream length. In comparison, the open water lead in the Powder River below
Beaver Creek tended hug the right river bank and to hasenasistent width for about 80t
downstream of the confluence. Downstream of this, the open water lead widleme filled
the center of the channel. This change in lead character probably resulted from the presence of
braided point bars that appear at this location.

If the same values of;&nd T, are assumed,

0B (6)

In accordance with Egs. (4) through (6), the surface area of downstream flow required to cool
water from an initial relatively warm temperate of, say, aC to GC varies directly with the
magnitude of the inflow rate. This tendency was reflected by the dimensions of the leads
formed in the Powder River at Burger Draw and Beaver Creek, as summarized i8.Z.afllee
greater discharge antleat input from Beaver Creek resultedan openwater lead just over

3km in length and on average 7m wide; and opeater surface are of approximately 2 x
10°'m?. The corresponding openater area for the lead produced by CBM water discharged
from BurgerDraw was about 3 x Mm% The surface areas of the leads scale reasonably well
with the average discharges of the two CBM water discharges.

The formulation Eqgs (1) through (6) is useful for identifying ways whereby the discharge of CBM
water could be manged so as to reduce significantly the formation of opesier leads.

Sectiord.3 subsequently discusses possible management options that facilitate CBM water
discharge, but with minimal effect on the Powder River, other than adding to its overall flow of
water.

Influence on Powder River Ice Cover Profiles

Upstream of the Burger Draw and Beaver Creek confluences, the ice cover on the Powder River
averaged about 0.4m in thickness in January and February. The ice cover was reasonably
uniform upstream of eachite, with thickness variations at locations where drifting anchor ice

or frazil may have accumulated to differing extents as the cover initially formed. The formation
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of openwater leads below the confluences affected the ice cover primarily by impeding
development in the area occupied by the lead, except during especially frigid weather
conditions when the ice cover expanded laterally to envelop portions of the lead (see Appendix
2 for ice profiles). The open water lead at Burger Draw, being smalées more readily

enveloped by ice.

The measurements of crosgctions of the ice cover produced profiles of ice cover thickness at
the survey sites. The profiles show that the ice cover thickened rapidly with distance
transversely away fromeachlead.A § KAy F62dzi HY FTNRBY (GKS fSIRQA
was at its average thickne§&ppendix 2) This thickness variation reflected the very limited

lateral spreading of flow within each lead. Water discharged from Burger Draw and Beaver
Creek dil not affect the icecover thickiess over muchf the crosssection widths below the
confluences (Appendix 2). At most locations the ice cover extended to the top of sand bar bars
or to the river bed near the banks (Appendix 2). The covers maintain@dthiekness and

strength, such that during the surveys it was possible to walk across the ice cover right up to
the edge of the lead. During orsée visit cattle were observed standing on the ice cover and
drinking from the operwater lead attesting b the strength of the ice all the way to the lead
edge(Figure3.10).

When a lead froze over during an especially cold period, ice over the lead readily melted out by
heat convected from warm water flowing undeath. Lead freez@ver occurred as soalled

border ice growth at the edges of the lead caused the lead to contract in asti@ssn

direction and as frazil and released anchor ice collected and froze at the downstream boundary
of the leads.

Responses othe Powder River Channel

The onset of frigid weather for rivers such as the Powder River typically cause the formation of
an ice cover, which imposes a solid boundary across the top of the river, increasing flow
resistance (and thereby usually producingtage rise), and a decrease in flow as watershed
runoff substantially diminishes. Frigid weather also affects the strength of channel banks by
means of freez¢haw action on bank soils and halting vegetation growth. The discharge of
relatively warm CBM ater into the channel of the Powder River affects ice cover formation (as
described in the preceding sections) and increases wintertime flow.

Currently, it is only possible to describe in conceptual terms how ice influences atluaraiel
bathymetry(Ettema, 2002) No quantitative evidence exists that ice hastens or slows-arge

scale changes, such as the migratof a series of meander loops. Such evidence is hard to
obtain, since ice is one of several factors influencing the dynamic balance between flow, slope,
and sediment in an alluvial channel. Some evidence was obtained from the Power River survey
sites siggess thatslight adjustments in channel thalweg occurred, but the adjustments were of
lesser magnitude than those observed to occur overnight during Spring-opeakthe ice
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cover at the BC1 and BC2 survey sites (Appe)diXhis section describelse channel
responses observed at all the sites.

The sets of channel bathymetry cross sections recorded for the Burger Draw and Beaver Creek
sites are presented in Appendix Eigures ABand Al4in Appendix 1 show thBC1 and BC2

cross section suryes or the 20102011 winter season. The site at #exrosssections is

illustrated in Figure8.9.

The main responses observed were as follows:

1. Thalweg shift toward the opewater lead when the thalweg was not entrenched along
a channel bend;

2. The channel thiaveg, which coincided with the opemater lead, deepened slightly,
typically by about 0.25m. Becausedrock underlieshe Powder River at Burger Draw
channel at shallowand presently unknowrgepth below the sandy alluviunit,is
unclear whether this dgth represents an equilibrium erosion depth in alluvium, or
whether deepeingwas limited by the presence die bedrock The bed of the Powder
River in the vicinity of theross sectionsontains sandstonbedrockthat was exposed
in the channel below té open water lead during winter

3. The deepened flow along the op&vater lead, in combination with weakening of bank
soil, resulted in bank erosion and approximately a 2m lateral shift of the channel below
the confluences of both Beaver Creek and BurgembDr

The changes measured at the Beaver Creek and Burger Draw cross sections are summarized in
Table3.5. The responses are indexed in terms of the maximum vertical motion of the channel
bed, and the widening of the channel owing to bank erosion. The vertical motions were scour
(downward displacement) or fill (upward displacement) of the bed at pointderchannel
crosssection.

Heat flux to the Powder River and Ice suppression

Direct discharge of CBM water into ephemeral tributaries delivers a continuous flux of heat to
the Powder River during the winter months. This heat flux varies on daily agdrlime

scales (Figure3.4, 3.5and 3.7. CBM tributary water temperatures (and hence heat flux) vary
in aquastsinusoidafashionwith a daylong period(Figures 3.1 and 3.)lwith highestwater
temperatures occurring in early afternoon and lowestigeratures occurring during the
nighttime. The lowest temperature that CBM discharge water can reach (like any natural
water) is a slight supercooling of <BCiDaly, 1994) The maximum possible water

temperature of CBM dischargeater is the temperature of the water at thdischarge point.
Average CBM water temperature at the well head i2(Rice et g12002. However, because
CBM water is usually discharged into tributary chanrsgme distance upstream from the
Powder River, the water cools as it flows down the channel. This effect can be seen in the last
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six days of the temperature record for Burger Draw in 2010 (Figdje During mieMarch,
average water temperatures in tHeraw below a discharge point were-14°C, while 1200m
downstream atBurger Draw at moutithe average water temperature was arountics A

method for calculating cooling rate of a stream open to the atmospes discussed earlier

In this section a diérent approach, describing the amount of ice suppression caused by CBM
tributary discharge into the Powder Riverdiscussed

The amount of heat delivered from Burger Draw for the 22090 winter seasorand for
Beaver Creek during the 20-PD11 winte, to the Powder River can lmn be determined with:

0 O60°Yo 7)

where Q is the total heat flux (kday"), G, isthe specific heat capacity of water (418@¥C"),
Q isdischarge (flow of water from tributary to Powder Riversi, T, is the temperature of
the incoming tributary water, measured near the mouff), and t is the time step. Water
temperature was measured at 10 minute intervals, and discharge was measured at two to
three week intervals (Tabld.2). By assumingonstait discharge between discharge
measurementsit waspossible tocalculate heat fluxes at #finute intervals. Summing the 10
minute intervals over the course of the day gave the daily CBM heat fltoresBurger Draw

and Beaver Creghto the Powder Rivep ¢CKAA RIAf& KSIG TfdzE 41 a

& dzLILINB & a A2y ¢ @bythdiStenbheat o fusbh &F ibe/{H046XEON’). These

daily ice suppression values are shown in Fi@ut@ Beaver Creek had consistently higher
water temperatures and discharges compared to Bui@exw;as a result, the ice suppression
values for Beaver Creek are consistently much higher than for Burger Draw. Beaver Creek ice
suppression values ranged frabrto 2450mday’, while Burger Draw had a maximum ice
suppression value of 38Citay™.

¢CKS GSNXY aAOS & dzidtdikesaphyscdl neahiry todhe BeRt thit SR
tributariesdeliver to the Powder River. The term can be interpreted astiéwo ways: as the
amount of excess heat that has to be removsdheat flux to aifrom the Powder River
downstream of the tributaries before ice can forand,as the amount of heat that is available

to melt ice downstream of tributaries. Ice suppriessapplies only to excess heat delivered
from CBM tributaries to the Powder River, and does not account for other heat fluxes to the
river, for example, short wave solar radiationconduction to the atmosphere on warm days.
As notedearlier in this reprt, the temperatures of CBM tributary streams varies over several
degrees on daily and longer cycles in response to air temperatures and ins¢kitianes 3.4,

3.5 and 3.7) Ice suppression therefore varies on the same scale. However, the net fleatof
from Burger Draw and Beaver Creek maintains open water leads in the Powder River below
these tributaries.For Burger Draw, the total potential ice suppression volume for the period of
November 4, 2009 through March 15, 2010 was 20,880frite; forBeaver Creek between
November 1, 2010 and March 1H)11the total potential ice suppression volume was 118,000
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m®. These numbenepresentpotential values because air temperatures remained above
freezing through mieNovember during both seasons, and no ice formed until that time.
However, as a result of the heat supplied by these tributaries, there were open water leads
below both confluences in both the 26-2010 and the 2012011 field seasons. The ice
regimes in the Powder Riverere different below the confluences than above the confluences,
as discussed below.

Effects of Open Water Lead on te Processes in the Powder River

The continuous flux of warmater from Burger Draw and Beaver Creek to the Powder River
has a direct effect on Powder River water temperatures and ice regimes below these tributary
confluences. The warm tributary water mixes with Powder River water.Poheler River

below Burger Dna temperature logger was located 100m below the Burger Draw confluence
and6m from the right bank of the Powder River. During winter 20020, thePowder River
below Burger Drawecorded daytime warmintgss than0.2°C above the freezing point on most
days (this shows up as a smsdiw toothpattern in Figure8.4). By contrast, during the 2010
2011 winter season, the same station shows repeated,-teng (up to 10 day) periods of
temperatures of 0.2 to 0 above the freezing point. The warmest watamperatures
measured aPowder River below Burger Draarrespond tahe coldest air temperaturesin
general, it appeared that the open water lead was less developed in-2010 compared to
20092010. The authorsnterpret the long periods orelatively warm (0.2Cto 0.4°C) water
observed ir20102011 to result from a thin ice cover forming over the Powder River between
the confluence and the measuring site. This ice cover insulated the water from the atmosphere
and allowed warm water tempatures to be maintained in thBowder River below Burger
Drawfor long relatively long time periodsThus, the Powder River responded differently to the
warm water flux from Burger Draw during the two seasons of this stiiying2009-2010, the
BurgerDraw heat flux maintained a relativdgrgeopenwater lead in the Powder River. As a
result, the warm water from Burger Drawwld be seen during the day, but at night, between
mixing with Powder River water and heat loss to the atmosphere, the watdedto the

freezing pointby the time it arrived at the logger location (~100m downstream of the
confluence) By contrast, formation of even a thin ice cover between Burger Draw and the
Powder River below Burger Drénvgger site allowdthe heat injectednto the Powder River to
be maintained for periods of up to 10 days (FigB#). This heaivastranspoted downsteam
under the ice, resulting in a thinning of the ice cover for some distance downstréam.
important point highlighted byhe temperature recordings in Beaver Creek, Burger Draw, and
the Powder River during this study is that the presence of an ice cover on top of a stream does
not necessarily mean that the watanderneath is at the freezing point. The ice cover may act
as aninsulator,enabing warm water to move far downstream before it cools to the freezing
point.
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One consequence of maintaimgjran open water leadownstream ofCBM tributaries is that

there is a direct connection between the water surface and the atmosphehés raises the
possibility of frazil and anchor ice formation in the open water lead sections of the Powder
River. As already noted, anchor ice was observed in Beaver Creek on several occasions during
this project. Anchor ice was also observed in therowater leads below Burger Draw and

Beaver Creek during this study. On February 9, 2010 and February 23, 2010 anchor ice was
observedon bouldersaround thePowder River below Burger Drévgger station, and there

was a moderate anchor ice run at thewastream end of the Burger Draw open water lead.

This floating anchor ice was sampled on both occasions and found to have sediment
concentrationdess thanlgl* (Table3.1).

February 9, 2010 wahke first day offield work in and around Beaver Creek, efhhas about an
order of magnitude greater flow thaBurger Draw Large accumulatiored anchor iceup to
50cm thick, composedf 2-3cm diameter crystalapparently formedegularly in the open
water lead at distances @bout800to 1600m from the BeaveCreek confluence. The large
anchor ice masses at this site were unusual in that they formed on a san@Kbetbema et al.,
2008) On two occasionarge volumes of anchor icgere observedextending alond.00m of
the river, for the whole river widthwith anchor ice 1880cm thick to rise tothe watersurface
and dift downstream over about a Xhinute peiod. In addition, ancheice dams formed in
this region.

Released anchor ice carried a noticeable amount of sediment, which consisted mainly of sand
and pebbles. Sediment concentrationsollected, floating anchor ice sample ranged from

0.19 to 37.3§" of sediment (Tabl&.1). Two attached anchor ice samples contained 42.5 and
73.1g of sediment per liter. Both the absolute concentrations and the range of concentrations
measured in PowdeRiver anchor ice samples are similar to anchor ice concentrations reported
from other rivers Kempema and Konrad, 2004; Kempema and Ettema, 2009; Kempema and
Ettema, 201].

Even though the bed of the Powder River contains sediment ranging in sizeifiesahd to

boulders, only relatively small sediments observedn the collected anchor ice samples. The

largest single sediment particfeund in a Powder River anchor ice sample wetyb g and

measured roughly 2.2ctmy 1cmby 1cm (a pebble). Moodytal. (1999) studied the ontogeny

of the Powder River floodplain ne&foorhead Montana overan 18year period. They note

the presenceof ice rafted sand and gravel in figgained flood plain deposits. They attribute

the presence of these coarse matdsido ice rafting by blocks of ice that are carried
R26YaUNBIY Rdz2NAYy3I OoNBI 1dzLJ AOS 2lYyYasx FyR y24S
(2dm = 10cmpf sand and gravel on the floodplain. However, it is also possible that anchor ice

is responsil# for ice rafting this coarser material. Moody ek O M ppp0 20 & SNIJI (A 3
the possibility ofanchor ice raftingpf coarser material in the Powder Riyéut this was not
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confirmed in the present studyKempemand Ettema2010 notefrom the Laramie Rivehat
anchor ice rafting is capable of moving boulders weighing up to several kilograms.

At the Powder River below Burger Draivappears that frazil ice and anchor ice are not
significant problems. No evidence of unusual ice #mokg, hanging dams, or anchor ice dams
were noted in the vicinity of the Burger Draw opemater lead. This probably results from the
fact that the Burger Draw opewater lead is relatively small, so there is not much chance for
the water to supercool andnderwater ice to form{(Kempema et al., 2008)

By contrast, the opewater lead below Beaver Creek appeared to be an and®factory.

The openwater lead tended to hug the right river bank for ab@@®0m downstream from the
confluence with Beaver Creek as the Powder River made a large, left twdomlv Below this,

the river straightens out. At this point, the lead melted the ice off the entire river surface for a
distance of 300 to 500m (100to 1,300m downstream of the Beaver Creek confluenc&he

large open water reachad the greatesthe greatest volume of anchor iceAnchor ice dams

were seen in this area, along with hangioe remnants up to 6m above the normal water

level that were indicative of larger dams in the pastthough these dams raised the water

level for up tol150m upsteam, they did not cause the water to rise out of ttieer channel.

Waterabovethe freezing temperaturenaintains an openvater lead, either irperennialzed

streams or in the main stem of the Powder River. If conditions get cold enough to form
signifiant frazil and anchor ice, both the river andrpnnializedstreams are subject to hanging
dam formation,aufeis and anchor iceAlthough there is the potential for flooding when these

ice types develop (Daly, 2002), there is relatively little risk posed by the flooding because of the
undeveloped nature of the floodplain along the Powder River. Howeelatjvelywarm CBM

water stould probably not be discharged upstreamrefiions where the risk of flood damage

to buildings or land exists

The USGS regularly measures water quality, including discharge and water temperature, on
sevaal CBMimpacted drainages in the Powder River Basiable3.3 presents the USGS
discharge and instantaneowgter temperaturedor Barber Creek (USGS Station #06313750)
and Pumpkin Creek (USGS Station #0680)3 located downstream of Burger Draw and
upstream of Beaverr€ek, respectively. Using theethod outlined above, and assuming that
discharge and water temperatures remain constant between consecutive discharge
measurements (dubious at best, based on the fact that USGS peslsoake discharge
measurements during daylight hours, when water tengtares are at their warmest), it is
possible to calculate the daily and winter season potential ice suppression for these streams.
Pumpkin Creek had potential ice suppression of 160 to $@axit, and a totapotential
seasona(November %o March 15) ie suppression of 58,0003mBarber Creek, by
comparison, had much higher water temperatures of 18.8 t&C2throughout the winter. As a
result, daily calculated ice suppression for Barber Creek ranged fi&0f fo 3700ntday?,
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with a seasonal total icauppression estimated at 390,0066. Access to the Powder River at

either of these sitesvas not available during the studigut USGS personnel reported that the

t 26 RSNJ wAGSNJ aii @SR a02YLX SiSte 2LISy F2N aS@S
winter (Eric Blajszczad SGSpersonal communication)The observations for Beaver Creek and

Barber Creek reported here most probably apply to the environs around B@reek Pumpkin

Creek, and other CBMater discharge points that discharge directly irdphemeral tribugairies

of the Powder River, i.e. all of these locations are sites of -apater leads, frazil, and anchor

ice formation throughout the winter.
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Table3.1. Anchor ice samples collected in the Powder River Basin

Sample date Sample Location Sanple type Largest Sediment
sediment concentration
C) (gr)

11/18/09 Prairie Dog Creek Wakeley Siding Floating 1.8 9.42

11/18/09 Prairie Dog Creek Wakeley Siding Attached Sand 73.1

11/18/09 Prairie Dog Creek Acme Floating Sand 6.4

2/9/10 Powder Rivebelow Burger Draw | Floating Sand 0.19

2/9/10 Powder River below Beaver Creel Floating Sand 37.2

2/9/10 Powder River below Beaver Creel Seach for largest| 16.4 g n/a
sediment particle

2/23/10 Powder River below Burger Draw | Floating Sand 0.45

2/23/11 Powder River below Beaver Creel Floating 5.5 14.6

2/23/11 Powder River below Beaver Creel Floating, but just | Sand 42.5
released

*The largest sedimentary particle was hapigked from each dried sample and then weighed. If the

largest particles were sarsized, the largestparicS a A1 S A a NBORNRER). | a
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Table3.2. Discharge measuremernitsBurger Draw, Beaver Creek, and the Powder River during

this study
Date Burger Draw| Beaver Creek Powder River| Measuring
Discharge Discharge | above Burger| Agency*
(cfs) (cfs) Draw
Discharge
(cfs)

11/04/2010 0.81 8.1 166 USGS
11/17/2009 0.98 - - UWYO
12/3/2010 72 6.4 32 USGS
12/16/2009 0.83 - - UWYO
1/13/2010 .81 8.3 69 USGS
1/21/2010 0.77 - - UWYO
2/4/2010 .53 6.8 115 USGS
2/9/2010 0.93 9.03 - UWYO
2/23/2010 0.47 7.8 - UWYO
3/3/2010 1.1 8.7 183 USGS
3/04/2010 1.1 6.8 - Uuwyo
3/30/2010 0.76 5.00 - Uuwyo
10/29/2010 0.63 6.5 - Uuwyo
11/09/2010 0.52 7.9 133 USGS
11/28/2010 0.64 7.1 - Uuwyo
12/8/2010 0.56 7.2 122 USGS
12/14/2010 0.64 10.1 - Uuwyo
1/5/2011 0.19 7.2 71 USGS
1/21/2011 0.45 5.3 - Uuwyo
2/10/2011 0.35 5.9 122 USGS
2/23/10 0.47 7.8 - uwyo
3/9/2011 1.60 8.1 308 USGS
3/16/10 0.42 8.58 456 uwyo

*USGS data taken frommtp://wy.water.usgs.gov/projects/gw/index.htm
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Table3.3. Heat flux and potential ice suppression for Barber Creek and Pumpkin Creek based on
USGS discharge measurements during winter ZZ010L

Date Discharge Water Discharge| Discharge | Heat Flux Ice
Period | Temperature| (cfsy (m°s? per Day | Suppression
(days) (CY (kJday) | (mday’)
BarberCreekupstream ofmouth
2010/11/01 to 22 20.5 3.9 0.11
2010/11/22 8.19E+08 2700
2010/11/22 to
2010/12/20 28 19.5 2.8 0.079 5.59E+08 1800
2010/12/20 to
2011/01/09 20 18.8 5.1 0.14 9.82E+08 3200
2011/01/09 to
2011/02/22 38 21 5 0.14 1.08E+09 3500
2011/02/22 to
2011/03/15 21 21 5.3 0.15 1.14E+09 3700
Pumpkin Creek
2010/11/01 to 9 15 3.2 0.09 4.92E+07 160
2010/11/09
2010/11/09 to 29 9.4 2.9 0.082 2.79E+08 920
2010/12/08
2010/12/08 to 28 4.5 3.2 0.091 1.48E+08 480
2011/01/05
2011/01/05 to 33 3.1 2.3 0.065 7.30E+07 240
2011/02/10
2/10/2011 to 33 2.8 2.8 0.079 8.03E+07 260
2011/03/15

*USGS data taken frofmttp://wy.water.usgs.gov/projects/gw/index.htm

Table3.4. Comparison of areas of open water to nétgdes of CBM water discharge

Confluence Site Average Water Lead Length Average Width | Approx. Area of
Discharge (km) of Lead (m) Openwater
(cfs) (10°m?)
Burger Draw 0.75 Approx. 1 3 3
Beaver Creek 5.0 Approx. 3 7 21
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Table3.5. A summary of the maximum faind scourdepths,and change in width for all the cross sections over the two survey

periods

Date: 9/8/2010-12/14/2010 12/14/2010-1/21/11 1/21/11-3/15/11

Cross Max Fill Max Scour Max Fill Max Scour Max Fill Max Scour

Section #* Depth Depth no2Af Depth Depth N2 AT Depth Depth N2 AT

(m) (m) (m) (m) (m) (m) (m) (m) (m)

BC1 0.3 0.25 0.1 0.2 0.35 0.5 0.15 0.3 0.5
BC2 0.1 0.15 0 0.1 0.22 0.25 0.05 0.15 2
BC3 0.1 0.18 0 0.05 0.15 0 0.1 0.1 2
BD1 0.05 0.2 0.25 0.05 0.15 0.1 0 0.25 0
BD2 0.025 0.18 0 0.02 0.1 0.5 0.12 0.25 0
BD3 0.15 0.25 0.75 0.05 0 0.25 0.1 0.25 3
BD4 0.17 0.2 0 0.23 0.1 0.25 0.3 0.45 0.25

*BC is Beaar Creek, BD is Burger Draw
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Figure3.1. Plot of water temperatures iRrairie Dog Creek #&cmeandBurger Draw at moutlduring freezeup in 2009.The Prairie
Dog Creek temperature recordtigicalfor the freeze up periodor manysmall Wyomingtreams By contrast, the effect of warm
CBMproductwater dischargento Burger Draws indicated by the elevated temperaturgsthe temperature recordor this stream
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Figure3.2. Temperature record fdPrairie Dog Creek at Acrdaringthe springmelt period. Water temperatures during the melt
period are the mirror image of freeagp temperaturesi.e., mid-day temperatue peaksare small during the early part of the melt
season, and increase in magnitude as air temperatures warm and ice melts. The black arrows mark supercooling peritgs, when
potential existedfor frazil and anchor ice formation. Supercooling of weder column indicates significant amounts of open water
andfrigid night time air temperatures.
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Figure3.3. A anchor ice dam on Prairie Dog Creblarch 4, 2010 The vertical culvert pipe

and cableway about 50 m in the background mitudk position of the USGS gaging station
Prairie Dog Creek Acme (06306250)he anchor ice dam formed at night and was in place long
enough for a thin layer of border ice to form on the backwater created by the dam.
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Woater Temperatures near Burger Draw 2009-2010

18
Burger Draw at mouth ' I
i e e e (e e s Powder below Burger Draw | ....................................... R O e Cheis
"""" Powder above Burger Draw ; ]
14l eavnninvnnis Burger Draw at discharge | .................................... &
T | | | ST TR NI

—
Q

............................................................................................

Temperature ’%
(==}

(7] SR, R (| 11 ¢ | 'L | ] R | | Y {| USRI B SRR [T | 111 | ] 1] | SR
4 A RE s U USY o DERE R |
0 \l | ) ol
| i |
Nov-09 Jan-10 Feb-10 Mar-10
Date

Figure3.4. Water tempertures for Burger Draw and the Powder River near Burger Draw during theZfl@ice season. The
temperature recordor BurgerDraw at mouth(red) reached freezing several times during the winter, when air temperatures were
very low. Generally, the BurgBraw water temperatures stayed well above freezing, and as a rissistreamtransmitted a
significant amount of heat to the Powder River throughout the wint€ansequentlya series lovamplitude temperature spikes

can be seen in thBowder Riverdlow Burger Dravwemperature record from December through February, whenwespresent on

the Powder RiverTheBurger Draw at dischargemperature record, established on March 4, 2010, is a short record of the Burger
Draw water temperature measured directly below a major discharge point, estimated to contribute >50% of thiovotal Burger
Draw, locatedlO0Om upstream oBurger Drawat mouth. Water temperatures at this discharge point remain well aboVE10ut

the water cools substantially during passagpwn Burger Draw.
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Burger Draw Water and Air Temperatures, 2010-2011
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Figure3.5. Winter waterand airtemperatures forBurger Draw and Powder Rivdwwnstream ofBurger Drawfor the 20102011ice
season. During this season, tBarger Draw at moutlfred) data logger became encapsulated in ice near the start of the season.
This ice grew to the stream bed at the data logger location, which caused the majority of Burger Drasvdtofivaway from the

data logger location, resulting in beleineezing temperature recordings during cold weather periods. As a result, it is not possible
to calculate heat flux from Burger Draw to the Powder River for the 2009 ice season. TlBarger Draw at Schoonover Riba
sampling site is located 1260abowe Burger Draw at mouthand 500n below the first major discharge point on Burger Draw (which
was moved during the summer of 2010).
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Figure3.6. The staff gage &urger Draw at moutha water temperature logging station located 50 m from the mouth of Burger
Draw. The ice accuniation (aufeig shown here i€xceeds30cmin thickness,and extends outside the natural channel boundaries.
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Beaver Creek Water Temperature and Water Level, 2010-2011
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Figure3.7. Beaver Creek water level amdhter temperature near the mouth of the Powder River during the 20Q01 ice season.
Water temperatures near the mouth &eaver Creek stayed above freegzexcept for a 1@lay cold snap at the end of February
(see Figur&.5 forlocal air temperatures)Water level generally rose during rapid temperature drops, indicating formation of
surface ice covers and, potentially, anchor ice dams or-tlweding of the ice, which was observed durirgdivisits in January and
February.
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Figure3.8 TOP: Frozen surface of Beaver Creek on February 23, 2011. Water level along this
stream section is reduced because of an anchor ice dam that formed by bluff in background of
picture. BOTTOM: February 23120anchor ice dam about 59 upstream from the psition

where the top picture was taken. The anchor ice dam is creating a backwatden&s of

water levels up to 28m above the present water level is seen in the perched ice remnants
along theright hand side of the creek. This higher water levehgletely filled the creek

channel, as can be seen in the matt@own vegetation on the left side of the photograph.

Flow is towards the viewer in both images.
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