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ABSTRACT

Belanger, Laura (M.S., Civil, Environmental and Architectural Engineering)
Source and Effect of Acid Rock Drainage in the Snake River Watershed, Summit
County, Colorado

Thesis directed by Dr. Diane M. McKnight

The Snake River Watershed in Sum@dunty, Coloraddnas both
anthropogenic (historical mining) and naturaé (tveathering of disseminategrite)
sources of acid rock drainage (ARC8tream waters in this system are typically
acidic with elevated metal concentrations, streambeds amddoaydrous metal
oxides and aquatic biota is severely limitdthe natural source of ARD was found to
be theweathering of pyrite disseminated throughout the eastern side of the upper
Snake River basinThe predominant anthropogenic source was thasy&mnia
Mine and its vicinity on Peru Creek (a major tributary of the Snake Ri@njface
waters and lateral inflows were both significant sources of ARD, with lateral flows
providing the majority of mass loading at points along the stream reatlutafyi
waters often had very different chemistry from lateral inflows as a result of varying
exposure to rock, soils, organic matter and other solttemporal variations in
lateral inflows were apparent, with greater lateral flows resulting from adpario
increased precipitationConfluences were critical to theansporiof metals and

acidity as tributary waters and the majority of lateral inflows edttre stream in



these regions Additionally, much of the reactive chemistry of metals occurs in
confluence zones where waters of differing chemistry mix.

Samples collected in the upper Snake River reveatdariations iniron
(Fe) andcopper Cu) concentrationthat were most likely the result of oxide
formation, ceprecipitation and iron photbemistry. Toxic concentration levelgere
presentt several sitekor Fe and Cu ding only portions of the day.

Metal oxides were present at all sampling sites in the watershed with the most
significant depositiomccurringin confluence zonesPeriphyton communities were
shown to be severely stressed throughout the watershed with only minimal biomass
present at all sampling sites. Concentration data along the Snake River and Peru
Creek revealethatboth natural and anthropogenic sources of ARDideithe
presencef toxic levels ofdissolvedmetals and metal oxide depositiarthe

watershed
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CHAPTER |

INTRODUCTION

Throughout their history, humans have transforthe&cosystem# which
they live both purposefully and through unintended consequen@s. a human
populationof more tharsix billion, unprecedented competitidor natural resources
now exists around the globe. As a resudtny natural patterns of species
distributions and interactions that have taken millions of years to develop have been
altered

This work attempts to characterize the extent of environmentaldigmpn
due to acid rock drainage resulting from both natural and anthropogenic (historical
mining) sources in a region experiencing increased competition for limited water
resources. Effective restoration and preservation of stream ecosystems and
asseiated organisms requires the integration of ecosystem science and more social
disciplines like economics and political science (Meg$687). It is human activities
thataffect ecosystems and human attitudes and institutions that determine what
actions wll be taken to maintairtheir health (Meyer1997). The ecological integrity
of the aquatic mvironmentis of interestri terms ofits structure andunctionas well
as goods and servicprovided. Freshwater ecosysteras in this studyprovide

directand indirect social benefif§Vilson and Carpentef999)including less easily



guantifiable serviceke soil and water conservatipnutrient cyclingand

recreational opportunitiess well agnore concretproductssuch as water for
downstream uséimber andfish. Maintaining functional diversity is pivotal in
supporting the flow of ecosystem goods and services as alterations to one organism

mayreverberate throughout the ecosystem

1.1- Colorado’s Mining Legacy

Large scale settlement in Coloradegan in the 1860’s afténe discovery of
gold and silverin Rocky MountainstreamgGilliland, 1999) Initially valuable
metals were extracted from easily accessible surface waters and®udsthese
ores were exhausted more invasive mining @doaestook over. Miles of tunnels
were excavatednd vaste rock from this and the oremeval process was dumped in
large hillside mounds. As veins were exhausted, these more extensive extraction
processesdrame unprofitable and miners movedeaning ghost towns in place of
orce spirited settlements. There are an estimated 23,000 abandoned mines in
Colorado (Colorado Mining Water Quality Task Force, 1997).

Colorado’s mining history has left a legacy of environmental degradation in
the form of acid rok drainage (ARD).The water quality of streams receiving ARD
is typically acidic with high carentrations of dissolved metaach asaluminum
(Al), cadmium (Cd)copper(Cu), iron(Fe) manganese (Mmndzinc (Zn) ARD
streambeds are characterized bygltt orange and white colored deposits that
indicate iron oxide and aluminum oxideposition, respectively (Fig..1). High
metal ion concentrations, low pH and oxide deposition limit stream, lmafading

microbes, algae, invertebrates and, fishmany kilometers of streams in Colorado



(McKnight and Fedey 1984 Niyogi, 1999). Typically, fish are unable to survive and
populations of algae, microbes and invertebratdewer trophic levelarerestricted

to species that can tolerate these extrehsenical conditions Further degradation
can occur asa result of contemporatyuman developments, including road and
housing construction, as well as increased water withdravidh place additional

stress orstream biota.

FIGURE 1.1: Fe and Aloxide deposition. Orange colored Fe oxides can be semrating
the streambedtowards the bottom of the figure with bright white Al oxides towards the
top.

Acid rock drainage has been referred to as the greatest water quabignpr
facing the Western United Statd3a(Rosa and Lyon1997)and is a common feature
of the Rocky Mountais, eastern United States, Canada and many other pdns of

world. Cost, technology andability concernsall contribute to make RD

remediatiora daunting issue. The Mineral Policy Center has estimated that there are



approximately 560,000 mine sites on public and private lands and that the total
cleanup of all abandoned sites within thated Stateswill cost between 3 and 72
billion dollars Lyon et al., 1993) The U.S. Department of the Interior's Office of
Inspector General estimated that it would cost approximately $11 billion to reclaim
the "known universe" of all abandoned noncoal mine sites (Department of the
Interior, 1991). In Coloralo alone, here are an estimaté¢?83 miles of streanout
of a total of 14,655 miles fiected by heavy metals and acwmtk drairage(Colorado
Mining Water Quality Task Force, 1997)

Mining began in the Snake River watershed with the discoveryvef sl the
1860’s and remained thpincipal industry, with a series of booms and busts, through
the 1950’s. Since that time the ski industry has replaced mining as the dominant

economic base in the basin. The legacy of mining remains in the form of ARD.

1.2- Purpose of this Study

This study is part of a watershbdsed attempt to gainsight into the source
andeffect of acid rock drainagen the Snake River Watershedath the goal of
providing a scientific framework tguide future development s€mediation and
restoration sategies.

Instream acidity and metal concentrasiane driven by watershed and
instream processes that may be chemical, physical or biological in nature (McKnight
and Bencalal990). The complex nature of ARD systems eadl ito substantial
spatial, seasonal and diel variations in concentrations. Knowledge of the processes
that control variations in metals concentrations is important for assessing the sources,

storage and mobility of metals. In the process of identifffiegorigin and magnitude



of instream solutes, subsurface and groundwater contributions can be as, or more,
importantthanthose of surface water inflows.

Downstream concentration profiles vary as inflows influence instream
chemistry (Bencala and McKnight987). Characterization of instream metal
loading, or masdlow, from acid rock drainage includes identification of inflow
location, discharge and solute concentrations. Inflow concentrations are important,
but incoming mass$low (calculated by multigiing concentration by discharge) has
the greatest impact on downstream concentrations (Kiraball,in pres$. A
tributary with high concentrations but low dischamgé have low masslow anda
minimal downstreaneffect Alternatively, an inflow wih lower concentrations but
high discharge may have larger mélssv and a greater influence on downstream
concentrations.

Subsurface and groundwater inflows can be important sources of metals and
acidity Kimball et al. {n pres$, for example, found s@urface inflows accounted
for nearly 50% of daily Zn load in the ARD affected Cement Cr8ak, Juan
County, Colorad@nd that bothmined and unmined areagresources. The relative
ease with which surface water samples are collected leads to a geli@red upon
thesedata for most water quality information. To fully understand the nature and
source of incoming water, it must be acknowledged that these traditional sampling
methods can neglect significant inflows entering streams through soils (@andal
Ortiz, 1999 Kimball et al.,in presg. Figurel.2 illustrates that water may flow into

streams overland, through the subsurfaug as groundater.
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FIGURE 1.2: Possibleflow paths of stream source water. Water may flow overland,
through the subsurface or from groundwater into streams and lakes.

By combining discharge and chemistry a detailed profile aésflow can be
produced for avatershed.Massbalance methods cannot identify exact sources but
candistingushdifferences between sites with an increase in fflagsindicating a
source. Correspondingly, a mdksv decrease between sites signifies a loss
resulting from physical, biological and/or chemical processes.

The objective of this study is ttevelp a watershedbased characterization of
acidity, metal concentrations and mdéssvs resulting fromboth the natural
weathering of disseminated pyrite and anthropogenic point source niioegiantify
the location and importance of sourcamtributionsfrom both surface and lateral
inflows were considerec methodologythathas nocommonly been taken in the
past. Several qiantitativestream scalapproachesvere usedn analyzing field data
collected in the Snake Riv&Vatershed in 1998 and 2000. HBeeapproaches
includedexamining the spatial and temporal variability of instream concentrations,

massflows and oxide depositioreterminingsurface and lateral inflows in



confluence and neconfluence zonesind evaluatingheecological effects of oxiel

deposition and instream chemical conditions on benthic algae communities.



CHAPTER I

ACID ROCK DRAINAGE AND ITS EFFECTS

2.1 - Formation of Acid Rock Drainage

Colorado’s mining history has left a legacy of environmental degradation in
the form of acid rock drainage (ARD). ARD occurs naturally, but in the Rocky
Mountains the most severe degradation is predominantly anthropogenic in nature.
When rocks containing pyrite (F&Sand other sulphidic mineralare expsed to
oxygen and watdhey begin to weather, initiating a cycle that creates surface waters
high in aidity and metals. The fyroducts of mining (tailings piles, waste rock, and
mine workings) greatly increase the surface area of pyrite, stimulating the production
of ARD. As pyrite weathers, B& SQ;* and H are released in to waters, as well as
othe trace metals that are present in surrounding rock.

The reactions involved in the weathering of pyrite are numerous and the
overall process may proceed by several paths. The individual reactions have rates
that vary greatly. Generallyhé weatherig and oxidation of pyrite occurs in three
steps, with the reaction becoming autocatalyiicself generatingin nature. The
following reactions typically occySinger and Stummi97Q Nordstrom and Alpers

1999 McKnight and Bencalal99Q.



Thefirst step of pyrite oxidatiois a slow,abiotic reactionn which O, acts as
the electron acceptoign. 2.1)
Equation 2.1 FeS+ 3% O + H,O = Fe&* +2SQ* + 2 H'

(slow, abiotic, initiator reaction)

In the next step of pyrite weathegifthe ratelimited step in the redion
series), ferrous iron generatedequation?.1 is oxidized quickly by microorganisms,

generally from the genughiobacillusspp.(Nordstromand Southanil997).

Equation 2.2 Fe&?" + ¥ O + H" = Fe* + 12 H,0O

(faster, biotic)

Equation 2.2 may occur abiotically, but in low pH systems, such as those resulting
from ARD, the abiotic oxidation occurs at a negligible rate.

In the final abiotic reactiofEqn. 2.3, ferric iron acts as an electron adoep
in the weathering of pyrite. Because ferric iron is insoluble at circumneutral pH, the

following reaction predominates only in aicidvaters.

Equation 2.3: FeS + 14 Fé* + 8 bLO = 15 Fé" + 2 SQ% + 16 H

(fast, abiotic)

2.2 - InsreamConcentrations

The controls on instreasoluteconcentrations in ARD environments are
complex Solutesarederived from a variety of sources in the watersh®8@y, H',

Fe, Zn, Cu and Mn all have the weathering of pyaite other sulphidic mineratss



their source.Al is mobilized when resulting acid waterweathers nearby country
rock. Solute such as Mg, Ca, Cl and Na weather from sources throughout the
watershed.Once mobilized, solutes may behaitherconservativelyor reactively
dependingn the circumstanceSolutesmay react chemically with other solutes,
metaloxyhydroxidessoilsand organic matter. Reactions can occur throughout the
basin including in the subsurface, tributaries, hyporheic zone and stream .column

This leads toatal and temporal differences soluteconcentratios

2.2.1- Watershed Controls

In the Snake River watershed, large variationdigsolvedmetal
concentrations occur on a seasonal scale, driven primarily by the region’s hydrology.
The majority ofyearly precipitation falls as snowT'he annual hydrograpfFig. 2.1)
is characterized by low flow in winter during snowfall, a large pulse of spring
snowmelt runoff which lasts several months, and a period of low flow with short
episodic rainstorms in late samer and early fall.On an annual timescale, trace
metal concentrations tend to decrease during high flows as unmineralized snowmelt
dilutesstreamwater andhen tend tancrease during lower flowsS(llivan and
Drever, 2004%; Boyer et al., 1999IcKnight and Bencalal 990, Moran and Weniz
1974. On a diel timescaleasplingin Peru Creek has shown that changes for many
solutes (S@ Mn, Zn, Si, Mg, K and Ca) are driven by hydrology and are a result of
daily fluctuations in snowmelt (Sullivaet al.,1998). Sullivanet al.(1998) also
found that these variations decreasdlwfalling limb of the hydrograph as much of

the snowpack has already melted.
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Discharge Data: USGS Gage 09047500 Snake
River Near Montezuma, CO
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FIGURE 2.1: Snake River 2000 hydrograph Graph compiled using @ta from U.S.
Geological Survey sream gage 0904750Mcated at Keystone Ski Resort.

Differences in solute behavior may occur between those with disseminated
pyrite as a source and those with souinediscrete mines (Brooks et a2001J).
Additionally, depending on th@ath takenthe chemical composition of incoming
waters can vary greatly (Benaaind McKnight,1987). Interaction with sediments,
solids and organic matter in the subsurface and hyporheic zone may affect trace metal
concentrationsBencala 1984Bencala et al. 1990, lttermoseret al.1999).

A significantexchange of water occurs between the stream column and
hyporheic zone in low order mountain streaMKnight and Bencalal99Q Harvey
andBencala 1993. Hyporheic zone flow occurs along the length of a steanmhrasc
water moves in and out of the sedimentadimescale that can be considered fast,
though downstream transport is less than in the main stream colBhaw. through

transient storage zones and stream bed sediment can play an important part in solute

11



transportas solutes may be retaingdthese zoneand in contact with reactive
sediment surfaceer substantial amounts of time (Bencala et 990 and 1984

Lottermoseret al.,1999).

2.2.2- Instream Controls

In ARD affected streams, many tietreactions that occur are pH dependent.
Most metals are very soluble in the low pH environments that are typical of acid rock
drainage streams, and become less soluble at higher pidh & the reactive
chemistry of metals occurs in confluence zonesre/eters of differing chemistry
mix (McKnight and Bencal 1990) Several of the metals that have high
concentrations in ARD streams, such as Al, Fe and Mn, can forraxigids (with
concurrent decreas@s instream concentrations) when inflows of magatral waters
raise stream pH (Kimbadlt al.,1994 McKnightand Bencalal990 Brosheart al.,
1996. For Fe, when the pH rises above 4, the following reaction odeégns 24),

creating precipitates that coat the streambed.

Equation 2.4: Fe** + 3 H,0 = Fe(OH) + 2 H'

The precipitation of free aluminum ion as aluminum hydroxide becomes an important
reaction above pH 5 and follows a reaction similar to thatvshior ferric iron in

equation 20. The composition of oxide deposition changes wistadice

downstream with upstream locations having the most Fe (McKatgiit,1992)

followed by Al Hydrous oxides magxist as suspended colloids or as deposits on

the streaimed.
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Instream Fe chemistry is complex as it is also affected by photochemistr
This generates significant diel fluctuations in instream concentrations.
Photoreduction of suspendedrpides and F®xyhydroxides on the streambéghds
to mid-day increases in Eeand FeT concentrations (McKnigétt al.,1988and
2001, McKnight anl Bencalal9®; Runkel et al.,1996).

Thepresencef metal oxide precipitatelsas been found to affect the
chemistry of other metals by adsorptionsprecipitation and photochemical reactions
(Runkelet al, 1999 Williams and Smith, 2000yIcKnight etal., 1992 Sullivan and
Drever, 2001h Munk et al., 200 Theimportance of these reactions rear
Theobald et a1963) found Mg, Pb, Cu and Cr in Al precipitates in the Upper Snake
River, but at low levels. In St. Kevins Gulch, a drainage impdntextid mine
drainage near Leadville, Colorado, concentrations of As, Cd, Cu, Fe, Mn Pb and Zn
in Ferich suspended particulategre higher than those reported in soils (Kimlezll
al., 1992). Johnson (1986) found that Cu &mdconcentrations in an ARBDnpacted
river were driven by c@recipitation reactionsMany metals are more soluble than
Al and Fe at neutral pehdwill be transported further downstream with
concentrations decreasing predominantly due to pristine inflows.

In the process of pyrit@eatheringSQy is mobilized i proportion to F&" and
H"in ARD environments However,it is also present in gypsum and barite which are
found in association with ore minerals (Boveakt 2000. SOy is generally present
in high concentrations in ARBtreams and behaves conservatively in these acidic
environmets (Sullivanand Drever2001a) though minotosses have been

documented in the formation obin oxides (Theobald et al., 196dmball

13



et al.,1994) SQ, can be useful as a nominally consei@aambient tracer (Bencala
et al, 1987)thoughthis usefulness is system dependdntSt. Kevins GulghLake
County, ColoradoKimball et al. (1994) found that while @nd Mn tended to
behaveconservativéy, reactive behavior was documented in th®eaches most

affected by ARD

2.3- Influences oW ater andSubstrateQuality onPeriphyton

Theeffects of ARD on aquatic organisms are comphkamdcan be both direct
and indirect Multiple stressors include acidity, high concentrations of dissolved
metls, metal oxidedeposition and changesspecies interactiondNiyogi et al,

2001 Clements1999). Stream communities mayib8uenced by a complex set of
pressuresnakingit difficult to quantify and predict the impact of ARBray 1997)
This al© complicates attempts at remediatidior example, oxide deposition may
limit the ecological recovery of streams despite improvements in wlagenistry
(Niyogi etal., 1999).

Individual specieshave adapted to ARD environments leading to biotically
distinct streams that are found in the Rocky Mountaimgin geochemicallysimilar
locationsaround the worldgMcKnight and Federl984 Clements 1994 Mulholland
et al, 1992. Secondary impacts of ARD may be felt by species due to changes in
competition predation or grazingDecreases in grazing pressure from invertebrates,
which are often more sensitive to changes in water chemistry, has been found to
stabilize or increase the biomass of algal commun(i#sood and Mulholland

1989.

14



Studies of seam biota in the headwaters of the Snake River and Deer Creek
have shown that the species composition of algae and benthic invertebrates are much
different in the Snak®&iver compared to Deer Creek, which has species typical of
pristine Rocky Mounta steams(McKnight and Feder, 1984 Periphyton in the
Snake River above the confluence is typical of those in acid mine draireg@st
and much less abundant than in Deer Creek. Below the confluence, where the
streambed is coated in Al precipitates, plyion were very sparse (McKnigand
Feder 1984).

In ARD environments, ptal oxide depositiolnas been found to haveore
detrimental effects on stream biota and ecological processes than low pH or high
concentrationsf dissolved metals (bKnightand Fecer, 1984 Niyogi et al, 1999.
Oxide deposition limits stream biota, including microbes, algae, invertebrates and
even fish, for many kilometers of streams in Coloraboyogi et al.(1999) also
found that metal oxides may vary by type in their effectstream biota, with

aluminum precipitates being more detrimental than iron.
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CHAPTER IlI

SITE DESCRIPTION

3.1- Background on Study Area

3.1.1 —-Economy

Mining began in the Snake River watershed v@tilorado’s first silver strike
in 1863 (Gilliland, 1999. Lead, silver and zinc were the primary metals mined
though mimr amounts of gold, copper and bismuth have also been noted (Moran and
Wentz 1974). Large scale miningpntinued through the 1950’s with a series of
booms and busts produced by fluctuations in silver prices as well as natural disasters
(Gilliland, 1999). In recent decadeshé ski industry has replaced mining as the
dominant economic basé the regiorwith the developmendf ArapahoeBasin,
Breckenridge, Copper and Keystosié areasn Summit County, ColoradoThe
growth of this industry hadrivenasecondpopulation boom. From 1970 to 1980
Summit Countyas the fastegirowing county in the nation, experiencing a 232%
increasgSummit County2001) From 1970 to 1998, counpopulation increased by
720% (Summit Counfy2001).

Land uses in th&nale Riverwatershedire varied and include extwne US.

Forest Service langd&eystone Resort and ArapahBasinski areas, the small town
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of Montezuma, dispersed residential development in unincorporated areas and
numerous historic mining sites. KeystoResorthas been making snow with water
from the main stem of the Snake River for several years and is quickly developing
prime riverfront real estate. Arapahoe Basin is currently seeking apprasdketa

its ski season by making snow with water from dhpolluted North Fork of the

Snake River.

3.1.1- Geography and Geology

The Snake River Watershed is bordered by the Continental Divide to the
north, east and south and terminates in Dillon Reservoir (a primary drinking water
source for the Denver miepolitan area) on the weditig. 3.1). The catchment is
mountainous, ranging in elevation from 2749 m to 4188 m, with its headwaters above
tree line Thisstudy concernthe 150 krh of the watershed locateghstream of
USGS stream gag®8047500ocatedat Keystone Ski ResoriGeology of the study
region is characterized by Precambrian Swandyke Henale Gneiss and Idaho
Springs Brmation, Cretaceous Hornfels, Tertiary Porphyritic Quartz Monzonite and
Aplite, and Quaternary surficial deposits alongntterways (Neuerburg and
Botinelly, 1972).

The headwaters of the Snake River drain a region of disseminated pyrite
before running through a nadily occurring iron bog (Fig3.2). Natural weathering
of pyrite produces wateia the pper Snake Rivehat are acidic (pH 4.0) and
have high concentrations of heavy metals (Bencala,et%87). The presence of this
natural source of metals and acidity complicates remediation efforts, as background

conditions may be sufficient to severely stress aquatisystem along large sections
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of stream reach. Below this source, the Snake River meets with Deer Creek which
has relatively pristine water quality and approximately equal flow. An estimated 4.5
km from the DeeCreekconfluence, Peru Creek flows intetBnake River

increasing metal and acidity loads. Seven kilomdtether downstreamn the

vicinity of Keystone Resort, the Snake River is joined by its North Fork just above
USGS stream gage #09047500.

Peru Creek is the Snake River’s largest tributdt flows by several smaller
mines before receiving acidic and metal laden runoff from the Pennsylvania Mine
which has extensive mine workings and large tailings piles. This mine is believed to
be the primary source of anthropogenic contaminationgthaumerous abandoned
(and several, small active) mines are scattered throughout the watershed &Adison
LaRock,1992). Several remediation attempts in the basin have focusieel on
Pennsylvania Min@rainagebut haveeither failed otbeen stifled dueotliability
concerns associated with the Clean Water Act. As a result, much of the mine’s
drainage is collected into a holding pdifdg. 3.3)and released into taench(Fig.
3.4)which empties intd’eru Creek Three kilometerbelow the Pennsylvania kg,
the pristine Chihuahua Gulch tributary joins Peru Créélting its watersand
causing the formatioof metal precipitate@McKnight and Bencala, 1990).e%eral

kilometersfurtherdownstreamPeruCreek meets the Snake River.
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FIGURE 3.1: Snake Rver Watershed to Dillon Reservoir. Map adapted from the Arapahoe Basin Master L
Ranger District, 1999)
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FIGURE 3.2: Geology of the upper Snake River

Geology by T.S. Lovering (1935)
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FIGURE 3.3: Holding pond at the Pennsylvania Mine. Runoff was collected and routed
through this pond, which quickly saturated, in a failed remedation attempt.

FIGURE 3.4: Runoff from the holding pond at the Pennsylvania Mine enters the
drainage and eventually drains into Peru Creek. The orange colored deposits in the
drainage trench are Fe oxides.
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The stream length of th®nake River is affected by acid rock drainage of both
natural andanthropogenic sourced.arge sections of the Snake& and Peru Creek
havestream watewith elevated metals concentrations and low pH. Streambeds are
coated inFeandAl oxides. Both the Snake River and Peru Creek are fidein
Colorado’s 1998 303 (d) list of impaired water bodies to high conadrations of

Zn, Cd, Cu PbandMn.

3.1.2- Watershedbased Remediation Efforts

Theeffectsof ARD are complex andhay occur ora variety ofscales. Rather
than examining each source individuallgctions about remediation require an
understanding &ll thesourcedn a watershed, their relative importanoehe basin
andthe impactbon theaquaticenvironment A watersheebased approach &suseful
and efficient meansf unifying interested agencies and disciplines in identifying the
sources and ffcts of ARD and in developing remediation alternatives (Kimball et al.
1999).

In April of 1999, the Snake RiveWatershedlrask Forcdormed with a
mission“to improve water quality in the Snake River watershed...focusing in
particular on identifying, evaiating, and implementing opportunities to reduce heavy
metal concentrations of conegr (Snake River Watershed TabB&rce 1999). This
volunteerstakeholders group embraces public participation in water pollution control
activities by bringing together rtiple parties in a watershed based approach and
includes representatives from citizens groups, government agencies, ski areas, and
environmental groups as well as concerned individuals and reseantisssi Since

its inception, this diverse group hasen compiling available data and identifying
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gaps with the goal of developing projects that help establish reasonable standards and
which prevent, reduce or eliminate pollution from the various sources within the

basin. The task force itself, and itseusf the broad knowledge base and levels of
expertise provided by its members, is an innovative means of addressing the unique
problem of ARD from abandoned mines and natural causes. This research was
designed in collaboration with task force membersfanded in part through the

group As tle task forcaworks to fulfill its mission relationships with research

institutions, such as the University of Coloradoyé&@roven mutually beneficialA
completelist of task force membgand interested partieme presented in the

appendices in takded.13 and A.14 respectively.

3.2- Study Sites

Two sets of data wereollected and analyzed for this resegatviding
resolutionat the watershedandsmallersub basirscale(Fig. 3.5). Samples were
obtained diring lower flow, openwater conditions in July and Augusthese
samples are satisfactory for indicating major differences among sites, but are not

representative of all seasons.

3.2.1- Upper Snake River Diel Study

The upper Snake River diel studyas designed to examine tlefects of acid
rock drainage caused llge natural weathering of disseminated pyrite in the
headwaters of thepper Snake RiverDischarge, pH and conductivity were measured
in the field. Stream samples were collected and aedlfor dissolved metals,

cations, anions and dissolved organic carbon (DOC). Additionally, calculations were
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made to estimate lateral inflows, mdksvs and concentrations. Measurements were
made and samples collected throughout the day to determdile¢ ghanges were
evident.

Eleven stream and four tributary sif@lsree draining the eastern side of the
basin, onalrainingthe westerside) were selected covering approximately 2.25 km
of headwater streaffrig. 3.6). The first and uppermost site wikated just above
the road crossing to Webster Passnj@vith sitescontining downstream to the next
road crossing (225M). Downstream ges were namedccording to thepproximate
distance downstream from the uppermost diteconfluence zones, si were
selected to allow for complete mixing with tributaries. Upstream confluence sites
were located approximately 10 meters above inflows and downstream sites 25 meters
below inflows. Additionakeaches between confluences were santplelistinguish

longitudinal changes on the scale of hundreds of meters.

3.2.2- Snake River Watershed Synoptic Study

The SnakeRiver watershed synoptic studsas designed to examine the
effects of acid rock drainage on a watershede basis, including both the natural
weathering of pyrite in thepperSnakeRiver andweathering occurring in abandoned
minesscattered throughout the basin, with a special emphasis on Peru Creek.
Discharge, pH and conductivity were measured in the field. Samples were collected
and analyed for dissolved metals, cationsjans, DOC, Fe and Al oxidee&position
ard periphyton biomassAdditionally, calculations were made to estimate lateral

inflows, massflows and concentrations.
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Ten stream and five tributary sites were chosen to targas af interegFig.

3.7). The five Peru Creek sites laggust upstream of the Pennsylvania Mine
drainage(PR1) and eneldjust above the confluence with the Snake River (PR5). In
addition, Pennsylvania Mingrainage(PN1— sampled in thelrainage trenkbelow

the holding pondand Chihuahua Gulch (CH1a high flow, neutral pH tributary)

were sampled. On the Snake River, sites began above the Deec@ribagnce on

the Snake River (SN1) and ended below the confluence with the Bivagts North

Fork at Keystone Resort (SN8). Tributaries that were sampled included the pristine
Deer Creek tributary (DC1) and the North Fork (NF1) which isimgacted by acid
rock drainage.In confluence zones, samplisges were selectéglto 20 meters
upstreanor downstream fromnflows. A detailed analysis of the North Fork and
Snake River confluence is not presented in this paper. Sampling data for the North
Fork can be found itheappendicesn tablesA.6 — A.12.

The area covered by the Snake River syngttidy is larger and more
geochemically heterogeneous than the watershed area of the upper Snake River diel
study necessitating greater distances between sampling sites. As a result longitudinal
variations are distinguishable over a scale of kilometeherahan meters, making
some processes that can control nfesg more difficult to ascertain. Data were
collected only for select tributaries as logistics made it unrealistic to sample every
visible inflow. This necessitated that an unknown numbeisdile inflows were not
sampled and that their contributions were included in lateral contributions.
Additionally, July discharge data was not collected for PR1, PR2, PR3, PR4 and PN1

making certain calculations for these sites impractical.
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3.3- Methods

3.3.1- Upper Snake River Diel Study

Diel samples were collected in the headwaters of the Snake River on July 28,
1998 from 0930 to 1500 hours. At the majority of sites, samples eadlected thrice
during the day at approximately 0930, 1200 and 1500 hours. Samples were collected

once every hour d@he upperand lowemmost site

Discharge, pH and Conductivity

Discharge was measured at each site once during the day using a pygmy
meter, with measurements beginning at site 2250m at 0912 hours and working
upstream. pH and conductivity were measured in the field withraspecific

electrodeand probe, respectively

Dissolved MetalsCationsand Anions

Samples for dissolvespeciesvere filtered through 0.1 pm nitrocellulose
filters. Samples for metals and cations wacalified in the field with Ultrex nitric
acid Samples for analysis 6% and readily solubl&e were analyzed using the
2,2’-bipyridine colorimetric method (Bken et al, 1970) with reagents add
immediately after filtratiomn the field and spectrophotometric analysis within 24
hours. Total Fe (FeT)Zn, Al andMn were analyzed in the laboratory by inductively
coupled plasma atomic emission spectrometry {KES) andCu, CaandNaby
flame atomic absorption spectroscopy (AA3nion samples were analyzed by ion

chromatography (IC).

29



Soluble iron concentratiorenalyzedmmediately after sampled collection
tended to be lower than Fedmples analyzedsing thelCP spectrometeseveral
months later.For this reasonhe termreadilysoluble Fehas been applied to the
samples analyzed colorimetricallpdireflects thelissolved ferrous iron (B8 plus
thatportion ofthe dissolved ferric iron (B& which was rpidly reduced by adding
hydroxyl amine to the filtered sample. FeT measure by ICP was slightly greater
because any colloidal £enot reduced in the colorimetric analysis was detected

under the conditions of the ICP method involving a high temperatusenpla

Dissolved Organic Carbon

Dissolved organic carbon (DOC) samples were filtered through pre
combusted Whatman glass fiber filters into-poenbusted amber bottles and

analyzed using BorhmanDC-190Carbon Analyzer

3.3.2- Snake River Watershed Syngtic Study

Synoptic samples were collected during two field efforts on July 2&and
August 24 and 25, 200@amples were collected to obtaifisnapshot’df the system
thoughlogistics required that samples be collected over several ddys.type d
samplingis appropriate for streams in which most variations occur in the longitudinal
direction but may not be for larger streams where significant chemical variations may

occur within a given crossectionKimball et al.,in press.
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Discharge, pH andConductivity

Discharge was measured with a pygmy meter, except at site SN8 where data
was taken from a USGS stream gage (#09047588)and conductivity were

measured in the field with an i@pecific electrode and probe, respectively.

Dissolved MetglCationsand Anions

Samples for dissolved metals, cations and anions were filtered through 1.0 um
Pall Gelman glasmicrofiber filters (type A/E). Dissolved metals and cation sasple
were then acidified witlrisher trace metailitric acid and stored in acid rinsed bottles

ard analyzed in the laboratory by IGXES. Anion samplesvereanalyzed by IC.

Dissolved Organic Carbon

DOC samples were filtered through fmrembusted Whatmat. 7cmglass
fiber filters into precombusted amber bottles and analyzed using a Shimadzu Model

5050A Organic Carbon Analyzer.

Fe and AlMetal Oxides

Two rocks were collecteftom each sitdor analysis ofFe and Almetal oxide
deposition. The rocks were scraped clean in the laborandyrinsed with déonized
water (DI) into preweighed aluminum kaits. Samples were driedyeighedand
rehydraédin glass beakers with 0.01N HNDigestion followed a procedure
modified from Makos and Hrnci1995. 1.0 ml each of concentratedS®, and
HNOs; was added to each sample and the mixture heated to recluoge
approximately by half. An additional 1 ml each o8&, and HNQ wasaddedand

samples left to sit covered for 48 hours. Samples were reheated and reduced to
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approximately half volumeThe solution of the extracted metals was filtetecbugh
a Q1 um membranebrought up to a known volunasd analgedby ICRAES.
During the initial sampling triptwo additionalrocks werebrushed tean of
precipitates at each sigad placed back in the streain. August the same rocks
wererecovered, the oxidescrapedrom themand analyzedral a rate ofoxide

depositiordetermined

Periphyton Biomass

Two rocks from the riffle zone were scraped clean of algae into separate
containers and diluted to a known volume with DI water. Samples were then
partitoned forash free dry mass (AFDM) amthlorophylla. AFDM samples were
filtered ontoprecombusted 47mm Watman GRZ filters and analyzed according to
the methods described in Steinman and Lamberti (1996). Chlorepsahples
were filtered ontegl7mmWhatman GF/Cglass microfibefilters and analyzed
spectrophotometrically following hot ethanol extractibfofris and Lewis1988).
During the initial sampling trip, twoocks(in addition to those cleaned for oxide
deposition)were brushed cleaand placedback into the strearat each site They
wererecovered in Augustheperiphyton removed and analyzaod arate ofalgal

colonization calculated.

Surface Area

Surface area was estimated for rocks from which metal oxide and periphyton
samples wereollected based upon the mass of aluminum foil required to cover the

surface of the rock (Steinman and Lambé&g@b6).
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3.3.3- Lateral Inflow, Concentration and MassFlow

Lateral contributions were calculated throughout the study region and include
both groundwater and subsurface water inflowateral inflows, concentrations and
massflows were calculated using conservation of mass equations (Bamch{artiz,
1999 Bencala and McKnight,990; Kimball et al.,in pres3. Calculations to
estimatedteral concentrations and m&ksv assume conservative solute behavior.
Thoughsomesolutes are chemically reactive to some extent in ARD environments,
these calculations are useful in identifying sources and pathwayste 38 depicts
an idealized stam reactwith a downstream sampling site B, an upstream site A, a
measurable tributary T, and possildeeral inflows which may havgroundwateor

subsurface seeps as their origin

Measurable
Tributary

&

Seeps
@A
G
Groundwater
“on

FIGURE 3.8: Idealized stream reach withinflows. Water flows past upstream point A,
may receive inflowfrom a visible tributary T, and possible inflows from subsurface and
groundwater inflows before passingdownstreampoint B. (Adapted from Bencala and
Ortiz, 1999)
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Lateral discharges thesum of seeps and groundwater inflo(iEgn. 3.1).

Equation 3.1: Q. =Qs+ Qg

Where:
QL = estimated lateral discharge (Units: volume/time)
Qs = discharge entering through seeps
Qg = discharge entering through groundwater
It is impractical to measured@and @Q; so lateral dischargentering a stream
reach between two sampling points wiasermined using equation 3.PJpstream

and sampled tributary discharge values were subtracted from downstream discharge.

Equation 3.2 Q. = Qs —Qa- Qr

Where
Qs = measured dischargd downstreamite
Qa = measured discharge upstream site
Qr = measured discharga tributary

Logistics prevented the sampling of every visible tributary inSiheke River
Watershed synoptistudy area. For this reason,the synopt study,calculated
lateral inflows may include contributions of other unmeasured tributaries.

The massflow at ageneralizedampling site X, is determined in equatioB.3

Equation 3.3 My = QCx
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Where:
Mx = mass load at point Jnits: mass/tira)
Qx = discharge at point X
Cx = instream concentration at poit(Units: mass/volume)
Lateral masdlows wereestimated (n. 3.9 similarly to discharge with a

massbalance of upstream, downstream and tributary inflows

Equation 3.4 M_ = QgCg — QaCa - Q1Cr

Where:
M. = lateral mass load
Cg = sampled concentration at downstream site
Ca = sampled concentration at upstream site
Cr = sampled concentration in tributary
Lateral concentrations, assuming conservative solute behesmestimated
usingequation 3 which is a derivation of equation23hrough3.4.

Equation 3.5 CL-0gCg —0aCn - Ct
Qs —Qa-Qr
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CHAPTER IV

RESULTS

The complete results from thupperSnake Rivediel study and the
watershedvide synoptic study are tabulated in the Appendftades A.1- A.12).
Tables A.1 and A.2 present upper Snake River diel dallected at samplinsites
including massflows. Tables A.3- A.5 contain calculated lateral inflow data for the
upper Snake River diel study including discharge, concentration aneflmass
Sampling data for the Snake River watershed synoptic study is presetdblsn.6
—A.12. Tables A.6- A.9 contain concentration, mafiew, oxide depositioand
periphytordata. Tables A10 -A.12 provide the results of lateral inflow calculations
including discharge, concentrations and iess.

In the results belowyhendata from the Snake River watershed synoptic study
were similar or July data incomplete, only August dafaesented for reasons of

simplification

4.1- UpperSnake River Diel Study

Discharge along th2.25 kmstudy reach increadesix-fold from 0.04 t00.24
nt st with discharge increasés the vicinity of tributaries 46 m 915 mand 209 m

and losses near tributary®m (Fig. 4.1). Figure 4.2 illustrateconfluence zone
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inflows and highlightghe significance of subsurface, or lateral, inflowsagalt

instream flow. At confluence 45@185 m, nearly three times the amount of water
entered the stream laterally than in the measurable tributary. An anomaly was seen in
the vicinity of the confluence with tributary 6 @wherewater was lost to the
subsurface. Lateral inflows accounted for more than half of inflows at the confluence
with thetributaryat915m. At the most downstream confluence, the majority of
discharge entered the streamthe tributarythough lateral inflowsemained

significant. Lateral inflows were present throughout most of the study reach with the
exception of the region near tributary 6Gn0and from 1875nto 2085m which were
losing reachesBecause the distance between sampling sites varied, it is useful to
determine the idcharge gained frorateral inflows per longitudinal meter of stream
(Fig. 4.3). Much more water flowed into the stream laterally in confluence zones

than elsewhere along the study reach.

0.25
0.20 /
— \

‘0 Trib915m Trib 2095m
™ 3.-1 3.-1
c 015 0.04 m”s \A 0.03m~s

) Trib 460m /
o 3_-1
= 0.01 m’s
8 o010 A
2
o
0.05 /
' Trib 670m
0.01m’s™
0.00 T T T T .
450 m 700 m 940 m 1935 m 2120 m

Sites

FIGURE 4.1: Snake Riverdischarge with tributary inflows noted, upper Snake River
diel study.
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FIGURE 4.2: Confluence zone inflows including lateral and tributary inflows,upper
Snake River diel study.
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FIGURE 4.3: Lateral discharge gain per meter of stream reach, upper SnakRiver diel

study
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Figure4.4shows the impact dfibutary inflows on stream chemistry.leizated metal
concentrations and mass loading were apparent in samples collected from tributaries
460m, 915m and 2095n which drain the easteside of theébasin. Metal
concentrations anthassflows in tributary 670m, draining the western basin, were
negligible Tributaries 460 m and 2095 m had similar concentratio@nand Mn
while concentrations of these metals were lower in tributary 915 m. - ldags of

these tw metals were highest in tributary 2095 /" concentrations were highest

in the uppermost tributary (460 m) and decreased down to tributary 2095 m= Mass
flows for FE€* were highest in tributary 915 mAl concentrations and mag®ws

were significantl larger than for the other metals. The highest Al concentrations
were found in tributary 2095 m followed by tributary 460 m. Miésss of Al were

also highest in tributary 2095 m. Tributaries 460 m and 915 m contributed similar

mass loads.
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FIGURE 4.4: Tributary data, upper Snake River diel study
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The pH in theupper Snake RiverKig. 4.5) was initially 5.0 at site @n,
decreased to 4.0 by the third site (485 andremained constant throughout thetre
of the study reachFigure 46 stows longitudinal variations in solute concentrations
at the eleven stream sites. Tributary data is not preset@dand Nabehaved
similarly to pH,increasng to stable values by the third site. Ca displayed the reverse
patern, decreasing to a someslifessstable valudy the third site. Gncentration
profiles for metals fluctuated in the downstream directibe* and FeT
concentrations increased to a maximum value at site 485 m and then began to
decrease. Other metalsncentratiosincreasd ard decreasgwith patternghat
vaguely mimicked stream dischargevedall increases in the downstream direction
were seen for all metals, with the exception af Fer example, concentrations of Zn
increased nearly threfeld, Cu fourfold and Al five fold throughout the study reach

Figure 47 reveals a tight correlatiofiR*> = 0.96)between Hand SQ concentrations

7.0
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40+—2 3 » m = s = =B o o

3.0
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450 m 700m 940m 1935 m 2120r
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FIGURE 4.5: Mean pH, upper Snake River diel study
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FIGURE 4.6: Instream concentrations, upper Snak River diel study. All
concentrations are in mg =1, except for Cu which is in units of pug E1.
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Figure 4.6 also presents the variations in concentrations during the day at each site.
The concentrations of most metals remained constant throughoutrtpinggperiod.
Significant diel variations were evident only fo’Fand Cu and are represented by
the scattering of data points seen for each $iexgy minor diel changes were
observed for the other solutes. Figure 4.8 reveals a poor correlatiozebef&" and
Cu at most sites.
Diel and longitudinal variations in solute metsw are depicted in figure 4.9.
In comparison with variations in concentrations, mid®ss increased for all solutes
in the downstream direction. Mafisw patterns are siilar for all solutes and

generally mimic downstream changes in discharge.

50.0

45.0
* 2
B\ R? = 0.9583
40.0
* \
> \

30.0 ~S

SO, (mgL™)

25.0 T T
3.9 41 4.3 4.5 4.7 4.9

pH

FIGURE 4.7: Relationship between pH and SQ upper Snake River diel study
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Figures 4.10through 4.2 compardateral and tributary mastows as well as
estimated lateral dmmeasure tributary concentrationor the three gaining
confluences. The confluence with tributary0@mis not includedecausat wasa
losingreach ad negligiblesourceof metals and acidityFigure 4.0, represents the
uppemost confluencevhere hie majority of water entedthe streantaterally.

Nearly equamassflows of most metals (Zn, Al, Mn, FeT, Cu) entered through the
subsurface and in tributary waters, though the tributanyded to be alightly larger
source. Lateral contributions foBOs, F€*, readily solubleFe, Mg, Na and Caere
substantially higher. Inflow concentrations exhibitedly different patterns Al
concentrations, for example, were estimated to be much greater in the tributary than
in subsurface inflows. The sansetue for most other metals, yet high lateral
dischargeproducednearly equal masfows.

The next downstream confluence is with tributary 915 m (Fig. 4.11) where the
majority of masglow for most solutes entered the stream laterally. Lateral-mass
flows for Al, Mn and FeT and Na were only slightly greater than tributary flass
and Zn masslows were equal among the two sources. Lateral 1flags for readily
soluble Fe, Fe, SQ,, Mg, and Ca were greater than in the tributary. Cu was the only
solutewith higher tributary masfiows. Lateral and tributary concentrations at this
confluence were equal, or nearly so, for the majority of solutes. Concentrations of Cu
in the tributary were greater than in lateral inflows while tributary concentrations
were only slightly greater for Zn, Al and FeT. Higher lateral concentrations were
calculated for readily soluble Fe,¥#eSQ;, Mg and Ca. Mn and Na concentrations

were effectively equal among source waters.

46



At the most downstream confluence (Fig. 4.T®)centrations were higher in
tributary waters for all solutes with the exception of‘Feshich may be precipitating.
Differences were largest for Al and Cu, which had tributary nflasss three to five
times greater than lateral mdkswvs, and F&", which had lateral masows nearly
four times greater than tributary loads. Concentrations behaved similarly to mass
flows with higher tributary concentrations for the majority of solutes (Zn, Al, Mn, Cu,
Mg and Na). Lateral and tributary concentratiforsreadily soluble Fe, FeT, SO

and Ca were equal or very similar and lateral concentrations were greatet'for Fe
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4.2- Snake River Synoptic Study

Discharge data for the study area is shown in figur@. £5take River flows
increased from 0.1 to 0.4°m’ just before the Peru Creek confluence. A large
increase td..4 ni s* occurredbelow the confluence followed by decreasasl the
river was joined by its North ForkElows inPeru Creek increased fromln? s
above the Pennsylvania Mine to a maximum value of & $'just below Chihuahua

Gulch. Streamflow then decreased dotathe Snake River confluence.

-- -4 -- Peru Creek
—— Snake River
1.6
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w12 /.\
y [ me /
E 10
o / a7
5 0.8
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0.4 . 5
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FIGURE 4.13: August discharge in the Snake River and Peru Creek, Snake River
Watershed syoptic study. Site locations refer to figure 3.7.

Figure 4.4 represent incoming flows in the vicinity of the sampled
confluencess well as reaches of stream where no tributaries were safoptad
months of July and AugusDifferencedetween gaimg and losing reachesan be

observedn the longitudinal direction as well &stween months. Discharge data was
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not collectecat most Peru Creek s#tén July Lateral losses were observieduly in

the Deer Creek confluence zone. Lateral gains \Wexe experienckbetween sites

SN2 and SN4. Water was lost to the subsurface in the vicinity of the Peru Creek
confluence. No lateral inflows were present between sites SN5 and SN6 and lateral
losses were seen between s8&6 and SN7. Lateral gaiage visible in theNorth

Fork confluence zone. In Augustgarly equal amousbf water flowed into the

stream in the Pennsylvania Mine discharge as did laterally. Lateral gains continued
below this confluence between sites PR2 and PR3. Losses ocautredicinity of
Chihuahua Gulch and further downstream to PR5. On the Snake River lateral gains
were experienced at the Deer Creek confluence. La@ralopntinued between

sites SN2 and SN4 as well as in the Peru Creek confluence zones. Lagsral los
occurred between sites SN5 and SN7 with lateral gains in the vicinity of the North

Fork confluence.
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Because ofariations in lateral inflows in July and August ahd Peru
Creek’s importance as a source of metals and acidity to the Snake Rdigonal
flow data for te Peru Creek and Snake Rivenfluence was solicited fromembers
of the Snake River Task Foreed other sourcedrigure 4.5 presents data fronhe
United States Geological Survey (USGS) and the EnvirorahPnbtection Agency
(EPA) for Septembesind Decemberf@001. Small lateral gains were seen in the
September data while small lateral losses were present in Octabare 4.16
contains cumuaitive precipitation data for the months of Maypctober 2000 in
Dillon, Colorado (where the Snake River terminates). Precipitation in Augues
lateral inflows were more prevalemias greater than in any other month.

Figure 4.1/howsselectednetal concentrations and mafésws in various
tributaries and at points along the Snake River and Peru Creek. Concentrations were
noticeably higher in Pennsylvania Mine drainage than at any other sampling point.
The mine also had the highest m#swss for F¢*, Zn and Mn. In contrast, Al mass
flows were highest in the upper Snake River. Interestingly, Zn and Mn fioass
decrease only slightly between the Pennsylvania Mine and the downstream Peru

Creek site while &€ and Al concentrations decreasetstantially.
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FIGURE 4.15: Additional discharge data for the Snake River and Peru Creek
confluence. EPA data was collected on September 26, 2001. U.S. Geological Data was
collected over tw days, October 10 and 11, 2001 (USGS, 2001; EPA, 2001)
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Considering stream chemistry, the pH (Fid.8} in the Snake River increased
in the downstream direction from an initial value of 4.1 just above the Deer Creek
confluence. A decrease from 6.9 to 6.4 was apparent below the Peru Creek
confluence as the slightly more acidic Peru Creek waters flawedeutral values
were achieved by the most downstream site. In Peru Creek, pH initially decreased as
the Pennsylvania Mine drainage entered the stream. Values continued to decrease to
just above the Chihuahua Gulch confluence. With this inflow, waters diluted

leading to a pH increase which continued in the downstream direction.
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FIGURE 4.18: August pH, Snake River Watershed synoptic study
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Longitudinal variations irinstreamsolute cacentrationsare illustrated in
figure 419. In generd mostconcentrationslecreasgalong the Snake Rivemtil
the Peru Creeknflow when an increasm solute concentratisroccurred Below this
point, concentrations again began to decreaseng Peru Crele solute
concentrations tended tocrease uiil the Chihuahua Gulch confluenadere
dilution produced decreasethe magnitude of Peru Creékfluence on Snake River
concentrations depended on #udute. For example, FAl and Mnshowed only
minor concentration increas®éelow the Peru Creek mituence while Cu, Pb and Zn
concentrations increased more substantially.

It is also useful to look at mag$®ws along the study area (Fig. 4.20).
Variations between solutes were apparent for fflags. SQ, Zn, Pb, Ca and Mg
increased along the St@River with large increases at the confluence with Peru
Creek. Below this confluence, until the North Fork inflow, niémss for these
solutes decreased. The more reactive metals, Al, Fe and Cu, behaved differently,
with massflow decreasing along theeach upstream of the Peru Creek confluence.
The North Fork appears to be a source of certain solutes, including Ca, Mg, Al, Fe
and Pb. Along Peru Creek, mdksvs for most solutes increased until just below the
Chihuahua Gulch confluence (PR4) at whpmint they began decreasing. This was
different from concentration profiles which tended to reach their highest values at site

PR3 which is immediately above the confluence.
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Confluence zones are reactive and can have a large influence on stream
concentrationsFigures 4.2%hrough 4.3 presentletailed concentration and mass
flow data forconfluence zon® The most striking results were lteru Creek where
the Pennsylvania Mindrainageenters the streamAt this confluencéFig. 4.21),
lateralconfluencezonemassflows werecalculated to be negativer all solutes.

This indicatesa loss of soluteccurred in the confluence zohetween the two
upstream sitePR1 and PN1) and the downstream dRR. At the confluence of

the Snake RiveandDeerCreek(Fig. 4.22), concentration patterns iad greatly
between solutes witB O, showirg lateral concentrations an order of magnitude
greater than Deer Creek concentrations. Only Zn and Mn eadhil@havior similar

to sulfate. FeAl and Cu to a lesser exteahoved losses (seen as negatiageral
massflows) as the circumneutral wateo§ Deer Creek raiskthe pH from a value of
4.1 to 5.4 in a mater of meterét theconfluence of the Snake River and Peru Creek
(Fig. 4.23, the chemical composition of subsurface and tributary wassimilar.
Lateral masglows wereequal or greatr thantributary(Peru Creekfor most solutes

as more flow was calculated to be entering the stream through the subsurface. Only

Zn and Cu had higher tributary mefssws.
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In addition b confluence zones, lateral m&ksvs were calculated for the
reaches of stream where no tributaries were measured.- fldassvere not
calculated for losing reache&esults Fig. 4.24) show thaiAl, Feand Cu(and Mnto
a lesser extéhwere lost fronthe streamwatercolumn for several kilometers below
the Deer Creek confluen¢om sites SN2 to SN4)Other solutes showed positive
lateral masdlows along the same reac®nPeruCreek,metals continued to enter
the stream laterally downstream of thine inflow and above Chihuahua Gulch as

evidenced by positive mafisws for all solutes.
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4.2.1- Composition and Extent of Metal Oxide Deposition

Oxide dgositionwasprevalent throughout the Snake River Watershed
Figure 4.5 presentd-e and Al oxide data faluly and Augustand reveals the
presence of oxides at all stream sangpsites Looking at Fe valugeghe formation
of Feoxidesfor July in PeruCreekbegan at the most upstream sitereased below
the Pennsylvania Mine drainagaedpeaked above the Chihuahua Gulch inflow
before tapering offIn the Snake Riveduly Fe deposition wasominalin the
vicinity of the Deer Creek confluence. Depigmn increased at site SN3 before
gradually decreasing at sites SN4 and SN5. Another zone of significant Fe oxide
deposition occurred in July at site SNBepositiondecreased downstrearhthis
site  August values represent one month of depositioarstet! to be smaller than in
July. Fe oxide épositionin Augustwas similarin Peru Creeko July, with a peak at
site PR3 above the Chihuahua Gulch confluence and decreases downstream. The
profile of Fe oxides in the Snake River showedreprecipitatbonof Fe at upstream
sites ébove and below the De€reek confluencelith less deposition downstream
than in July Again, site SN6 was a second area of increased depoditidaoth
months,the greatedFe deposition was found in Peru Creek at site PR3.

Examining Al oxide data, deposition in July in Peru Creek began at the
uppermost site, increased immediately below the Pennsylvania Mine drainage, and
decreased greatly at site PR3. A second significant zone of Al oxide deposition was
just below the Chibhahua Gulch inflow. Much less Al oxide deposition was sampled
downstream at site PR5. In the Snake River, July Al deposition was minimal above

Deer Creek with the greatest area of deposition just below the Deer Creek confluence.
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Al oxides decreased tates SN4 and began increasing at sites SN5 and SN6. The two
lowest sites had much less deposition. A similar profile for Al oxides was observed
in August. In Peru Creek deposition was present above the Pennsylvania Mine
drainage and increased below thaant. Deposition was much less immediately

above the Chihuahua Gulch confluence and a large increase occurred below this
inflow. At site PR5 Al deposition was present but in lesser amounts. In the Snake
River deposition was greatest below the Deer ICoeafluence with significant
decreases below this point. Increased deposition was present at sites SN5 and SN6.
In both months, Site PR4 immediately below the Chihuahua Gulch confluence was
the region of the greatest Al oxide deposition followed by fNPbelow the Deer

Creek inflow.
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Figure 4.25: Fe and Al oxide deposition, Snake River Watershed synoptic study
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4.2.2- Periphyton Presence and Biomass

Biologic samples were collected foenphyton Data revealed sparse
populations throughout thentire study area (table %). It is interesting to compare
periphyton biomass in the Snake River to biomass in other Rocky Mountain streams.
Table 42 (Niyogi, 1999) presents data from approximately 45 streams. The lowest
median biomasby far, 0.3 mg &l a m?, was found in sites with a preponderance of
Al oxides. Most other sites had values more than ton&vo orders of magnitude

greater. Values at all sites in Watershed were 0.36 mgmiflor less.

Table 41: Periphyton biomass Snake River Watershedsynoptic study

Range
chl a (mg m'z)

JULY

Peru 0.01-0.25
Snake 0.00-0.36
AUGUST

Peru 0.00-0.24
Snake 0.00 - 0.25

Table 4.2 Biomass and common taxa of primary producers at five classes of sites
Table from Effects ofstress from mine drainage on ecosystem functions in Rocky
Mountain streams, Dev Kumar Niyogi, 1999, PhD thesis, University of Colorado

Site Description Median Biomass Range
chl a (mg m?) chl a (mg m?)

Pristine sites 27 6-119

Sites with only
high zZn 75 4-94

Sites with low pH,
high Zn, low metal 85 12 - 145
oxide deposition

Sites with iron

oxide deposition 17 0.1-110
Sites with
aluminum oxide 0.3 0.1-6.2
deposition
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Figure 426 illustrates longitudinal periphyton variatiofer July and August
On Peru Creek, a decreasewmced below the mindrainagein both months with a
rebound in biomass in the region above Chihuahua Gulch. Biomass decreased
sharply immediately below the Chihuahua Gulch confluence. In July increases were
seen between sites PR4 and PR5 while decreasespresent in August. On the
Snake Rivedifferencesbetween monthsccurred throughout the systerm July, for
example, biomass increased below the Deer Creek confluence while a stark decrease
occurred in August. Attempts were made to determineffieets of water chemistry
and oxide deposition on pehigton communities but very lobiomass made ¢ke
calculationsproblematic. Numerous relationships were plotted with only one
displaying an acceptable level of correlatiof £0.39). In figure £7, a negative
relationship is seen between claphyll a and the percentage of Al by mass in

deposited oxides.
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FIGURE 4.6: Periphyton biomass, Snake River Watershed synoptic study
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Rates of oxide deposition were determinéid.(4.2) using August oxide
data which represents one month of deposition. Looking at the sites with the most
deposition (PR3 for Fe and PR4 fl), approximately half the mass that waesent
on the rocks in July hagiccumulated in one month. Rates of Fe oxide deposition
ranged from 1.2 to 27.9 mg“a}, depending on the site. Rates of Al oxide
deposition ranged from 1.1 to 56.5 mg di*. The rapid deposition of a large mass
of Al oxides at numerous sites throughout the basin is of concéne asesence of

Al oxides appeato be extremely detrimental feeriphyton communities
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CHAPTER V

DISCUSSION

5.1- Upper Snake River Diel Study

Upper Snake Rivatiel studyresultsprovide a glimpse of the sources and
effects of thenaturalweathering of disseminated pyrite in this headwater basin
Tributary concentratiaand mas flows revealthat the eastern basiis the primary
source of metals and acidity to thgperSnake River.This result is significanas the
few mnesthat are presemirelocatedalong the western bas{wilson and LaRock
1992) The low pH and high etal concentrations the upperSnake Rivehave a
natural not anthropogenicsource Theregion’s geology (k. 3.2) suppors this
finding. A bog iron ore deposit, an indication of pyrite weathering under a previous
hydrologic regine extends uplanddm the riparian zone in treasterrsideof the
basin The Idaho Springs Formatida the east of this depos# the source of ARD.

The flowpatls thatwater takes before arriving in the strearaof great
interestbecause ahe disseminated natuoé ARD in theupperSnake River. The
weathering of pyrite occurs throughout the eastern basin, rather than at specific
abandoned mine site#\ccordingly as water flovg through soils there is increased
contact with source rock amstibsequentveathering. Resuls show &teral inflowsto

beasignificantsource of solutealong most of the studgrea Several stretches of
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losing reach weralsopresent The majority oflateralflow entered the stream in the
vicinity of eastern confluence zones with sulisce flowsbeing focused in a narrow
zonesimilarly to surface waters. Confluenzenesin the upperSnake River are
thereforecritical in the conveyance of metals and acidity to streams with a large
percent of their flow entering unseen through the stdusi Lateral inflows
comprised the majority of flow at the most upstreanfluence andecreasdin
importance in the downstream direction.

Lateral inflows were important sources of metals and acidity to the Snake
River, accounting for more than half massflows at several confluence®ischarge
appeared to ba predominant factor in determining whether lateral or tributary
inflows were the primary sourc# metals to the streanfror several metals,
subsurface concentrations were estimated towerlthan tributay concentrations
but high lateral discharggeneratedyreatermassflows. At the middle confluence,
lateral flows were slightly greater as were lateral rflagss, though concentrations
were approximately equal fonostsolutes. At theanost downstream confluence
more water and maslow entered the stream through the tributaiihis tight
relationship betweemassflow and discharges likely a result of theonstant,
distributed ature of pyritein the upper Snake River basin

The dhemical composition ofributary water was often very different from
that of subsurface water. This regualficates thathe sampling of surface watemly
can be misleading, overlooking a potentially laagel variedsource of ARDas

solutes in subsurfze waters have the opportunity to reamre intensely with rock,
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soils, sedimens and other solutesMetal loading calculations must take lateral
discharge as well as solute concentration into consideration.

Examining instream chemistry,rgitudinal esults revealed that SO
concentrations and pbchieveal constantvalues by the third stream site. In the
process of pyriteveathering, Hard SQ, are released in proportion to one another.
This relationshipyvas maintained throughout the study reach sstgg that sulfate
was behving relatively conservatively and could be useful as an ambientitracer
these headwatersConcentrations ddll metals with the exception of Fencreased in
the downstream directiorDecreasing Fe concentrations werestlikely evidence
of the formatiorof iron oxides. Guilibrium controlsmayprevent=&** from
accumulating at concentrations above 1.4 mgRunkelet al, 1996).

Diel variations were apparent only for Fe and Cu piiedableresultof iron
oxide formaton and photochemistryf-e reactions may drive Cu concentrations
through ceprecipitaton and sorption to oxides and suspended colloids asalses|
during middayphotoreductionlt is important to consider how concentrations may
fluctuate during the dayhen sampling. For example,’and Cuconcentrations
exceeded aquatic lif@xicity standards duringnly part of the dagt several sites
(table 5.3. Neglecting these variations could lead to a mischaracterization of stream
waters regarding their ipact on stream biotaBrick and Moore (1996) found
evidence of diel cycles in an ARD affected stream in dissolved Mn and Zn and
particulate Al, Fe, Mn, Cu and ZrVariations were related to several factors
including changes in pH and dissolved oxygedopxereactions in sediments, an

influx of hyporheic waters, and a general increase in total suspended matter seen
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during nighttime hoursBrick and Moore (1996hoted the importance of these
variations to monitoring and assessmeditillivan and Drever (Zlla) also report diel
variations in soluterelated to seasonal variations in snowmelt, with most solute
concentrations increasing as snowmelt distied, as well as instream processes.
Sullivan and Drever (2001a) found hydrologic, photochemical anddiaalb
processes to be important on the diel timescale, producing daily concentration

variations of up to 40%.

5.2- SnakeRiver Watershedsynoptic Study

Discharge data revealed gaining and losing reaches on both the Snake River
and Peru Creekith variations seen between maulithe Deer Creek and Peru
Creek confluencesThis is of interest particularly at the Peru Creek conflugvrigeh
showed large differences in lateral flows between months amgrisnarysource of
ARD to the Snake RiverAdditional datssecuredrom theEPA and USGS also
revealedlifferencesin lateral flowswith the confluencéosing in October and
gainingin September In both these studiestiamount of lateral flow was minimal
as flows were inor approaching aseflow conditions This data suggests that lateral
inflows fluctuate in importancthroughout the year at this confluence and other
locations in the basin. The Snake River synoptic study captured a late season pulse of
lateral discharge resulting from a mth of above average precipitation saenin
figure 4.16. Increased runoff éadsoapparentn the small, secondary peak in
dischargevisible in the 200 hydrograpl{Fig. 2.1)for late August To better

understand the timingnagnitudeand chemical copositionof lateral flows in this
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region, more monitoring of the confluence and upstream areas is suggested,
especially as remediation apiis and their impacts acensidered.

Lateral inflows are also of great interest in the vicinity of the Pennsglvani
Mine on PeruCreek In August,minedrainagedischarge was only slightly greater
than calculated lateral inflowsetween sites PR1 and PRith additional lateral
inflows calculated downstream. A visible inspection of the Pennsylvania Mine and
CinnamorGulch region provides evidence of the extent of lateral inflows with visible
seepgpresentlong much of theeach Figure 51, shows the region downstream of
the Pennsylvania Mine inflow. ®¥er can be seen dripping from thteeam bank ad

Fe and Aloxides coat the streambed.

FIGURE 5.1: Peru Creek downstream of the Pennsylvania Mine drainage inflow.
Water can be seen dripping from the eroded bank. Fe oxides coat the bank and the
edge of the streambed. Al oxide preciftes are presentowards the center of the
stream.

A second area of interest along Peru Cre¢ka<Chihuahua Gulch confluence

zone, calculated tmse some water to the subsurfacé\ugust. This is significant as
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the twostream waterghat met at ths confluence haveery differentchemistries
Downstream chemistry could be affected depending on what imétstto the
subsurfaceand if or wherat reemergs into the stream

Figure 4.7 presented concentration and méssv data for various
tributaries. e Pennsylvania Mindrainagehad the highest concentrations and
massflows for most metals Al massflows werehighestat theupperSnake River
site, most likely the result dhe greateextentof weathering of country rock by
acidic sulsurface water In theupperSnake River pyrite weathering and lateral flows
occur throughout the eastern basin. Al is a secondary product of pyrite weathering,
mobilized as resulting acid interacts with surrounding rocks. The disseminated
nature of ARD in he upperSnake allows fomoreweathering of Al tharwould be
expected to occur at a localized abandoned ming site

The formation of oxides and concurrent removal of Fe and Al from the stream
column is documented in the large differences between PgangyMine and
downstream Peru CreaRassflows. Assuming the Pennsylvania Mine is the primary
source of ARD to Peru Creek, it is interesting to compare-fleasgs in the
Pennsylvania Mine drainage to mdksvs at site PR5 further downstream. Zn and
Mn massflows decreaseslightly between these two sites as would be expected for
metals behaving relatively conservatively dlilation from pristine inflows including
Chihuahua Gulchln contrast, thalifference between Pennsylvania Mine drainage
massflowsand PR5 masfiows for F¢* and A wasgreat. Only a small percentage
of original massflow remained in the stream column, evidence of loss during

upstream oxide formation.
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LongitudinalpH andconcentration profiles also provide useful information as
to the sources areffecs of ARD throughout the basinn generalthese results
show thathe weathering of disseminated pyraad associated rodk the upper
Snake Rivemwasa major sourcef acidity, Al, Fe, Zn, Cu, Mn, S£Qand Mgto the
Snake Rive. Below this sourceH increased and concentratiahscreasedPeru
Creek was also major source of metals and acidity the Snake Rivethough its
importance varied by metal. Zn, Cu andd@ncentrationsn the Snake Rivesill
increasedsubstantidy below this confluenchile other metals displayed only slight
concentrationncreases

Peru Creek coremtration data generally reveaht thewater in the
Pennsylvania Min@lrainagechannelis an important, but riexclusive source of
ARD. An appoximately equal amount of water is known to flow in laterally
upstream of PR2 anaicentrations continue to increase downstréa@hihuahua
Gulch. Thedearth of sampling sites along this reach previtr@sdentification of
more specific sourcesviuchof the ARD may be entering in the vicinity of the
Pennsylvania Mine and Chihuahua Gulch or sources may occur along a broader
stretch of reach.

The further identification of sources between sites PR2 and PR3 is crucial as
the Snake River Task Force begamnsidering remediation alternatives. Currently
the Pennsylvania Mindrainageis the primary target of such efforts. The results of
this study suggest that efforts must egteayond thigdrainageor they mayneglect

muchof the contaminationwhich ernters the stream.
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Longitudinal masdlow patters varied somewhat from concentratso On
the Snake Rivedecreasing masgtows for Fe, Al and Cu between sites SN1 and
SN4 are evidence of oxide formatieo-precipitationand sorptioralong large
stretdhes of reachOn PeruCreek masglow profiles differed from concentration
profiles in that increses were seen down to site RR&t below theChihuahua Gulch
confluence. This is interesting because the Chihuahua Gulch inflow has lower
concentrationshian Peru CreekTable A.6) It maybethatlateral inflows from the
ARD source area continue to contribute metdtsvould beinterestingo collect
several samples at varying distances both above and below this confluence to develop
a better definitioof stream andributary waters.Al wasthe only solute which
experienced decrease in masdow between sites PR3 and PRdeto the
precipitation of large amounts of Al oxides.
It is alsointriguing to consider the water lost in the Chihuahua Gulch
corfluence area in relation to tiieru Creek and Snake Rivanfluence.If mass
flows at sites PR5 and SN4 (immediately upstream of the confluence) are summed,
they are not sufficient to account for the large increase in metals that occurs at site
SN5. However, masdlows at sitePR4 (the next upstream Peru Creek, gitst
below the Chihuahua Gulch confluence) &i#4 add up more closely to those at
SN5. Thissugges that some of #hwater lost in the vicinity of Chihuahua Gulch
may be what is reentegrthe stream laterallgt the confluence with the Snake River.
Thecalculation oflateral concentrations and maigswvs canidentify regions
of chemical reactivity At the confluence bPeru Creeland the Pennsylvania Mine

drainage for exampleall lateral massflows werenegative. These negative values
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arelikely due tomajor lossesn the formation ofh massiveamount of oxides as well

as a lateral loss ahetalrich water from thedrainagechannel. Oxides coat the
streambed at this confluence amdthe minedrainagechanneloxide deposition is

over 10 cm deep in many placeBhis regionalsohas many visible seeps so much of
what was sampled at the top of the mine drainage ditch may flow out laterally before
the drainagentersPeru Creek.Evidence of Fe and Al deposition is also present in

the form of negative lateral mafisws for these metalat the Deer Creek confluence.
Fe loss is much less than Al andadn be inferred that watebegan mixing and

oxides forming upstream of the conflaenThis is very possible as the region
immediately upstream is a porous wetland. Al oxides began to precipitate just below
the confluence.

Results also reveal the origin of lateral inflows. Assuming iS®ehaving
conservatively, lateral concentoats and mas#iows at the Deer Creek confluence
are estimated to be much greater than tributary inflows. Lateral inflows must be
resurfacingacidic and metal ricBnake River waters rather theincumneutraDeer
Creek inflows. At the confluence with Re€Creek, lateral and tributary $0
concentrations are estimated to be equal, supporting the hypothesis that lateral
inflows have their origin in Peru Creek. Higher lateral dischprgducecdhigher
lateral masglow for conservativesOy. This confluencelid not appear to be very
reactive ass supportedy the similarity between lateral and tributary concentrations
and masdlows for the majority of metalsFor many metals upstream Snake River

and Peru Creek concentrations were very similar. The sasé&weafor pH.

84



Lateral inflows for nortonfluence zones revealed that Fe and Al continued to
be removed from the stream column for many kilometers below the Deer Creek
confluence Minor positive masslows for other metals suggest tismall point
source mines, located along this segment of reach, may be a very limited source of
ARD to the basin. On Peru Creek, substantial metal loading occurred below the
Pennsylvania Mingsupporting earlier findings

Oxide depositiomesultsrevealed that Fe and Axides were present to some
extent at every stream sitEe oxides began forming upstream of Al oxjdeswould
be expectedccording taheir solubility products Fe deposition above the
Chihuahua Gulch confluence indicates a mixing of waters begjrabove thactual
confluence. The extent of depositicgvealsthe importance of this confluence in
driving stream chemistry. More Fe and Al oxides were deposited in this region than
anywhere elsen the watershed More neutral inflows and subsequesactions
greatly diminished downstreametalconcentrations. Two other major areas of oxide
deposition occurred. On the Snake River considerable oxide depegitsofoundat
the Deer Creek confluence grah Peru Creek, oxide deposition was substantial
the vicinity of tle Pennsylvania Mine confluendResults alsshowthat the
deposition of Al oxides was greater than that obkieles Rate resultsvere
interesting but would be more useful with additional data. Assuming conditions
remained the sae, it would take approximately two months to accumulate the mass
of oxides found on the roskn July. This leads to additional quiests regarding
oxide deposition such as tw often and to what exteateoxides scoured from

rocks?, “Are there temporavariations in deposition rate and “Is there a
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maximum amount of deposition that a flow regime will permi@%ides and
dissolved metals eventually end impstream sediments amtbwnstream in Lake
Dillon (Greve et al. 2001Apodaca et al. 2000
Attempts were mad® identify threshold levels of metal oxide depositithrat
limit the growth of algae in stream reaches receiving acid drmieage It wasalso
hoped that a downstream recovery profile for algal communities could be developed.
Periphyton populations were severely impaired at every stream sansjtkng
Chihuahua Gulch and Deer Creek had the most robust populations though these were
less abundant than periphyttypically found in other Rocky Mountain streams
(Niyogi, 1999) These ppulations were prevented fronolonizingdownstream due
to thesamecircumneutral waters that made their presence possiidesoon as
tributary wates mixed with ARD waters, considerable Fe and Al oxide deposition
producednhabitabledownstreameachegFig. 5.2). The extremely limited
periphyton populations that were present throughout the leakio a lack of obvious
patterns ananade it impractical to identifthreshold levels of oxide deposition

impactingperiphytonbiomass
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FIGURE 5.2: Peru Creek immediately below the relatively pristine Chihuahua Guilch
inflow. This mixing of waters with very different chemistries causes Al oxides to form,
coating the streambed. (Fe oxides formed further upstream). This conflueadas the
greatest mass of Al and Fe oxide deposition of the 17 sites sampled.

A correlation between the percent of Al by mass in deposited oxides and
chlorophylla was identified andupports an earlier finding that Al oxides hae
extremelydetrimentéeffecton periphyton communitie@Niyogi, 1999) The
presence and extenf Al oxides throughout the basin has tremendous implications
for the restoration of periphyton commuegand the entire stream ecosystem
Improvements in water qualityy increasing pHcould, in effect further impair
aguatic habitats due to thermation of Fe and Abxides. Also, the weathering of
disseminated pyrite in tHepper Snake River is a natural source of Al. No attempts
at manipulating the chemistry of these watgeslikely to be madeThereforethis
source will continue taffectperiphyton communities for large segments of stream

reach. ThoughPeruCreek was a source of Al to the Snake River, much of this metal
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had already been removegstreanmat the Pennsyhlnia Mine and Chihuahua Gulch
confluences.
Both oxide deposition and poor water qualigvedetrimentaleffects on
aquatic organismsTable 51 is a synthesis of the Snake River and Peru Creek
synoptic data. The highest Snake River and Peru Cree&rtaations are listed as
well as the location and stream order of the most elevated concentraiibiie.the
natural source in the upper Snake River and the anthropogenic source on Peru Creek
differed in their maximum concentrations for many metalsy th&th served as

important sources of ARD to the basin.

Table 5.1: August maximum sampled concentrations not includingtributary data
(Snake RiverWatershedsynoptic study)

Metal Snake River Peru Creek Stream Order Location of
Maximum Maximum Where Max Max
Concentration Concentration | Concentration Concentration
(mgL'l) (mgL'l) Occurred
Fe 0.87 0.21 ond SN1
Al 5.49 2.50 2" SN1
Mg 5.41 4.01 2" SN1
Cu 0.02 0.10 " PR2
Zn 0.85 1.45 ond PR3
Mn 1.23 1.25 3% and 2" PR3 and SN1
Pb 0.03 0.03 4™ and 3¢ SN6 and PR4

Metal concentration standards for aquatic toxicety Wy geographic
location. Table5.2 presents chronic and acute toxicity levels for Colorado aquatic
life calculated for the Snake River accordiogmethods described by tl®lorado
Department of Public Healtand Environmen{1999) These levels are determined
by hardness (mgtCaCQ). Generally, higher concentrations of metals can be

tolerated by stream biota as hardness is increddsihg the Snake River watershed
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synoptic data, July and August values for hardness were calculated for each sampling
site. Values were similar throughout the basin and an average hardness of 41 mg L
was determined. This somewhatomparable to hardness data collected by

Clements (198), who measured hardness ranging from-33 mg L at various

points in the basinTable 53 reveals that toxic aquatic life standards for many metals
were exceeded in both the Snake River and Peru Creek.

Table 5.2: State of Colorado Aquatic Life Sandards applied to the Snake River

(Colorado Department of Public Heath and Environment, 1999 Toxicity levels are
based upon a hardness of 41.0 m'L

Chronic Toxicit Acute Toxicit

Metal Level (ug L'l)y Level (ug L'l;/

Al 87 750

Cu 5.5 7.67

Fe 1000 Not designated

Pb 1.1 22.7

Mn 900 1566

Zn 49.8 55.0

Table 5.3: Toxicity levelsin the Snake River Watershed

Upper Snake River Diel Study

Metal Toxicity Level

Al Acute levels at all sites

Acute levels at all sites during at least part of the day except at 0 m and

Cu 450 m where chronic levels were present during a portion of the day
Fe Toxic levels at all sites except 0 m

Pb Below detection

Mn Ok

Zn Acute levels at all sites except 0 m

Snake River Synoptic Study
Chronic levels at PR2, SN1, SN2; Acute levels at PR3, PR4, PR5, SN3 SN4,

Al SN5

cu Acute levels at all Peru Creek sites and SN1, SN2, SN3, SN5; Chronic levels
at SN6

Fe Ok

Ph Chronic levels at SN1, SN2, SN3, SN4, SN7, SN8, PR1 and PR2; Acute
levels at SN5, SN6, PR4, PR5

Mn Chronic levels at PR3, PR4, SN1

Zn Acute levels at all sites
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These aquatic life standards refer only to the impact of dissolved metal
concentrations on stream biota and do not consider the combined effeletgated
concentrations and the presence ofahexide deposition. In the Snake River
watershed the impact of ARD on the aquatic ecosystextensive. The presence of
Al and Fe oxidesas well as toxic levels of many metatss severely limited
periphyton populationghroughout the basinThis has obvious implications for algal
communities and at other trophic levels where organisms may be impacted by the

negligible presaseof primary produceras well asoy ARD.
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CHAPTER VI

CONCLUSIONS

Acid rock drainage is a significant problem throughout the western United
States and many parts of the world. This study examined the Snake River Watershed
in Summit County, Colorado, specifically, with the goal of idgimy the sources
and effects of acidity and elevated metal concentrations resulting from both the
natural weathering of disseminated pyrite and the weathering of pyrite exposed in
abandoned mines. The results are important in understanding the enviebnmen
impacts of ARD throughout the basin, in providing information for water resources

management decisions, and in developing future remediation alternatives.

6.1- Findings

Upper Snake River results identified the principal source of ARD, the
importane of lateral inflows in transporting metals and acidity, and the extent of
environmental impact from the upper basin in the downstream reaches of the lower
basin. Elevated metal concentrations and low pH values were the result of the natural
weathering opyrite disseminated throughout the eastern side of the upper Snake
River basin. Surface waters and lateral inflows were both significant sources of

ARD, with lateral flows providing the majority of mass loading at points along the
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stream reach. Tributamwaters often had very different chemistry from lateral

inflows as a result of varying exposure to rock, soils, organic matter and other solutes.
Confluences were critical to the transport of metals and acidity as tributary waters and
the majority of latral inflows entered the stream in these regions.

Decreasing concentrations of Fe in the longitudinal direction suggests that Fe
oxides began to form along the study reach. Diel variations in Fe and Cu
concentrations were most likely the result of oXiolenation, ceprecipitation and
iron photochemistry. Toxic concentration levels were present for Fe and Cu during
only portions of the day.

The Snake River watershed synoptic study provided a great deal of
information regarding the sources, transpod affects of ARD throughout the entire
basin. Discharge data demonstrated the importance of lateral inflows along reaches
of stream and at several key confluences. Temporal variations were also apparent,
with increases in lateral flows in August reswgtirom a period of elevated
precipitation.

Both surface and subsurface waters played an important role in the transport
of ARD. In August, lateral inflows provided a continual, though smaller, source of
metals along the Snake River below Deer Creekthis same month, lateral inflows
below the Pennsylvania Mine drainage provided more than half the totaflovass
most metals into Peru Creek. In August, the Peru Creek tributary was a less
significant source of metals to the Snake River than weéeealanflows. The

chemistry of tributary waters often differed from that of lateral inflows.

92



In August, the highest Snake River concentrations for most metals were seen
at the uppermost Snake River site. Pb was the exception, with the highest
concentations found downstream of the Peru Creek inflow. In contrast, the highest
Snake River magibows for the majority of metals were found below the confluence
with Peru Creek. Al was the exception, showing the highest-floagst the
uppermost Snake Rivsite, a result of the disseminated nature of ARD and
subsequent secondary weathering of country rock.

Metal oxides were present at all sampling sites in the synoptic study with the
most significant deposition occurring in confluence zones. Theaegtedeposition
occurred at the confluence of Peru Creek and Chihuahua Gulch. Other areas of
considerable deposition were below the Pennsylvania Mine drainage and the
confluence of the Snake River and Deer Creek. Oxide data and lateral inflow
calculatios suggested that mixing of tributary waters and formation of oxides began
to occur in the hyporheic zones upstream of actual confluences.

Periphyton communities were shown to be severely stressed throughout the
watershed with only minimal biomass prdasamall sampling sites. Concentration
data along the Snake River and Peru Creek revealed that both natural and
anthropogenic sources of ARD led to the presence of toxic levels of dissolved metals
and metal oxide deposition. The presence of multipledaraise sources in the basin
prevents ecological recovery for many kilometers of stream and may limit

remediation options.
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6.2 - Implications

The findings of this research asethspecific to the Snake River Watershed
and have applications for theiesatific community when studying other ARD
affected ecosystems.

In the Snake River watershed the widespread presence of Al and Fe oxides
from both natural and anthropogenic sources makes it difficult to develop an effective
remediation plan. Though pphyton presence in the basin is minimal, in the upper
Snake River algal species adapted to ARD are present. More Al appears to be
mobilized as a result of the natural weathering of disseminated pyrite than is
mobilized by the weathering of pyrite expossdmining. This natural source of
ARD may result in the deposition of Al oxides over a larger reach of stream and as a
result may be more limiting to periphyton communities than the anthropogenic
source. As the upper Snake River is a natural sourc®Df, e question arises as
to whether it is appropriate to manipulate this system to achieve the desired
improvements in water quality necessary for downstream human use.

ARD resulting from the Pennsylvania Mine on Peru Creek has been and
continues to ba target for remediation. Prior to the development of remediation
plans, further investigation is necessary regarding the downstream effects of this point
source. The natural ARD source in the upper Snake River necessitates additional
research to deteine if the effective remediation of the Pennsylvania Mine drainage
would have a discernible impact on downstream water quality and stream biota.
Furthermore, lateral inflows of ARD from the Pennsylvania Mine should be better

documented before waters ir tthrainage canal are treated. A large percentage of
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metals from the Pennsylvania Mine enter the stream laterally. Therefore, treatment of
waters currently routed through the canal may not have much effect.

Lateral inflows in the Snake River basin varymportance over time. At
several key confluences, this study found waters being lost to the subsurface on the
declining limb of the hydrograph with lateral inflows during a period of increased
precipitation. Further studies of the timing and extérgutbsurface and groundwater
inflows are critical to understanding the transport and fate of ARD in the basin. More
generally, the consideration of both surface and lateral inflows is necessary to identify
the sources and extent of metal loading. Thithodblogy has not commonly been
utilized in the past and would be useful in future studies on ARD. Lateral inflows
were important to the transport of metals not only in regions where disseminated
pyrite was the source of ARD but also in the vicinity ofnb@ource mines.

Calculations which overlook these inflows may overlook significant metal and acidity
loads.

Confluence zones are extremely important, being the most chemically reactive
regions as well as the location of the majority of lateral wiaflo When examining
confluences, it should be considered that waters may be entering the stream laterally
as well as mixing and reacting in the hyporheic zone surrounding the confluence.
The chemical makeup of tributary waters was found to vary fronothateral
waters emphasizing the importance of estimating not only lateral discharge but also
lateral concentrations and maf#sws.

In ARD impacted systems, confluences have a tremendous effect on

downstream concentrations. Most often, waters mixingpnfluence zones have
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very different chemistries, which in the case of ARD may lead to a rapid increase in
stream pH and the subsequent formation of Fe and Al oxides and removal of metals
from the stream column. While more neutral inflows may impweater quality, the
formation of Fe and Al oxides creates an environment that is extremely detrimental to
aquatic life.

Upper Snake River data revealed diel variations in Fe and Cu concentrations.
Temporal variations may occur on a variety of scatebsiould be considered when
developing a sampling plan and analyzing results. This study found that diel
variations can be significant with Fe and Cu concentrations exceeding toxic levels at
several sites during only a portion of the day. This has#arhing implications
regarding sampling procedures as well as methods currently utilized to determine a
stream’s aquatic health.

This research has answered many questions regarding ARD in the Snake
River watershed while raising others. It is hoped tha findings presented here, in
conjunction with other studies, will assist the Snake River Task Force as they seek to
develop realistic remediation options for the basin. Additionally, the methodologies
presented here have more general applicationthiéaresearch community regarding

the study of ARD in other basins.
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Table A.1: Sampling data, upper Snake River diel study

Time Temp Discharge pH Conductivity DOC
Site ID °C m® s™ mS
2250m 930 — 0.240 3.95 — 1.02
2250m 1002 — — 4.03 — 1.24
2250m 1100 — — 4.06 — 1.04
2250m 1200 14.8 — 3.92 — 0.96
2250m 1318 — — 3.86 — 2.09
2250m 1400 — — 3.88 — 0.88
2250m 1500 — — 3.83 — 1.17
2120m 930 — 0.224 3.94 — 3.01
2120m 1200 — — 3.91 — 1.15
2120m 1503 14.8 — 3.88 — 0.89
2085m 930 — 0.172 4.11 — —
2085m 1200 — — 4.12 — 0.95
2085m 1457 11.9 — 4.00 — 1.45
1935m 941 — 0.176 4.17 0.081 1.11
1935m 1205 12.9 — 3.89 0.081 0.95
1935m 1508 12.2 — 4.01 0.081 0.74
1875m 930 — 0.195 4.16 0.085 —
1875m 1200 — — 3.87 0.085 0.68
1875m 1500 12.0 — 3.97 0.085 0.56
940m 930 — 0.175 4.13 0.096 —
940m 1200 — — 3.94 0.096 0.63
940m 1505 11.2 — 3.99 0.096 1.33
900m 937 — 0.098 4.08 0.107 —
900m 1205 — — 3.90 0.107 1.51
900m 1500 14.3 — 3.95 0.107 1.24
700m 930 — 0.095 4.07 0.106 0.67
700m 1200 13.6 — 3.88 0.106 0.50
700m 1508 14.0 — 3.94 0.106 1.02
485m 934 — 0.104 4.07 0.11 0.62
485m 1204 13.3 — 3.88 0.11 0.78
485m 1504 13.2 — 3.93 0.11 0.76
450m 930 — 0.063 4.30 0.077 1.30
450m 1200 — — 4.10 0.077 —
450m 1500 13.0 — 4.15 0.077 1.40
om 915 — 0.039 5.06 0.046 1.34
om 1000 — — 5.11 0.046 —
om 1100 — — 5.13 0.046 1.32
om 1200 — — 4.85 0.046 1.29
om 1300 — — 4.82 0.046 —
om 1400 13.3 — 4.97 0.046 0.62
om 1500 12.7 — 491 0.046 1.32
Trib 2095m 932 — 0.031 3.74 — 0.49
Trib 2095m 1205 — — 3.76 — 0.55
Trib 2095m 1500 10.3 — 3.55 — 2.24
Trib 915m 934 — 0.036 4.17 0.076 1.12
Trib 915m 1203 12.1 — 3.94 0.076 —
Trib 915m 1502 11.1 — 4.03 0.076 0.72
Trib 670m 933 — 0.008 5.80 0.042 1.34
Trib 670m 1203 — — 5.46 0.042 0.89
Trib 670m 1506 12.4 — 5.83 0.042 1.92
Trib 460m 932 — 0.011 3.54 0.282 1.00
Trib 460m 1202 13.5 — 3.36 0.282 0.60
Trib 460m 1502 13.9 — 3.42 0.282 —
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Table A.1: Sampling data, upper Snake River diel study

Solute Concentrations
, Readily
Fe Soluble Fe FeT Cu (FA)
Site ID Time ma L™t mg L™t maL ™ StdDev ugL ™ StdDev
2250m 930 0.693 0.943 1.266 0.004 19.548 0.992
2250m 1002 0.834 1.004 1.266 0.053 21.231 2.113
2250m 1100 0.888 1.045 1.266 0.033 20.726 1.244
2250m 1200 0.847 1.001 1.247 0.004 20.341 1.348
2250m 1318 1.021 1.062 1.207 0.031 18.971 1.565
2250m 1400 0.912 1.057 1.226 0.026 19.211 0.765
2250m 1500 0.913 0.978 1.160 0.009 22.073 1.448
2120m 930 1.003 0.919 1.227 0.014 22914 0.873
2120m 1200 1.058 1.019 1.237 0.017 21.520 3.350
2120m 1503 0.791 0.945 1.137 0.023 19.957 1.767
2085m 930 — — 1.369 0.005 13.272 2.243
2085m 1200 1.025 1.092 1.344 0.026 15.845 0.913
2085m 1457 0.872 1.016 1.254 — 14.451 0.167
1935m 941 0.526 0.493 1.348 0.013 15.148 1.127
1935m 1205 1.008 1.118 1.335 0.007 14.571 0.901
1935m 1508 0.900 1.003 1.219 0.038 14.980 0.292
1875m 930 0.998 1.201 1.457 0.043 14.499 0.954
1875m 1200 1.021 1.186 1.450 0.010 16.735 1.448
1875m 1500 0.916 1.115 1.353 0.016 16.254 1.587
940m 930 1.107 1.337 1.608 0.012 19.139 0.423
940m 1200 1.055 1.288 1.603 0.045 16.663 0.878
940m 1505 1.040 1.246 1.487 0.079 19.933 1.083
900m 937 0.846 1.150 1.855 0.005 8.464 0.613
900m 1205 1.148 1.500 1.756 0.011 8.680 0.804
900m 1500 1.262 1.482 1.775 0.028 7.911 1.921
700m 930 1.230 1.577 1.877 0.025 9.978 0.686
700m 1200 1.364 1.510 1.814 0.012 10.772 0.751
700m 1508 1.218 1.709 1.773 0.004 10.050 1.364
485m 934 1.268 1.567 2.093 0.001 9.473 1.481
485m 1204 1.289 1.698 2.014 0.036 9.257 0.522
485m 1504 1.366 1.675 1.997 0.041 9.401 0.861
450m 930 1.194 1.344 1.631 0.041 4,761 1.664
450m 1200 1.106 1.247 1.576 0.004 5.698 0.696
450m 1500 1.224 1.345 1.566 0.027 6.396 2.613
Oom 915 0.842 0.854 1.036 0.029 5.097 1.445
om 1000 0.860 0.868 1.042 0.037 6.829 0.666
Oom 1100 0.878 0.921 1.029 0.019 5.867 0.723
Oom 1200 0.809 0.827 0.961 0.029 5.025 0.902
Oom 1300 0.808 0.812 0.964 0.019 3.462 0.450
Oom 1400 0.854 0.821 1.413 0.039 4.737 0.952
Oom 1500 0.824 0.853 1.024 — 7.213 1.582
Trib 2095m 932 0.357 0.618 0.770 0.012 55.326 0.721
Trib 2095m 1205 0.322 0.640 0.786 — 59.870 4.252
Trib 2095m 1500 0.470 0.663 0.764 0.001 54.244 1.023
Trib 915m 934 0.834 1.159 1.378 0.001 36.547 1.271
Trib 915m 1203 0.949 1.089 1.291 — 37.966 0.682
Trib 915m 1502 0.833 1.021 1.281 0.013 37.870 0.505
Trib 670m 933 0.049 0.047 0.078 0.001 3.727 1.589
Trib 670m 1203 0.069 0.013 0.060 0.001 4.977 0.216
Trib 670m 1506 0.035 0.024 0.089 0.001 3.318 0.563
Trib 460m 932 1.682 1.631 5.578 0.123 33.133 1.649
Trib 460m 1202 1.581 1.580 5.541 0.013 33.590 0.771
Trib 460m 1502 1.689 1.493 5.565 0.037 34.720 1.354
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Table A.1: Sampling data, upper Snake River diel study

Solute Concentrations
Cu(RA) Mg Zn
Site ID Time ug L StdDev mgL ™ StdDev ma L™ StdDev
2250m 930 19.380 1.301 2.428 0.001 0.138 0.001
2250m 1002 17.985 1.216 2.419 0.037 0.136 0.001
2250m 1100 21.904 0.737 2.392 0.030 0.133 0.001
2250m 1200 20.918 1.127 2.412 0.013 0.133 0.001
2250m 1318 20.606 0.341 2.417 0.037 0.134 0.001
2250m 1400 18.899 1.560 2.442 0.019 0.135 0.000
2250m 1500 18.057 0.896 2.386 0.018 0.134 0.000
2120m 930 20.510 1.195 2.404 0.011 0.134 0.000
2120m 1200 21.832 0.507 2.481 0.019 0.139 0.000
2120m 1503 20.125 1.161 2.428 0.002 0.135 0.000
2085m 930 13.345 0.382 2.101 0.017 0.110 0.000
2085m 1200 15.917 0.670 2.136 0.005 0.107 0.000
2085m 1457 11.974 0.753 2.098 — 0.107 0.001
1935m 941 17.047 0.795 2.047 0.028 0.102 0.001
1935m 1205 18.153 1.401 2.008 0.011 0.101 0.000
1935m 1508 14.523 0.541 2.019 0.008 0.102 0.000
1875m 930 13.633 1.421 2.061 0.057 0.107 0.000
1875m 1200 17.023 1.312 2.074 0.005 0.106 0.001
1875m 1500 14.643 0.573 2.081 0.005 0.107 0.001
940m 930 16.879 0.850 2.046 0.013 0.119 0.001
940m 1200 19.957 1.051 2.055 0.005 0.118 0.001
940m 1505 17.769 1.291 2.039 0.030 0.120 0.000
900m 937 8.127 0.356 2.440 0.025 0.105 0.000
900m 1205 7.574 0.450 2.433 0.019 0.104 0.000
900m 1500 7.382 0.927 2.405 0.009 0.106 0.000
700m 930 9.738 1.161 2.409 0.025 0.110 0.000
700m 1200 7.838 1.309 2.410 0.008 0.110 0.001
700m 1508 11.686 0.721 2.449 0.004 0.109 0.000
485m 934 10.219 0.927 2.515 0.001 0.114 0.000
485m 1204 6.901 1515 2.515 0.003 0.116 0.000
485m 1504 8.247 1.922 2.509 0.019 0.116 0.000
450m 930 9.089 0.191 1.942 0.013 0.076 0.000
450m 1200 8.608 0.220 1.926 0.004 0.078 0.000
450m 1500 3.438 0.798 1.947 0.006 0.076 0.000
Oom 915 5.434 0.842 1.768 0.023 0.052 0.000
om 1000 4.208 0.730 1.806 0.008 0.052 0.000
om 1100 3.198 0.341 1.764 0.008 0.055 0.000
om 1200 6.780 0.641 1.705 0.023 0.051 0.000
om 1300 5.097 1.227 1.717 0.024 0.050 0.000
om 1400 4.809 0.974 1.805 0.008 0.053 0.000
om 1500 3.030 0.439 1.816 1.238 0.056 0.000
Trib 2095m 932 49.411 3.648 4.189 0.029 0.304 0.002
Trib 2095m 1205 50.349 0.125 4.181 0.301 0.001
Trib 2095m 1500 55.061 0.890 4.255 0.016 0.307 0.002
Trib 915m 934 37.124 1.481 1.468 0.008 0.149 0.001
Trib 915m 1203 35.032 1.063 1.416 0.148 0.001
Trib 915m 1502 35.489 1.082 1.450 0.013 0.152 0.000
Trib 670m 933 3.246 0.250 1.249 0.016 0.019 0.000
Trib 670m 1203 2.188 0.182 1.206 0.014 0.018 0.000
Trib 670m 1506 3.823 0.500 1.239 0.005 0.021 0.000
Trib 460m 932 34.696 0.260 5.621 0.047 0.344 0.000
Trib 460m 1202 33.446 1.175 5.795 0.011 0.349 0.002
Trib 460m 1502 32.989 1.963 5.805 0.008 0.353 0.000
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Table A.1: Sampling data, upper Snake River diel study

Solute Concentrations
SO, Ca
Site ID Time mg L * StdDev mg L * mg L * StdDev
2250m 930 2.630 0.010 44.007 0.567 0.009
2250m 1002 2.649 0.060 43,757 0.572 0.012
2250m 1100 2.580 0.062 43.832 0.561 0.014
2250m 1200 2.590 0.055 44.031 0.562 0.008
2250m 1318 2.587 0.023 43.938 0.610 0.090
2250m 1400 2.575 0.026 43.732 0.560 0.003
2250m 1500 2.550 0.005 43.945 0.553 0.002
2120m 930 2.628 0.001 44.031 0.626 0.011
2120m 1200 2.751 0.022 43.730 0.543 0.008
2120m 1503 2.613 0.054 43.928 0.540 0.003
2085m 930 1.616 0.006 — 0.623 0.005
2085m 1200 1.619 0.019 43.734 0.636 0.010
2085m 1457 1.611 0.030 43.983 0.644 0.018
1935m 941 1.554 0.034 43.036 0.625 0.009
1935m 1205 1.492 0.024 42.435 0.626 0.005
1935m 1508 1.499 0.021 42.579 0.646 0.007
1875m 930 1.585 0.001 43.745 0.617 0.009
1875m 1200 1.567 0.024 43.843 0.606 0.008
1875m 1500 1.564 0.035 43.903 0.663 0.006
940m 930 1.692 0.008 44.031 0.622 0.008
940m 1200 1.666 0.024 44.030 0.620 0.006
940m 1505 1.671 0.024 43.861 0.619 0.007
900m 937 1.834 0.041 43.968 0.735 0.005
900m 1205 1.801 0.003 43.949 0.740 0.022
900m 1500 1.799 0.008 43.917 0.721 0.000
700m 930 1.894 0.021 43.741 0.795 0.014
700m 1200 1.885 0.040 44.008 0.721 0.013
700m 1508 1.838 0.017 43.774 0.739 0.007
485m 934 1.988 0.030 43.881 0.703 0.006
485m 1204 2.007 0.001 43,728 0.681 0.012
485m 1504 1.984 0.023 43.831 0.689 0.009
450m 930 1.210 0.014 38.857 0.765 0.006
450m 1200 1.190 0.005 38.726 0.747 0.005
450m 1500 1.179 0.011 38.758 0.749 0.004
Oom 915 0.339 0.004 29.561 1.324 0.023
Om 1000 0.319 0.003 29.625 1.350 0.015
om 1100 0.337 0.003 28.806 1.272 0.016
Oom 1200 0.336 0.001 28.854 1.297 0.021
om 1300 0.320 0.002 28.408 1.256 0.012
Oom 1400 0.447 0.008 29.629 1.281 0.017
Oom 1500 0.345 0.005 30.472 1.452 0.011
Trib 2095m 932 8.744 0.107 43.935 0.360 0.001
Trib 2095m 1205 8.580 0.118 44.015 0.379 0.004
Trib 2095m 1500 8.606 0.167 43.852 0.346 0.006
Trib 915m 934 1.570 0.003 34.809 0.445 0.002
Trib 915m 1203 1.528 0.025 33.712 0.425 0.005
Trib 915m 1502 1.543 0.004 33.663 0.417 0.004
Trib 670m 933 0.068 0.001 19.124 1.651 0.027
Trib 670m 1203 0.057 0.000 18.732 1.592 0.037
Trib 670m 1506 0.087 0.001 19.360 1.637 0.038
Trib 460m 932 6.449 0.005 44.032 0.483 0.006
Trib 460m 1202 6.484 0.103 44.035 0.506 0.007
Trib 460m 1502 6.487 0.039 43.750 0.506 0.007
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Table A.1: Sampling data,upper Snake River diel study

Solute Concentrations

Mn Na Pb

Site ID Time mgl” StdDev mg L StdDev mg L StdDev
2250m 930 0.321 0.010 1.615 0.003 0.001 0.001
2250m 1002 0.310 0.007 1.602 0.004 BD ?
2250m 1100 0.318 0.018 1.627 0.025 BD ?
2250m 1200 0.322 0.000 — — BD ?
2250m 1318 0.323 0.006 1.621 0.014 BD ?
2250m 1400 0.312 0.003 1.631 0.017 BD ?
2250m 1500 0.311 0.006 1.648 0.012 BD ?
2120m 930 0.316 0.005 — — 0.002 0.002
2120m 1200 0.323 0.003 1.656 0.004 BD ?
2120m 1503 0.326 0.003 1.654 0.007 0.001 0.000
2085m 930 0.262 0.010 — — BD ?
2085m 1200 0.271 0.006 — — BD ?
2085m 1457 0.271 — 1.616 0.007 BD ?
1935m 941 0.246 0.002 1.547 0.005 BD ?
1935m 1205 0.245 0.006 1.563 0.030 BD ?
1935m 1508 0.246 0.002 1.570 0.016 BD ?
1875m 930 0.246 0.013 1.546 0.011 BD ?
1875m 1200 0.257 0.001 1.544 0.019 BD ?
1875m 1500 0.256 0.002 1.571 0.007 BD ?
940m 930 0.261 0.004 1.478 0.010 0.001 0.000
940m 1200 0.272 0.011 — — 0.001 0.001
940m 1505 0.264 0.011 1.474 0.014 BD ?
900m 937 0.255 0.001 1.473 0.009 BD ?
900m 1205 0.254 0.001 1.481 0.014 BD ?
900m 1500 0.250 0.005 1.515 0.019 BD ?
700m 930 0.242 0.012 — — 0.001 0.001
700m 1200 0.253 0.001 1.483 0.008 0.001 0.000
700m 1508 0.251 0.008 1.499 0.008 BD ?
485m 934 0.266 0.006 1.491 0.020 BD ?
485m 1204 0.268 0.006 — — BD ?
485m 1504 0.262 0.006 1.522 0.016 0.001 0.000
450m 930 0.172 0.004 — — 0.001 0.001
450m 1200 0.173 0.002 1.389 0.021 0.001 0.000
450m 1500 0.174 0.000 1.418 0.014 BD ?
Oom 915 0.143 0.002 — — 0.001 0.001
Oom 1000 0.145 0.005 — — BD ?
Om 1100 0.141 0.003 — — BD ?
om 1200 0.138 0.001 — — 0.001 0.000
Om 1300 0.140 0.001 1.198 0.007 BD ?
Oom 1400 0.143 0.000 1.211 0.004 0.002 0.000
Om 1500 0.149 1.227 0.011 0.010 0.012
Trib 2095m 932 0.585 0.003 1.902 0.018 BD ?
Trib 2095m 1205 0.583 1.894 0.022 0.008 0.014
Trib 2095m 1500 0.591 0.003 1.937 0.001 BD ?
Trib 915m 934 0.292 0.006 — — 0.001 0.001
Trib 915m 1203 0.278 — — 0.011 0.015
Trib 915m 1502 0.280 0.008 1.467 0.010 BD ?
Trib 670m 933 0.016 0.001 — — BD ?
Trib 670m 1203 0.015 0.000 1.080 0.007 BD ?
Trib 670m 1506 0.018 0.000 1.102 0.023 BD ?
Trib 460m 932 0.757 0.009 — BD ?
Trib 460m 1202 0.777 0.000 — — BD ?
Trib 460m 1502 0.783 0.021 2.145 0.017 BD ?

BD = below detection limits
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Table A.2: Calculated instream masslows, upper Snake River diel study

Mass-Flows
Readily
Fe?' Soluble Fe FeT Cu (FA) Cu (RA) Mn
Site ID Time @s™ @s™ @s™ (mgs ™) (mgs ™) @s™
2250m 930 0.166 0.227 0.304 4.694 4.654 0.077
2250m 1002 0.200 0.241 0.304 5.098 4.319 0.074
2250m 1100 0.213 0.251 0.304 4.977 5.260 0.076
2250m 1200 0.203 0.240 0.299 4.885 5.023 0.077
2250m 1318 0.245 0.255 0.290 4.555 4.948 0.078
2250m 1400 0.219 0.254 0.294 4.613 4,538 0.075
2250m 1500 0.219 0.235 0.278 5.300 4.336 0.075
2120m 930 0.225 0.206 0.275 5.139 4.600 0.071
2120m 1200 0.237 0.229 0.277 4.826 4.896 0.072
2120m 1503 0.177 0.212 0.255 4.476 4513 0.073
2085m 930 — — 0.235 2.281 2.294 0.045
2085m 1200 0.176 0.188 0.231 2.724 2.736 0.047
2085m 1457 0.150 0.175 0.215 2.484 2.058 0.047
1935m 941 0.093 0.087 0.237 2.668 3.003 0.043
1935m 1205 0.178 0.197 0.235 2.566 3.197 0.043
1935m 1508 0.159 0.177 0.215 2.638 2.558 0.043
1875m 930 0.195 0.234 0.284 2.829 2.660 0.048
1875m 1200 0.199 0.231 0.283 3.265 3.321 0.050
1875m 1500 0.179 0.217 0.264 3.171 2.857 0.050
940m 930 0.194 0.234 0.282 3.355 2.959 0.046
940m 1200 0.185 0.226 0.281 2.921 3.498 0.048
940m 1505 0.182 0.218 0.261 3.494 3.115 0.046
900m 937 0.083 0.113 0.182 0.832 0.799 0.025
900m 1205 0.113 0.147 0.173 0.853 0.744 0.025
900m 1500 0.124 0.146 0.174 0.777 0.725 0.025
700m 930 0.117 0.150 0.178 0.947 0.924 0.023
700m 1200 0.129 0.143 0.172 1.022 0.744 0.024
700m 1508 0.116 0.162 0.168 0.953 1.109 0.024
485m 934 0.132 0.163 0.218 0.987 1.065 0.028
485m 1204 0.134 0.177 0.210 0.965 0.719 0.028
485m 1504 0.142 0.175 0.208 0.980 0.859 0.027
450m 930 0.075 0.084 0.102 0.298 0.569 0.011
450m 1200 0.069 0.078 0.099 0.357 0.539 0.011
450m 1500 0.077 0.084 0.098 0.400 0.215 0.011
om 915 0.033 0.033 0.040 0.199 0.212 0.006
om 1000 0.034 0.034 0.041 0.267 0.164 0.006
om 1100 0.034 0.036 0.040 0.229 0.125 0.005
om 1200 0.032 0.032 0.038 0.196 0.265 0.005
om 1300 0.032 0.032 0.038 0.135 0.199 0.005
om 1400 0.033 0.032 0.055 0.185 0.188 0.006
om 1500 0.032 0.033 0.040 0.282 0.118 0.006
Trib 932 0.011 0.019 0.024 1.692 1511 0.018
Trib 1205 0.010 0.020 0.024 1.831 1.540 0.018
Trib 1500 0.014 0.020 0.023 1.659 1.684 0.018
Trib 915m| 934 0.030 0.041 0.049 1.304 1.325 0.010
Trib 915m| 1203 0.034 — 0.046 1.355 1.250 0.010
Trib 915m| 1502 0.030 0.036 0.046 1.351 1.266 0.010
Trib 670m| 933 0.000 0.000 0.001 0.029 0.026 0.000
Trib 670m| 1203 0.001 0.000 0.000 0.039 0.017 0.000
Trib 670m| 1506 0.000 0.000 0.001 0.026 0.030 0.000
Trib 460m| 932 0.018 0.018 0.060 0.357 0.373 0.008
Trib 460m| 1202 0.017 0.017 0.060 0.361 0.360 0.008
Trib 460m| 1502 0.018 0.016 0.060 0.374 0.355 0.008
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Table A.2: Calculated instream masslows, upper Snake River diel study

Mass-Flows
Zn Al Mg SO, Ca Na

Site ID Time @s™) @s?) @s?) @s?) (@s?) (@s™)
2250m 930 0.583 0.033 0.631 0.14 0.388 10.567
2250m 1002 0.581 0.033 0.636 0.14 0.385 10.507
2250m 1100 0.574 0.032 0.619 0.13 0.391 10.525
2250m 1200 0.579 0.032 0.622 0.13 — 10.573
2250m 1318 0.580 0.032 0.621 0.15 0.389 10.551
2250m 1400 0.586 0.032 0.618 0.13 0.392 10.501
2250m 1500 0.573 0.032 0.612 0.13 0.396 10.553
2120m 930 0.539 0.030 0.589 0.14 — 9.875
2120m 1200 0.556 0.031 0.617 0.12 0.371 9.807
2120m 1503 0.545 0.030 0.586 0.12 0.371 9.852
2085m 930 0.361 0.019 0.278 0.11 — —
2085m 1200 0.367 0.018 0.278 0.11 — 7517
2085m 1457 0.361 0.018 0.277 0.11 0.278 7.560
1935m 941 0.360 0.018 0.274 0.11 0.272 7.580
1935m 1205 0.354 0.018 0.263 0.11 0.275 7.474
1935m 1508 0.356 0.018 0.264 0.11 0.277 7.500
1875m 930 0.402 0.021 0.309 0.12 0.302 8.535
1875m 1200 0.405 0.021 0.306 0.12 0.301 8.554
1875m 1500 0.406 0.021 0.305 0.13 0.307 8.566
940m 930 0.359 0.021 0.297 0.11 0.259 7.718
940m 1200 0.360 0.021 0.292 0.11 — 7.718
940m 1505 0.357 0.021 0.293 0.11 0.258 7.688
900m 937 0.240 0.010 0.180 0.07 0.145 4.320
900m 1205 0.239 0.010 0.177 0.07 0.146 4.318
900m 1500 0.236 0.010 0.177 0.07 0.149 4.315
700m 930 0.229 0.010 0.180 0.08 — 4.149
700m 1200 0.229 0.010 0.179 0.07 0.141 4175
700m 1508 0.232 0.010 0.174 0.07 0.142 4152
485m 934 0.262 0.012 0.207 0.07 0.155 4573
485m 1204 0.262 0.012 0.209 0.07 — 4557
485m 1504 0.262 0.012 0.207 0.07 0.159 4,568
450m 930 0.122 0.005 0.076 0.05 — 2.432
450m 1200 0.121 0.005 0.074 0.05 0.087 2.423
450m 1500 0.122 0.005 0.074 0.05 0.089 2.425
om 915 0.069 0.002 0.013 0.05 — 1.155
om 1000 0.071 0.002 0.012 0.05 — 1.158
om 1100 0.069 0.002 0.013 0.05 — 1.126
om 1200 0.067 0.002 0.013 0.05 — 1.128
om 1300 0.067 0.002 0.013 0.05 0.047 1.110
om 1400 0.071 0.002 0.017 0.05 0.047 1.158
om 1500 0.071 0.002 0.013 0.06 0.048 1.101
Trib 2095m 932 0.128 0.009 0.267 0.01 0.058 1.344
Trib 2095m 1205 0.128 0.009 0.262 0.01 0.058 1.346
Trib 2095m 1500 0.130 0.009 0.263 0.01 0.059 1.341
Trib 915m 934 0.052 0.005 0.056 0.02 — 1.242
Trib 915m 1203 0.051 0.005 0.055 0.02 — 1.203
Trib 915m 1502 0.052 0.005 0.055 0.01 0.052 1.201
Trib 670m 933 0.010 0.000 0.001 0.01 — 0.151
Trib 670m 1203 0.009 0.000 0.000 0.01 0.009 0.147
Trib 670m 1506 0.010 0.000 0.001 0.01 0.009 0.152
Trib 460m 932 0.060 0.004 0.069 0.01 — 0.474
Trib 460m 1202 0.062 0.004 0.070 0.01 — 0.474
Trib 460m 1502 0.062 0.004 0.070 0.01 0.023 0.471
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Table A.3: Confluence inflows, upper Snake River diel study

Discharge

Measured Calculated

Tributary Lateral

Inflow Inflow

m?s? m?s?
0-450 m — 0.024
450-485 m (trib 460 m) 0.011 0.031
485 -700 m (trib 670 m) 0.008 -0.017
700-900m — 0.003
900-940 m (trib 915 m) 0.036 0.041
940-1875 m — 0.020
1875-1935 m — -0.004
1935-2085 m — -0.019
2085-2120 m (trib 2095 m) 0.031 0.022
2120-2250 m — 0.016
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Table A.4: Inflow concentrations, upper Snake River diel study

SL = solute loss occurred between sites

Confluence Zones
Between Sites: 450 and 485 m 485 and 700 m 900 and 940 m 2085 and 2120 m
sampled sampled sampled sampled
tributary | calculated| tributary |calculated| tributary |calculated| tributary |calculated
(460 m) lateral (670 m) | lateral* (915 m) lateral | (2095 m)| lateral
Readily
Soluble
Fe (ma L’l) 1.568 2.353 0.028 — 1.090 1.256 0.640 0.678
Fe®* (ma L-l) 1.651 1.457 0.051 — 0.872 1.193 0.383 1.765
FeT (ma L-l) 5.561 1.705 0.076 — 1.317 1.237 0.773 0.833
Zn (mg L'l) 0.349 0.112 0.019 — 0.150 0.127 0.304 0.122
Al (mg L'l) 6.474 2.053 0.071 — 1.547 1.469 8.643 2.546
Mn (ma L'l) 0.773 0.276 0.016 — 0.283 0.280 0.587 0.368
Ma (ma L"l) 5.741 2.552 1.231 — 1.445 1.666 4.208 2.527
Na (ma L'l) 2.145 1.492 1.091 — 1.467 1.451 1.911 1.602
Ca (ma L’l) 0.498 0.631 1.627 — 0.429 0.521 0.362 0.349
SOy (mg L-l) 43.939 53.975 19.072 — 34.061 52.599 43.934 44.144
Cu(FA) (ua L‘l) 33.814 8.479 4.007 — 37.461 26.588 56.480 27.064
* = |losing reach
Stream Reaches
Between Sites: 0 and 450 700 and | 940 and | 2120 and
m 900 m 1875 m 2250 m
Readily
Soluble
Fe (mg Lil) 0.059 SL 0.002 0.049
Fe” (mgL™*) | 0.049 SL 0.005 sL
FeT (mg Lfl) 0.070 0.031 0.004 0.049
Zn (mg L-l) 0.003 SL 0.000 0.003
Mg mgL )| o0.063 0.071 0.065 0.059
Na mgL )| o0.049 0.041 0.063 0.034
Ca (mgL™) SL 0.006 0.020 0.016
A (mgL™)| 0074 0003 0018 0045
Mn (mg Lil) 0.006 0.011 0.004 0.007
SO, (mgL™)| 1543 1326 1205 1241
Cu(RA) (ug L'l) 0.312 SL SL 0.099
Cu(FA) (Lg L'l) 0.166 SL SL 0.109
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Table A.5: Inflow massflows, upper Snake River diel study

Confluence Zones
Between Sites: 450 and 485m 485 and 700 m 900 and 940m 2085 and 2120m
sampled sampled sampled sampled
tributary |calculated| tributary |calculated| tributary |calculated| tributary |calculated
(460m) lateral (670 m) | lateral* (915m) lateral (2095m) lateral
Readily
Soluble
Fe @s™ 0.017 0.073 0.000 — 0.039 0.052 0.020 0.015
Fe' @s™ 0.018 0.045 0.000 — 0.031 0.049 0.012 0.038
FeT @s™ 0.060 0.053 0.001 — 0.047 0.051 0.024 0.018
Zn (as '1) 0.004 0.003 0.000 — 0.005 0.005 0.009 0.003
Al (as 'l) 0.070 0.063 0.001 — 0.055 0.061 0.264 0.056
Mn @s™ 0.008 0.009 0.000 — 0.010 0.012 0.018 0.008
Ma @s™ 0.062 0.079 0.010 — 0.052 0.069 0.129 0.055
Na @s™ 0.023 0.046 0.009 — 0.052 0.060 0.058 0.035
Ca @s™ 0.005 0.019 0.013 — 0.015 0.022 0.011 0.008
S04 9s 'l) 0.473 1.666 0.150 — 1.215 2.175 1.344 0.963
Cu(FA) (mas ™ | 0364 0.262 0.032 — 1.337 1.099 1.727 0.590
* = losing reach
Stream Reaches
. 940- 2120-
Between Sites: | 4 450m |700-900m| 1875m | 2250m
Readily
Soluble
Fe @s™ 0.049 -0.016 0.002 0.028
Fe”" @s™) 0041 0014 0004  -0.004
FeT @s™ 0.058 0.004 0.003 0.027
Zn @s™ 0.003 0.000 0.000 0.002
Ma @s™ 0.052 0.009 0.045 0.033
Na @s™ 0040 0005 0044  0.019
Ca (as 'l) -0.004 0.001 0.014 0.009
A @s™ 0.061 0.000 0.013 0.025
Mn @s™ 0.005 0.001 0.003 0.004
S04 gs '1) 1.280 0.159 0.844 0.695
Cu(RA) (ma s-l) 0.259 -0.169 -0.244 0.056
Cu(FA) (mg s_l) 0.138 -0.153 -0.168 0.061
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Table A.6: Sampling data, Snake River Watershed synoptic study

July Data
Site Data Time pH Discharge DOC
m?s™ NPOCmgL ™
SN1 7/28/00 10:45 4.1 0.12 —
SN2 7/28/00 10:15 5.6 0.25 —
SN3 7/28/00 13:10 6.5 0.35 —
SN4 7/27/00 17:30 7.0 0.80 —
SN5 7/27/00 17:30 6.4 1.35 —
SN6 7/28/00 15:00 6.3 1.35 —
SN7 7/28/00 16:50 6.8 1.01 —
SN8 7/28/00 16:45 7.0 144 —
PR1 7/26/00 13:00 6.7 — —
PR2 7/26/00 16:00 5.2 — —
PR3 7/27/00 14:00 4.3 — —
PR4 7/27/00 14:30 5.1 — —
PR5 7/27/00 17:30 5.9 0.83 —
DC1 7/28/00 10:30 7.3 0.16 —
PN1 7/27/00 10:15 3.2 — —
CH1 7/27/00 13:45 7.3 — —
NF1 7/28/00 16:30 7.5 0.40 —
August Data
Site Data Time pH Discharge DOC
m?s™ NPOC mg L ™
SN1 8/24/00 10:50 4.1 0.12 0.92
SN2 8/24/00 11:10 5.4 0.25 0.91
SN3 8/24/00 13:15 6.2 0.28 0.71
SN4 8/24/00 14:00 6.9 0.44 1.03
SN5 8/24/00 14:00 6.4 1.35 0.62
SN6 8/24/00 17:45 6.6 1.10 0.73
SN7 8/25/00 15:30 7.0 0.90 1.67
SN8 8/25/00 15:30 7.1 1.42 1.63
PR1 8/25/00 11:30 6.2 0.13 0.49
PR2 8/25/00 11:40 5.9 0.17 0.67
PR3 8/25/00 13:20 4.7 0.33 —
PR4 8/25/00 13:35 5.3 0.57 0.74
PR5 8/24/00 14:00 6.3 0.42 0.48
DC1 8/24/00 10:50 6.6 0.11 1.83
PN1 8/25/00 10:45 3.6 0.02 0.89
CH1 8/25/00 13:30 6.5 0.39 1.46
NF1 8/25/00 15:50 7.1 0.44 —
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Table A.6: Sampling data, Snake River Watershed synoptic study

July Solute Concentrations

Site Fe SO, Cu Zn Pb

mgL® StdDev | mgL? | ugL™? Stdbev | mgL? StdDev | mgL™?  StdDev
SN1 0.783 0.001 77.73 18.70 0.344 0.661 0.002 0.016 0.001
SN2 0.232 0.006 42.86 7.48 0.482 0.354 0.007 0.013 0.000
SN3 0.122 0.000 43.50 1.92 0.255 0.268 0.012 0.021 0.001
SN4 0.086 0.001 44.58 2.04 0.040 0.211 0.006 0.017 0.001
SN5 0.027 0.001 46.80 8.63 0.230 0.530 0.006 0.010 0.001
SN6 0.049 0.000 44.07 8.01 0.181 0.470 0.002 0.013 0.001
SN7 0.010 0.014 41.95 3.98 3.267 0.388 0.001 0.019 0.005
SN8 0.039 0.001 30.88 5.26 0.043 0.199 0.001 0.014 0.000
PR1 0.012 0.001 35.80 16.29 0.128 0.432 0.011 0.016 0.000
PR2 0.375 0.003 53.51 175.65 2.968 1.617 0.006 0.020 0.000
PR3 0.293 0.006 72.57 105.25 1.680 1.558 0.011 0.020 0.001
PR4 0.211 0.002 55.77 78.55 0.312 1.265 0.046 0.021 0.000
PR5 0.089 0.003 47.19 45,51 0.147 1.043 0.019 0.022 0.001
DC1 0.098 0.006 8.39 1.56 0.383 0.029 0.002 0.014 0.000
PN1 40.363 0.733 691.00 5779.0 34.635 36.571 0.050 0.033 0.001
CH1 0.077 0.001 16.36 0.50 0.312 0.166 0.005 0.020 0.002
NF1 0.053 0.002 5.42 1.01 0.207 0.018 0.003 0.013 0.001

August Solute Concentrations

Site Fe so, Cu Zn Pb

mglL? StdDev | mgL? | pugL?! StdDev | mgL? StdDev | mgL?  StdDev
SN1 0.873 0.004 86.89 22.44 0.047 0.845 0.006 0.012 0.000
SN2 0.392 0.006 60.91 11.25 0.039 0.471 0.003 0.018 0.003
SN3 0.251 0.000 57.22 7.73 0.253 0.417 0.002 0.016 0.000
SN4 0.035 0.000 54.77 3.46 0.079 0.386 0.010 0.014 0.001
SN5 0.090 0.002 55.00 19.21 0.075 0.730 0.004 0.025 0.002
SN6 0.032 0.000 52.42 6.70 0.033 0.580 0.001 0.033 0.001
SN7 0.016 0.000 47.00 5.10 0.048 0.395 0.002 0.014 0.000
SN8 0.058 0.000 28.48 3.62 0.030 0.187 0.004 0.014 0.000
PR1 0.014 0.000 45.16 13.67 0.059 0.347 0.005 0.013 0.001
PR2 0.155 0.003 57.27 96.89 0.089 1.100 0.006 0.017 0.002
PR3 0.212 0.001 82.52 89.92 0.540 1.454 0.021 0.025 0.001
PR4 0.150 0.002 65.20 62.27 0.003 1.072 0.000 0.031 0.001
PR5 0.117 0.001 55.06 43.26 0.018 0.989 0.006 0.024 0.001
DC1 0.135 0.003 11.92 1.83 0.311 0.051 0.001 0.026 0.001
PN1 27.332 0.584 602.00 4269.4 16.029 29.433 0.122 0.033 0.001
CH1 0.093 0.001 20.75 1.88 1.327 0.015 0.002 0.020 0.003
NF1 0.107 0.001 6.88 1.76 0.035 0.038 0.002 0.024 0.001
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Table A.6: Sampling data, Snake River Watershed synoptic study

July Solute Concentrations

Site Mn Al Ca Mg Cl

mgL” StdDev | mgL? StdDev | mgL™® StdDev | mgL* Stdbev | mgL*
SN1 0.878 0.008 3.663 0.015 7.830 0.009 4.271 0.042 0.18
SN2 0.441 0.003 0.581 0.005 8.571 0.336 2.922 0.020 0.22
SN3 0.339 0.000 0.029 0.007 9.927 0.198 2.911 0.025 0.85
SN4 0.335 0.019 0.183 0.000 12.403 0.525 2.984 0.029 0.71
SN5 0.521 0.008 0.051 0.001  11.747 0.060 2.802 0.007 0.81
SN6 0.417 0.009 0.136 0.002 11.909 0.306 2.744 0.034 0.60
SN7 0.166 0.234 0.051 0.000 6.362 8.304 1.374 1.857 1.02
SN8 0.203 0.006 0.057 0.000 11.087 0.267 2.281 0.001 3.63
PR1 0.229 0.005 0.062 0.001 8.157 0.153 2.364 0.011 1.62
PR2 0.986 0.003 0.559 0.021 10.479 0.068 3.071 0.057 2.02
PR3 1.159 0.013 2.505 0.069 11.653 0.261 3.536 0.033 1.19
PR4 0.895 0.013 1.742 0.038 10.908 0.383 3.008 0.011 0.92
PR5 0.634 0.017 0.134 0.001 10.824 0.758 2.559 0.015 0.89
DC1 0.016 0.001 0.021 0.000 8.414 0.102 1.493 0.007 1.93
PN1 21.579 0.179 18.839 0.602 81.720 2.752 23.217 0.288 0.63
CH1 0.004 0.000 0.056 0.002 8.427 0.097 1.436 0.002 1.05
NF1 0.007 0.000 0.024 0.000 8.540 0.640 1.592 0.036 3.84

August Solute Concentrations

Site Mn Al Ca Mg Cl

mgL! StdDev | mgL?! StdDev | mgL? StdDev | mgL? StdDev | mgL?
SN1 1.234 0.007 5.493 0.025 9.336 0.157 5.407 0.032 1.50
SN2 0.697 0.011 2.040 0.039 9.430 0.371 3.806 0.044 1.05
SN3 0.528 0.003 0.471 0.007 11.073 0.295 3.612 0.011 0.48
SN4 0.489 0.002 0.114 0.002 14.784 0.462 3.724 0.006 1.21
SN5 0.638 0.006 0.157 0.003 13.353 0.186 3.210 0.010 2.14
SN6 0.522 0.002 0.050 0.002 13.502 0.213 3.206 0.017 2.14
SN7 0.381 0.001 0.046 0.000 13.035 0.316 2.965 0.001 1.85
SN8 0.221 0.000 0.057 0.001 12.201 0.139 2.507 0.006 2.65
PR1 0.251 0.000 0.032 0.001 10.797 0.148 3.124 0.020 2.38
PR2 0.795 0.002 0.094 0.002 12.686 0.015 3.653 0.033 1.39
PR3 1.252 0.016 2.498 0.061 13.622 0.177 4.013 0.012 1.43
PR4 0.901 0.009 1.272 0.020 12.846 0.317 3.378 0.012 0.88
PR5 0.725 0.001 0.093 0.002 12.378 0.123 2.959 0.030 1.23
DC1 0.037 0.000 0.027 0.001 10.004 0.490 1.846 0.008 1.96
PN1 20.878 0.324 15.140 0.466 78.371 0.163 22.695 0.168 0.86
CH1 0.007 0.000 0.025 0.001 9.628 0.117 1.634 0.015 0.57
NF1 0.015 0.000 0.065 0.003 9.998 0.012 1.904 0.005 8.94




Table A.7: Calculated instream masslows, Snake River Watershed synoptic study

July Solute Mass-Flows

Fe SO4 Cu Zn Pb Mn Al Ca Mg Cl
Site qs'1 g st mg st qs'1 qs'1 qs'1 o] st qs'1 qs'1 qs'1
SN1 0.097 9.62 2.314 0.082 0.002 0.109 0.453 0.969 0.529 0.023
SN2 0.058 10.78 1.881 0.089 0.003 0.111 — 2.155 0.735 0.057
SN3 0.043 15.29 0.676 0.094 0.007 0.119 0.010 3.489 1.023 0.297
SN4 0.069 35.85 1.640 0.170 0.014 0.269 — 9.974 2.399 0.567
SN5 0.036 63.07 11.632 0.714 0.014 0.702 0.069 15.830 3.776 1.093
SN6 0.066 59.35 10.787 0.634 0.017 0.562 0.183 16.038 3.695 0.808
SN7 0.011 42.26 4.009 0.390 0.019 0.167 0.051 6.408 1.384 1.031
SN8 0.057 44.60 7.600 0.288 0.021 0.293 0.082 16.011 3.293 5.239
PR1 — — — — _ — —_ — — _
PR2 — — — — — — — — _ _
PR3 — — — — — — — — — —
PR4 — — — — — — — — _ _
PR5 0.073 39.06 37.672 0.863 0.019 0.525 NA 8.959 2.118 0.738
DC1 0.016 1.36 0.253 0.005 0.002 0.003 0.003 1.365 0.242 0.314
PN1 — — — — — — — — — _
CH1 — — — — — — — — _ _
NF1 0.021 2.19 0.407 0.007 0.005 0.003 0.010 3.451 0.643 1.551

August Solute Mass-Flows

Fe S04 Cu Zn Pb Mn Al Ca Mg Cl
Site qs'1 g st mg st qs'1 qs'1 qs'1 o] st qs'1 qs'1 qs'1
SN1 0.104 10.33 2.669 0.101 0.001 0.147 0.653 1.110 0.643 0.178
SN2 0.097 15.06 2.781 0.116 0.005 0.172 0.504 2.331 0.941 0.260
SN3 0.070 15.86 2.142 0.116 0.004 0.146 0.130 3.070 1.001 0.134
SN4 0.016 24.05 1.520 0.170 0.006 0.215 0.050 6.493 1.635 0.531
SN5 0.121 74.18 25.916 0.984 0.034 0.860 0.212 18.010 4.330 2.883
SN6 0.035 57.59 7.363 0.637 0.036 0.573 0.055 14.835 3.522 2.356
SN7 0.014 42.52 4.613 0.358 0.012 0.345 0.041 11.793 2.683 1.675
SN8 0.081 40.32 5.121 0.265 0.020 0.313 0.080 17.275 3.549 3.747
PR1 0.002 5.96 1.804 0.046 0.002 0.033 0.004 1.425 0.412 0.313
PR2 0.026 9.52 16.106 0.183 0.003 0.132 0.016 2.109 0.607 0.231
PR3 0.070 27.29 29.742 0.481 0.008 0.414 0.826 4.505 1.327 0.472
PR4 0.085 37.15 35.476 0.611 0.018 0.514 0.725 7.319 1.924 0.503
PR5 0.049 23.11 18.156 0.415 0.010 0.304 0.039 5.195 1.242 0.516
DC1 0.014 1.26 0.193 0.005 0.003 0.004 0.003 1.057 0.195 0.207
PN1 0.495 10.91 77.373 0.533 0.001 0.378 0.274 1.420 0.411 0.016
CH1 — — — — — — — _ _ _
NF1 0.047 3.01 0.771 0.017 0.010 0.006 0.028 4.380 0.834 3.918




Table A.8: Metal oxide deposition data, Snake River Watershed synoptic study

July Oxide Data

Oxide Metal Oxide Deposition Percent of Total Oxide Deposition

Site Mass Fe Al Zn Fe Al Zn

g mg m’> StdDev mg m? StdDev mg m’> StdDev | % by mass  StdDev | % by mass  StdDev | % by mass  StdDev
SN1 0.050 96.52 17.64 7.86 0.72 0.41 0.26 6.10 0.84 0.497 0.022 0.03 0.02
SN2 0.255 123.71 37.09 1471.97 739.82 2.14 1.06 1.56 0.35 18.372 7.959 0.03 0.01
SN3 0.022 561.04 223.14 410.25 10.50 6.61 1.44 11.34 6.62 7.937 1.470 0.13 0.05
SN4 0.047 419.07 255.93 181.52 196.72 18.31 18.60 3.57 2.00 1.022 0.189 0.11 0.00
SN5 0.068 220.83 34.76 251.90 72.26 5.00 0.99 5.32 0.11 6.019 0.925 0.12 0.01
SN6 0.067 667.69 475.70 728.15 585.75 47.25 36.89 8.59 0.25 8.943 0.898 0.59 0.04
SN7 0.048 93.74 13.26 112.00 32.30 13.35 3.24 2.67 0.23 3.181 0.744 0.38 0.07
SN8 0.084 87.76 — 95.66 — 51.93 — 0.38 — 0.417 — 0.23 —
PR1 0.191 126.29 108.52 956.03 121 8.00 2.90 1.61 1.27 12.781 1.354 0.10 0.03
PR2 0.243 763.01 15.65 2030.36 458.22 5.94 2.08 6.14 1.12 15.993 0.369 0.05 0.01
PR3 0.153 1421.51 277.72 186.93 26.93 1.79 0.09 23.81 1.54 3.201 0.874 0.03 0.01
PR4 0.697 262.67 96.84 2879.25 390.45 1.94 0.53 1.56 0.33 17.414 0.502 0.01 0.00
PR5 0.062 51.49 7.13 72.81 0.94 1.54 0.14 3.20 0.35 3.806 1.205 0.10 0.01
DC1 0.023 150.70 109.68 18.10 7.63 8.12 2.66 4.70 2.74 0.582 0.143 0.28 0.14
PN1 3.177 18278.2 456.49 394.59 52.79 8.91 1.61 16.85 0.42 0.364 0.049 0.01 0.00
CH1 0.155 50.91 17.64 30.19 12.67 1.35 0.10 1.20 0.21 0.704 0.179 0.03 0.01
NF1 0.012 47.80 — 13.22 — 0.56 — 2.44 — 1.023 — 0.03 —

August Oxide Data
Oxide Metal Oxide Deposition Percent of Total Oxide Deposition

Site Mass Fe Al Zn Fe Al Zn

g mg m? StdDev mg m > StdDev mg m? StdDev | % by mass  StdDev | % by mass  StdDev | % by mass  StdDev
SN1 0.063 164.80 174.40 28.99 27.34 0.52 0.09 9.92 2.75 1.924 0.094 0.06 0.05
SN2 0.300 162.81 33.64 1334.86 62.07 1.37 0.24 2.08 0.48 16.972 0.370 0.02 0.00
SN3 0.222 44.39 37.50 75.65 10.53 1.64 0.89 3.53 0.49 8.350 5.385 0.15 0.04
SN4 0.570 59.95 12.25 62.85 27.23 8.68 4.23 3.79 0.91 3.766 0.004 0.51 0.03
SN5 0.156 68.62 38.67 207.29 58.23 4.19 2.04 4.03 0.74 12.965 1.662 0.25 0.02
SN6 0.229 146.85 177.44 183.51 206.09 14.25 16.83 5.17 0.11 7.675 1.878 0.53 0.04
SN7 0.086 46.88 42.94 72.06 55.53 7.12 5.49 3.38 0.56 5.904 2.259 0.58 0.22
SN8 0.552 32.22 22.18 36.25 19.87 4.03 2.50 2.18 2.01 2.811 2.853 0.29 0.28
PR1 0.254 74.46 10.28 340.80 161.37 6.64 0.23 2.32 0.65 10.141 3.437 0.21 0.04
PR2 0.564 304.47 7.64 578.28 164.50 7.89 8.08 6.30 1.88 12.396 6.662 0.14 0.12
PR3 0.255 809.34 620.85 113.82 60.84 1.26 0.36 20.26 5.55 3.081 0.060 0.04 0.01
PR4 0.671 402.86 394.08 1638.08 276.21 4.41 0.56 2.59 1.92 13.329 7.029 0.04 0.02
PR5 0.072 80.03 — 217.36 — 2.67 — 2.73 — 7.412 — 0.09 —
DC1 0.079 21.69 3.66 9.10 1.04 1.60 0.34 2.96 0.43 1.243 0.115 0.22 0.05
PN1 3.834 16375.3 59.70 125.97 27.21 8.73 0.92 24.58 3.09 0.187 0.016 0.01 0.00
CH1 0.155 — — — — — — — — — — — —
NF1 0.066 3.75 0.85 2.51 0.02 0.23 0.10 1.64 0.28 1.148 0.456 0.10 0.00




Table A.9: Periphyton data, Snake River Watershed synoptic study

July Periphyton Data

AFDM
Mean Chl Deposition
Site a Mean AFDM Rate
mg m mg m? mg m?>d*
SN1 BD 813.92 —
SN2 0.033 3375.67 —
SN3 BD 2280.16 —
SN4 BD 474.36 —
SN5 BD 924.52 —
SN6 0.330 3908.98 —
SN7 0.359 1252.88 —
SN8 0.078 772.53 —
PR1 0.184 2246.56 —
PR2 0.070 7380.87 —
PR3 0.245 2501.67 —
PR4 0.013 7809.45 —
PR5 0.217 1045.47 —
DC1 0.309 972.02 —
PN1 0.107 44753.34 —
CH1 0.559 678.71 —
NF1 0.108 387.01 —
August Periphyton Data
AFDM
Mean Chl Deposition
Site a Mean AFDM Rate
mg m mg m* mgm?d*?
SN1 0.160 501.19 18.56
SN2 0.022 3971.07 147.08
SN3 0.033 1397.41 51.76
SN4 0.194 1449.20 51.76
SN5 BD 1144.17 40.86
SN6 BD 652.95 24.18
SN7 0.249 1523.73 54.42
SN8 0.157 673.18 24.04
PR1 0.020 1019.30 33.98
PR2 BD — 0.00
PR3 0.237 1849.63 63.78
PR4 0.064 5666.24 195.39
PR5 BD 959.21 34.26
DC1 0.300 218.41 8.09
PN1 0.098 15681.74 540.75
CH1 0.495 592.52 20.43
NF1 0.083 630.13 22.50

BD = below detection limits
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Table A.10: Confluence inflows, Snake River Watershed synoptic study

July

Measured Calculated

Tributary Lateral
Between Sites: Tributary m? st ms st
SN1 and SN2 DC1 0.16 -0.03
SN2 and SN3 — 0.10
SN3 and SN4 — 0.45
SN4 and SN5 PR5 0.83 -0.28
SN5 and SN6 — 0.00
SN6 and SN7 — -0.34
SN7 and SN8 NF1 0.40 0.03
PR1 and PR2 PN1 — —
PR2 and PR3’ — —
PR3 and PR4* CH1 — —
PR4 and PR5’ — —

3 ;
= flow data not collected so mass-flow calculations could not

be made
August

Measured Calculated

Tributary Lateral
Between Sites: Tributary m? s m3 st
SN1 and SN2 DC1 0.11 0.02
SN2 and SN3 — 0.03
SN3 and SN4 — 0.16
SN4 and SN5 PR5 0.42 0.49
SN5 and SN6 — -0.25
SN6 and SN7 — -0.19
SN7 and SN8 NF1 0.44 0.07
PR1 and PR2 PN1 0.02 0.02
PR2 and PR3 — 0.16
PR3 and PR4 CH1 0.39 -0.15
PR4 and PR5 — -0.15
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Table A.11: Inflow concentrations, Snake River Watershed synoptic study

July: Confluence Zones

Between
Sites: SN1 and SN27 SN4 and SN5' SN7 and SN8 PR1 and PR2" PR3 and PR4"
sampled sampled sampled sampled sampled
tributary | calculated| tributary | calculated] tributary | calculated| tributary | calculated| tributary | calculated
(DC1) lateral (PR5) lateral (NF1) lateral (PN1) lateral (CH1) lateral
Fe (mgL -1) 0.10 — 0.09 — 0.05 0.76 40.36 — 0.08 —
so, (mgL™) 8.39 — 47.19 — 5.42 455  691.00 — 16.36 —
Mn (mgL ’1) 0.02 — 0.63 — 0.01 3.73 21.58 — 0.00 —
Pb (mgL ‘1) 0.01 — 0.02 — 0.01 SL 0.03 — 0.02 —
Cu (T} L'l) 1.56 — 4551 — 0.00 0.10 5779.00 — 0.50 —
Zn (maL™) 0.03 — 1.04 - 0.02 sL 36.57 - 0.17 —
Al (mgL ’1) 0.02 — 0.13 — 0.02 0.64 18.84 — 0.06 —
Mg (mgL ‘1) 1.49 — 2.56 — 1.59 38.54 23.22 — 1.44 —
Ca (malL ’1) 8.41 — 10.82 — 8.54 187.29 81.72 — 8.43 —
Cl (mgL™) 1.93 — 0.89 — 3.84 80.88 0.63 — 1.05 —
August: Confluence Zones
Between
Sites: SN1 and SN2 SN4 and SN5 SN7 and SN8 PR1 and PR2 PR3 and PR4
sampled sampled sampled sampled sampled
tributary |calculated| tributary | calculated] tributary | calculated| tributary | calculated| tributary | calculated
(DC1) lateral (PR5) lateral (NF1) lateral (PN1) lateral (CH1) lateral
Fe (mgL™) 0.14 SL 0.12 0.12 0.11 0.28 27.33 SL 0.09 —
SO4 (mgL 71) 11.92 152.93 55.06 55.15 6.88 SL 602.00 SL 20.75 —
Mn (mgL ’1) 0.04 0.96 0.73 0.70 0.01 SL 20.88 SL 0.01 —
Pb (mgL ‘1) 0.03 0.02 0.02 0.04 0.02 SL 0.03 0.03 0.02 —
Cu (1g L'l) 1.83 0.00 43.26 12.74 1.76 0.00 4269.4 SL 1.88 —
Zn (mgL '1) 0.05 0.46 0.99 0.82 0.04 SL 29.43 SL 0.01 —
Al (mgL™) 0.03 SL 0.09 0.25 0.06 0.15 15.14 SL 0.02 —
Mg (maL™) 1.85 4.54 2.96 2.97 1.90 0.44 22.70 SL 1.63 —
Ca (mgL ‘1) 10.00 7.25 12.38 12.91 10.00 15.08 78.37 SL 9.63 —
Cl (mg L ’1) 1.96 0.00 1.23 3.75 8.94 SL 0.86 SL 0.57 —

" = flow data not collected so lateral calculations could not be made

+

= negative lateral inflows calculated

SL = solute loss occurred between upstream and downstream sampling sites




Table A.11: Inflow concentrations, Snake River Watershegynoptic study

July: Stream Reaches

Between Sites: | SN2 and SN3 | SN3 and SN4 | SN5 and SN6* [SN6 and SN7" | PR2 and PR3 [ PR4 and PR5*
Fe mgL™) SL 0.002 — — — —
so, (mgL™) 1.277 1.286 — — — —
Mn (mgL™) 0.002 0.009 — — — —
Pb (mgL™) 0.001 0.000 — — — —
Cu (ug L™ 0.000 0.060 — — — —
Zn mgL™) 0.001 0.005 — — — —
Al (mgL™) 0.003 SL — — — —
Mg mgL™) 0.082 0.086 — — — —
ca (mgL™) 0.378 0.406 — — — —
Cl (mgL™) 0.068 0.017 — — — —
August: Stream Reaches
Between Sites: | SN2 and SN3 | SN3 and SN4 | SN5 and SN6T [SN6 and SN7T | PR2 and PR3 | PR4 and PR5?
Fe (mgL™?) SL SL — — 0.008 —
so, (mgL™) 0.760 1.432 — — 3.059 —
Mn (mgL™) SL 0.012 — — 0.049 —
Pb (mgL™) 0.000 0.000 — — 0.001 —
Cu (ugL™) SL 0.000 — — 0.002 —
Zn (mgL™) SL 0.009 — — 0.051 —
Al mgL™) SL SL — — 0.139 —
Mg (mgL™) 0.057 0.111 —_ _ 0.124 _
Ca (mgL™) 0.697 0.598 — — 0.412 —
Cl mgL™) SL 0.069 — — 0.041 —

¥ = flow data not collected so mass-flow calculations could not be made

T = losing reaches

* = no lateral gains or losses

SL = solute loss occurred between upstream and downstream sampling sites



Table A.12: Inflow massflows, Snake River Watershed synoptic study

July: Confluence Zones
Between R : R R
Sites: SN1 and SN2 SN4 and SN5 SN7 and SN8 PR1 and PR2 PR3 and PR4
sampled sampled sampled sampled sampled
tributary |calculated| tributary | calculated| tributary | calculated| tributary | calculated| tributary | calculated
(DC1) lateral (PR5) lateral (NF1) lateral (PN1) lateral (CH1) lateral
Fe (a s'i) 0.016 — 0.073 — 0021  0.025 — — — —
SOs (gs ) 1.362 — 39.056 — 2.192 0.149 — — — —
Mn  (@s™) 0.003 — 0.525 — 0003 0122 — - — —
Pb @s” )1 0.002 — 0.019 — 0.005 -0.004 — — — —
Cu (mas™) 0.253 — 37.672 — 0.407 3.185 — — — —
Zn (a s'i) 0.005 — 0.863 — 0.007 -0.110 — — — —
Al (@s ) 0.003 — 0.111 — 0.010 0.021 — — — —
Mg (as™) 0.643 — 2.118 — 0.643 1.266 — — — —
ca (g s’i) 1.365 — 8.959 — 3.451 6.152 — — — —
Cl (9s ) 0.314 — 0.738 — 1.551 2.657 — — — —
August: Confluence Zones
Between R
Sites: SN1 and SN2 SN4 and SN5 SN7 and SN8 PR1 and PR2 PR3 and PR4
sampled sampled sampled sampled sampled
tributary |calculated| tributary | calculated| tributary | calculated| tributary | calculated| tributary | calculated
(DC1) lateral (PR5) lateral (NF1) lateral (PN1) lateral (CH1) lateral
Fe (a sj) 0.014 -0.021 0.049 0.056 0.047 0.020 0.495 -0.471 0.036 —
SO4 (gs ) 1.259 3.464 23.106 27.019 3.014 — 10.910 -7.350 8.079 —
Mn (a s‘l) 0.004 0.022 0.304 0.341 0.006 -0.039 0.378 -0.279 0.003 —
Pb (a s'l) 0.003 0.000 0.010 0.017 0.010 -0.003 0.001 0.000 0.008 —
Cu (mag :I‘fl) 0.193 -0.081 18.156 6.240 0.771 -0.263 77.373  -63.072 0.732 —
Zn (a 8-1) 0.005 0.011 0.415 0.399 0.017 -0.109 0.533 -0.396 0.006 —
Al (as™) 0.003 -0.152 0.039 0.123 0.028 0.011 0.274 -0.263 0.010 —
Mg (a sfi) 0.195 0.103 1.242 1.453 0.834 0.032 0.411 -0.216 0.636 —
Ca (9s 1) 1.057 0.164 5.195 6.323 4.380 1.102 1.420 -0.736 3.749 —
Cl (9s ) 0.207 -0.126 0.516 1.837 3.918 — 0.016 -0.098 0.223 —

T . .
= negative lateral inflows calculated
+ :
= flow data not collected so mass-flow calculations could not be made

Note: negative lateral mass-flows signal a loss of solutes in the confluence zones




Table A.12: Inflow massflows, Snake River Watershed synoptic study

July: Stream Reach

Between Sites:

| SN2 and SN3 | SN3 and SN4_| SN5 and SN6* [SN6 and SN7'_]| PR2 and PR3* | PR4 and PR!

Fe  (as™h) -0.015 0.026 — _ _ _
so. (gs™) 4.508 20.563 — — — —
Mn  (as’) 0.008 0.150 — — — —
Pb (as™ 0.004 0.006 — — — —
Cu (mgs™) -1.205 0.964 — — — —
Zn @s™) 0.005 0.076 — — — —
Al @s™ 0.010 -0.010 — _ _ _
Mg  (gs™) 0.288 1.377 — _ _ _
ca (gs™) 1.334 6.486 — _ _ _
cl (@s™h 0.241 0.270 — — — —
Auqust: Stream Reach
Between Sites: | SN2 and SN3 | SN3 and SN4 | SN5 and SN64r SN6 and SN7T | PR2 and PR3 | PR4 and PR!
Fe  (as™) -0.027 -0.054 — — 0.044 —
1
so, (gs™t) 0.805 8.192 — — 17.773 —
Mn  (gs™) -0.026 0.068 — — 0.282 —
Pb (as™ 0.000 0.002 — — 0.005 —
Cu  (mgs™) -0.639 -0.622 — — 0.014 —
Zn @gs™h -0.001 0.054 — — 0.298 —
Al @s™ -0.374 -0.080 — — 0.810 —
Mg  (as™) 0.060 0.634 — — 0.720 —
ca (gs™h 0.739 3.423 — — 2.397 —
cl @s™h -0.126 0.396 — — 0.241 —

T = losing reaches
¥ = flow data not collected so mass-flow calculations could not be made

* = no lateral inflows or outflows

Note: negative lateral mass-flows signal a loss of solutes in the confluence zones



Table A.13: Snake River Watershed Task Force Member&@s of 3/28/2002)

THE‘“‘

Keystone

CENTER

JoelBitler
Citizen

David Bucknam
Colorado Division of Minerals & Geology

JohnCathrall
Citizen

StanChurch
U.S. Geological Survey

JamieConnell
U.S. Forest Service

RobertCraig
The Keystone Center

ThomasDavidson
Keystone Real Estate Developments

Dale Fields
Summit Guides

GregFinch
Dundee Realty USA

SarahFowler
U.S. Environmental Protection Agency

JimGentling
Arapahoe Basin

ChadGuinn
Snake River Planning Commission

Taylor Hawes

Northwest Colorado Council of Governments

(NWCCOG)

JamesHerron
Colorado Dgartment of Natural Resources

PaulHinkley
Town of Montezuma

DeborahLebow
U.S. Environmental Protection
Agency

Gary Lindstrom
Summit County Board of County
Commissioners

SteveLohman

Denver Water Board

TomLong

Summit County Board of County
Commssioners

Brian Lorch
Summit County Government

JustinMcCarthy
Summit County Democrats

Bill McKee
Colorado Department of Public
Health and Environment

DianeMcKnight
INSTARR

J. BoydMitchell
Keystone Resort

ScottPeckham
University of Colorado at
Boulder

JimRada
Summit County Environmental
Health

RobertRay
Northwest Colorado Council of
Governments (NWCCOG)

CarolRussell
U.S. Environmental Protection
Agency
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StevenSmith
U.S. Geological Sumy

NormSpahr
USGS

Phil Strobel
U.S. Environmental Protection Agency

SteveSwanson
Vidler Water Company

DelbertTolen
St. John Mine

KennethWiggins
Keystone Citizens League

LaneWyatt
Northwest Colorado Council of Governments (NWCCOG)

Kirby Wynn
U.S. Geological Survey



Table A.14: Snake River Watershed Task Force Interested Partigas of

3/28/2002)

TI-IF.&

Keystone

CENTER

HeideAndersen
Town of Breckenridge

Bud Anderson
Transpacific Tourism

JerryAnton
Citizen

RobertBarber
Citizen

RichardBateman
Citizen

LauraBelanger
University of Colorado

BobBerwyn
Ten Mile Times

TracyBouvette
Camp Dresser & McKee Inc.

FrankBurcik
Water Treatment and Decontamination
International

Kyle Burris
Citizen

RaferChambers
Colorado School of Mines

JanChristiansen
Citizen

Lou and SueClinton
Citizen

Mark Cowan
U.S. Army Corps of Engineers

RobertCronkright
Citizen

Max & EdnaDercum
Citizen

Rolf & JudyDercum
Citizen

DouglasDruliner

U.S. Geological Survey
SabreDuren

University of Colorado

JohnEmerick
ColoradoSchool of Mines

Halle Enyedy
The Keystone Center

Jack and Donn&uler
Citizen

LaurenEvans

Pinyon Environmental Engineering Resources

Allan and Maureeifrazendin
Citizen

Roger~lynn
Western Mining Action Project

DaveFolkes
Enviro Group Limited

Nicol Gagstetter
Citizen

Bert Garcia
U.S. Environmental Protection Agency

ColleenGillespie
U.S. Environmental Protection Agency

JohnGitchell
Vail Resorts, Inc.

JackGoralnik
Citizen

12¢
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3/28/2002)

AdrienneGreve
U.S. Geological Survey

Bill Griffith
Citizen

Leo Harris
Citizen

Philip Hegeman
Colorado Department of Public Health and
Environment

Alan Henceroth

Arapahoe Basin Ski Area
Bob and Suélerbst
Current Water Technology

David Holm
Colorado Department of Public Health and
Environment

SonjaJackson
Citizen

JoyJenkins
Citizen

Curtis Johnson
Citizen

TedKowalski
Colorado Water Conservation Board

David Kurz
Enviro Group Limited

Ron Lamutt
Lamar Industires

DonLeonard
Chihuah@a Mining and Milling Co.

Stevelipsher
The Denver Post

JohnLoughlin
Loughlin Law Firm

JudylLozano
The Keystone Center

ZachMargolis
Town of Silverthorne

JanetMartin
Citizen

JimMartin
Citizen

SandyMcClure
The Keystone Center

GordonMcEvoy
Citizen

ChristinaMcGrath
Town of Silverthorne

Terry McGrath-Craig
Citizen

Chris McKinnon
Western Governor's Association

LaneMiddleton
The Keystone Center

Gary & KikkenMiller
Citizen

SeanMoran
Colorado School of Mines

TedMueser
Citizen

JohnNeiley
Trout Unlimited

RosalieO'Donoghue
Citizen

JoeO'Malley
Snake River Planning Commission

Brad Piehl
Foster Wheeler Environmental Corporation

TomPike
U.S. Environmental Protection Agency
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Hollis Pirkey
Citizen

JenniferPratt Miles
Shaping Our Summit

RobertReisinger

Knight Piesold Consulting
BethRiley

Citizen

ToddRobertson
Summit County Government

Kevin Rogers
Colorado Division of Wildlife

Larry Sandoval
U.S. Fores Service

JohnSchaecher
Citizen

Marjorie Schell
Citizen

RonaldSchmiermund
Knight Piesold Consulting

William Schroeder
U.S. Environmental Protection Agency

PaulSemmer
U.S. Forest Service

Harris Sherman
Arnold & Porter

David Sloan
Marsh USA Inc.

LeannSmall
Colorado State University

Rocky Smith
Colorado Wild!

Mark Stacell
Marsh USA Inc.

Dorothy Sumner
Citizen

David Thompson
David A. Thompson, M.D., Inc.

David Thompson, M.D.
Citizen

Alf & SunniTieze
Citizen

AndrewTodd
University of Colorado

Samanthd okash
Colorado School of Mines

Reid Turnquist
Citizen

JamesTyler
Citizen

Guff Van Vooren
The Keystone Center

PeterVanMetre
U.S. Geological Survey

MauhaVoelter
Citizen

Jim and PollywWeigel
Citizen

Mark Weinhold
U.S. Forest Service

ShaonWestmoreland
University of Denver

PaulWexler
Citizen

Len & Katie Wheeler
Citizen

Harold Wiles
Citizen

PatrickWillits
Trust for Land Restoration
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