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ABSTRACT

The Cache Creek Basin in Northern California presicd number of beneficial uses
for humans and wildlife alike. Cache Creek is usgd variety of purposes including
water for drinking and irrigation, habitat for wiiieé, fishing, and recreational
activities such as kayaking and rafting. Howevieest beneficial uses are threatened
by high levels of mercury pollution originating froabandoned mine lands within the
Basin as well as from natural sources, such ashgeual springs and mercury-
enriched soils. This mercury pollution causes aslvdrealth effects for both humans
and wildlife in the Cache Creek Basin, and dowmstren the Sacramento River,
Sacramento/ San Joaquin Delta, and the San FranBiag. The Central Valley
Regional Water Quality Control Board has estabtisietal Maximum Daily Load
(TMDL) requirements for mercury within the Caches€k Basin; the Bureau of Land
Management (BLM), which manages 300 square mileshef Basin, must make
efforts to meet these requirements. The objectivéhis project was to assist the
BLM with determining the most effective mercury nagement strategies to achieve
this goal. We have evaluated the effectiveness @rgls of various applicable
remediation and restoration strategies, analyzedittwnstream transport of mercury
using watershed modeling software, and presentegolecy analysis of the
environmental regulations governing the managenoénnercury pollution in the
Cache Creek Basin. We used the combination of thealyses to create a structured
approach to assessing a site polluted with meramg determining the best
remediation strategy for that site based on sitragtteristics as well as decision

making priorities, such as cost or effectiveness.



EXECUTIVE SUMMARY

The Cache Creek Basin, located in the Coast Rasfgderthern California, is one of
the major contributors of mercury to the Sacramefan Joaquin Delta and San
Francisco Bay. This is a concern because of tipadats mercury toxicity can have
on human health and wildlife. Mercury is a poteatrotoxin that can be especially
harmful to developing organisms and children (Adpet al., 2008; USEPA, 2001).
In addition, mercury is able to bioaccumulate witbrganisms and biomagnify as it
transfers to higher trophic levels within food websccording to Domagalski et al.
(2004b), “the bioaccumulation of mercury in fish ame of the most widely

recognized environmental problems of the curreat’er

In order to address the high levels of mercury ytimh within the Cache Creek
Basin, the U.S. Environmental Protection Agency EB8) and the Central Valley
Regional Water Quality Control Board (CVRWQCB) hagstablished maximum
mercury concentration levels for both water andebioCurrently, these levels are
being exceeded within the Cache Creek Basin, anted@tion and restoration
actions are necessary to meet water quality obgsxti The Bureau of Land
Management (BLM) manages approximately 300 squatesmof the Cache Creek
Basin, and has significant interest in controllmgrcury diffusion from abandoned
mine lands and the mercury that has accumulatdadensediments downstream of
these lands. The BLM and other landowners hav&ted cleanup efforts of these
abandoned mines, but further action will be neeidedrder to meet water quality
objectives. The goals of this project were to adbridging gaps in knowledge, to
provide a more structured way of analyzing the mgrcontamination in the area,

and to assess the effectiveness of different remtieditechniques.
To aid decision makers as they determine the mdsictwe remediation or

restoration option for each site, we developedri@s®f decision trees. The first tree
guides decision makers in determining site spedcifiaracteristics that may impact

Xi



the types of management actions taken at a sitié r@storation and remediation
efforts should be prioritized at an alternate siféhe second decision tree is used to
determine possible remediation actions. Thereaam@e variety of technologies and
management options that can be use to control meomntamination. These range
from high impact, high cost technologies, such »asaeation, to low footprint, low
cost technologies, such as phytoremediation. fiine tree guides the decision maker
in gathering information about the cost, effecteesy and time frame for selected

management actions.

After the most applicable remediation technologies determined through the use of
the decision trees, the options can be ranked baseelative cost, effectiveness, and
timeframe to clean up a site. Ranked scores wadjtest@d in order to emphasize the
varying levels of importance a decision maker mace on these parameters. In
order to illustrate the use of the decision traes r@nking system we developed case
studies of six sites with varying characteristi€ach applicable option determined by
the decision trees was ranked from the perspeofigedecision maker that puts more
emphasis on health effects, and may choose tedjieslavith higher efficiencies, as
well as a decision maker that puts more emphasiewmudget technologies. When
management options were ranked with a low budggheasis, phytoremediation was
the most frequently recommended option. Excavat@s the most frequently

recommended strategy when emphasizing more eféetghnologies.

In addition to creating a decision-making frameworke used the watershed
modeling program Watershed Analysis Risk Managerfestnework (WARMF), to

examine the fate and transport of mercury in theiBaWARMF can be used to
better understand how water quality parametersggn#imough time when actions are

taken to reduce contaminant loads from point angpomt sources.
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The WARMF model allowed us to analyze the dailywflas well as sediment, total
mercury, and methylmercury loads for each streamchren the Basin from 1996-
2004. The model also allowed us to analyze thecangrcontributions of each mine
and thermal spring within the Basin, and examine lthose contributions impact
mercury concentrations downstream. By removing ritiees from the model to
simulate cleanup, it was possible to predict tliect$ of the remedial actions. It was
found that mercury loads from the Basin are redumed1% with the removal of all
mines, indicating there is a significant amountnoércury originating from other
sources including legacy mercury in stream sedimaling Cache Creek as well as
unknown natural sources. The Cache Creek Cany®bden identified as the largest
source of mercury in the Basin. It is likely th&iat there are significant natural
sources within the canyon, however confirmation asisertion requires further

investigation.

The results of the WARMF model also indicate thatvpus studies may have
overestimated mercury loads originating from thecl@@aCreek Basin. However,
there is considerable uncertainty of this estimaiel more data must be collected to
determine mercury loads, especially during highewdlows. Prior assumptions
made about the linear relationship between mercancentration and flow are too
simple to accurately model the real world and nmemdlto inaccurate estimations of
mercury loads. A watershed modeling program sicWARMF corrects for the
complicated relationship between mercury conceptratand flow, and calculates
mercury loads with a greater degree of accuragy.addition to WARMF results,
recent flow gauging of the Cache Creek SettlingilBdms indicated that it may
capture more sediment and mercury than previobslyght during low and medium
flows, although there must be additional researchidtermine exactly how much

mercury remains in the settling basin.
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To decrease mercury loads in the Cache Creek Baginto meet Total Maximum
Daily Load (TMDL) requirements, remediation andtoeation actions are essential,
as are additional measures to reduce erosion autiated transport of mercury in
the Basin. As written in the Water Quality ContRban for the Basin, it is the duty of
the BLM and other responsible parties to reduce corgr concentrations to
background levels, even if restoration actions nmay meet the water quality
objectives in the TMDL due to naturally-occurringytm mercury concentrations. As
the largest landowner in the mining region, the BlsMn a position to influence the
overall management of the area. They can reduceumeloads while improving the
state of knowledge about mercury sources and donditthat contribute to high
methylmercury concentrations. The recommendationshe BLM can be grouped

into four categories:

1) Actions to take: Remediation and restorationoast as well as best management
practices in the region,

2) Additional data collection: More water qualitprsples to understand mercury
sources, as well as continued water quality moinmigorbefore and after
remediation and restoration actions,

3) Further research: More research into methylapimtesses, better understanding
of mercury sources and concentrations, and bettderstanding of remediation
and restoration options, including emerging tecbgiais,

4) Partnerships: The BLM can encourage collabogagpartnerships with other
agencies and entities to help reduce mercury patiutvithin the Basin and

downstream.

Given certain data limitations, our project focusedassisting with decision-making
processes relative to remediation and restoraffont® We developed decision trees
and matrices in order to provide a starting poort BLM staff, and others facing

similar challenges associated with mercury polhtito begin the remediation and
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restoration process. These tools provide a stredtwapproach to addressing a
daunting pollution issue, and allow the user teedaine a remediation method that
best suits the environmental and political paramseté the site as well as other key
considerations, such as budget constraints. Merpatiytion is not unique to the

Cache Creek Basin, and our trees and matrices eaatrto provide a framework that

can be applied to other locations with mercury aonbation issues.
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PROJECT OBJECTIVES

The U.S Environmental Protection Agency (USEPA) tlCentral Valley Regional
Water Quality Control Board (CVRWQCB) have estdidid maximum mercury
concentration levels for both water and biota, Wwhéze currently being exceeded
within the Cache Creek Basin. The Bureau of Lanandyement (BLM), which
manages approximately 300 square miles of the C&cbek Basin, has significant
interest in controlling mercury diffusion from alslomed mine lands and the mercury
that has accumulated in the sediments downstreatinest lands. While the BLM
and other landowners have initiated significantulg efforts at a number of these
mine sites, there are areas that require morends@ad clarity. The objectives of
this project were to aid in bridging gaps in knodge to provide a more structured
approach to analyzing mercury contamination in #@rea and to assess the

effectiveness of different remediation techniqu€&be key areas of focus were:

* Identify ways to conduct mercury remediation anstagtion in the Cache
Creek Basin

* Develop a method to determine best remediationrastbration options for
different site locations

* Evaluate management options through watershed imgdel

» Assess legal constraints on management options
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PROJECT SIGNIFICANCE

Mercury pollution is one of the most challengingrieonmental problems to solve,
primarily because extremely low concentrations emesidered toxic. While all
forms of mercury are toxic, organic mercury, or hy#nercury, is of highest
concern; it is most bioavailable and can increassoncentrations as it moves up the
food chain. Mercury has been shown to cause a auwifbdevelopmental disorders
in pregnant women and children; these at-risk se¢gnef the population should
restrict or avoid consumption of many types of fisim several areas of the Cache
Creek Basin, historic mining activities have lechigh concentrations of mercury in
water, fish, and sediment. In addition, the CaCheek Basin is a major contributor
to the elevated mercury concentrations in the $aendo-San Joaquin Delta and San
Francisco Bay, both of which contain active fisesri Many people that consume
fish from these regions are not aware of the mgrpoflution problem and consume
more fish than the CVRWQCB has determined to be.sdh addition to humans,
mercury pollution can be harmful to wildlife, inding a number of sensitive species

within the Basin.

The CVRWQCB has tasked the BLM and others with ngkremediation and
restoration steps in order to meet the Total Maxmaily Load (TMDL)
requirements for different parts of the Basin. nlafecation of the magnitude of
different sources of mercury throughout the CacheelC Basin is necessary in order
to prioritize remediation efforts, but has beenitéd by incomplete sampling and
monitoring. In addition to data limitations, theaee a number of legal constraints in
the Basin, which make remediation efforts moreiclft. These policies and
restrictions need to be examined when choosingeaf@i cleanup or a remediation
technique. In order to find effective and feasidi@tegies for mercury cleanup in the
Cache Creek Basin and other areas across the thabere affected by mercury
contamination, it is important to assess currentegiation strategies and examine
emerging technologies. A large quantity of reseantd resources have been focused
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on the mercury problems within the Cache Creek iBaBbwever, the lack of
understanding and identification of all the mercuspurces as well as the
complexities of mercury chemistry have hindereddbeelopment of a realistic plan

to reduce mercury concentrations to a safe level.
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BACKGROUND
Cache Creek
The Cache Creek Basin is located in northern Qaliéoand occupies 2,978 Km

(Suchanek et al., 2010) (Figure 1). The upper pathe watershed is within the

California Inner Coast Ranges and the lower partthefwatershed, downstream of
Rumsey, is within the Sacramento Valley. The laage above Rumsey consists
largely of low mountains containing forests of nipioaks and conifers, shrub lands,
grazing lands, and some farmland. Below Rumseynthjority of the landscape is

farmland. Elevations range from a low of 8 metatghe confluence of Cache Creek
and the Yolo Bypass, up to 1,815 meters, with gelanajority being between 300 to
800 meters. Precipitation in the region average<l@ inches per year and falls

primarily between the months of November and April.
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Nearly half of the watershed drains into Clear Lakkich is the source of the Main
Fork of Cache Creek. Clear Lake is the largestimahtfreshwater lake entirely in
California and is fed by a number of smaller creaksluding Kelsey Creek and
Scotts Creek. Clear Lake contains a small damt bail1914, which adds an
additional 270,000 acre-feet of storage and hedgslate flow throughout the year to
benefit agricultural irrigation in the Sacramentalldy (Lake County, 2009). In
addition to Clear Lake, the Basin contains Indiaallé¥ Reservoir on the North Fork
of Cache Creek with a capacity of 300,000 acre-f€8EC, 2010), as well as the
much smaller Davis Creek Reservoir. The Cache KCBssin provides Lake and
Yolo Counties with drinking and irrigation waterndch a variety of recreational
activities to locals and tourists alike. There aeweral noteworthy regional, state,
and national fishing tournaments held at Clear Lakeesort and spa are also located
at Wilbur Springs, which makes use of the local bptings. Lake County is
emerging as one of the newest wine regions in @ald; the number of vineyards,
wineries, and tasting rooms is increasing rapidlyhie area. Several state parks that
surround Clear Lake are used for wildlife viewingdacamping. During summer
months, Cache Creek and the North Fork of CachekCaee commonly used for

kayaking and other river activities.

The wide range of landscapes within the Cache CBaeskn provides many different
uses to the area’s landowners. These landowneng fvam private trusts and
corporations to government agencies. One such owsevur client, the U.S.
Department of the Interior, Bureau of Land ManagenBLM), The BLM’s mission

is to “sustain the health, diversity, and produttivf the public lands for the use and
enjoyment of present and future generations” (BI2A08); it does so in managing
archaeological and cultural resources, land exa®mangelands, minerals, national
monuments, recreation, special status plants, hades and burros, wildlife, and
wilderness areas (BLM, 2008). In October of 200ésktent George W. Bush created
the Cache Creek Wilderness (BLM, 2011), a 116 witderness area located in Lake



County (Figure 2). The BLM manages 26 percent efiimds within the Cache Creek
Basin, including the Cache Creek Wilderness (Fi@)re
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Figure 2: Cache Creek Wilderness Area
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As a large landholder in the Basin, the BLM is aianany responsible parties for
maintaining water quality and preventing the disgeaof pollutants into Cache
Creek. Responsible parties are required to addfteasup orders and meet the Total
Maximum Daily Load, or TMDL, of a specific pollutafor the rivers or tributaries
on their land as required by the Central ValleyiBeal Water Quality Control Board
(CVRWQCB). A cleanup order is given to a resporesiparty when beneficial uses
of a water body are affected by pollution and wapeality objectives are not being
met. As with most California water quality dire@s/and standards, cleanup orders
are issued by a Regional Water Quality Control Bo@oard) to achieve water
quality standards required under the U.S. CleaneWatt. In the case of the Cache
Creek Basin, the CVRWQCB has issued cleanup ofderseveral abandoned mines
because they are polluting the water with merciiy.date, the BLM has received

three cleanup orders. The Rathburn-Petray Minenalgaorder was issued in



December 2005 and the Clyde Mine and Elgin Minarulg orders were issued in
August 2009. In addition to the cleanup ordersal@e to the BLM, several others
have been issued to the owners of the Central rZkiit, Empire, Manzanita, Elgin,

and Wide Awake mines.

In addition to cleanup orders, a TMDL is issuedtiiy Board when a water body is
not meeting water quality objectives stipulatedhea U.S. Clean Water Act. The goal
of the TMDL program is to maintain the beneficigles of individual water bodies.
Each water body in California has a number of ber@fuses that have been
determined by the Board; a TMDL is ordered whenddupant interferes with
sustaining the beneficial uses of a water body.tygical TMDL report provides
details about the pollutant that is in violatiome tdesired water quality standards, and
provides a method in which the water body will beught back into compliance. In
the Cache Creek Basin, a TMDL report was issuecfear Lake in 2002, for Cache
Creek, Bear Creek, and Harley Gulch (as one repo2p04, and for Sulphur Creek
in 2007.

Historical Mercury Mining in the Cache Creek Basin

Mercury mining in the region began in the mid neegtth century in order to assist
gold extraction from ore in the booming gold miningustry located in the foothills

of the Sierra Nevada (Domagalski et al., 2004).ro8s California there is a large
number of historical mercury and gold mines, whietve been documented by U.S.
Geological Survey (USGS, 2005) (Figure 4). In @eche Creek Basin there were
several large gold mines and mercury mines asagathines that produced both gold

and mercury.
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The Cache Creek Basin contains three mercury miaiags: the Sulphur Bank Mine,
the Knoxville Mining District, and the Sulphur CkeBlining District (Figure 5). The
Sulphur Bank Mine has contributed large quantiésnercury to Clear Lake. The
mine was declared a Superfund site in 1990, andalincleanup efforts have
significantly reduced the flow of mercury into tleée (Sulphur Bank Mercury Mine,
2010). The Knoxuville district is in the Davis Ckewatershed and is comprised of the



Harrison, Manhattan, and Reed Mines (Foe & Bosw@@®8). The Sulphur Creek
Mining District is comprised of 12 mines locatedthim the watersheds of Sulphur
Creek, Bear Creek and Harley Gulch. The mineshen Sulphur Creek watershed
include: Elgin, Clyde, Empire, Manzanita, West E@entral, Cherry Hill, and Wide
Awake; the Rathburn and Petray mines are withirBbar Creek watershed; and the
Abbott and Turkey Run mines are within the Harlayldd watershed (Cooke, et al.,
2004) (Figure 6). Because Sulphur Creek drainsBear Creek, the mines within the
Sulphur Creek watershed impact the water qualithath streams and eventually the
main stem of Cache Creek.
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Figure 5: Cache Creek Mining Districts
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Mercury Chemistry

Mercury (Hg) is found in the environment primarily three classes: elemental
mercury (H@); divalent salts of ionic mercury (4§ which include mercury chloride
(HgCl), mercury hydroxide (Hg(OH), and mercury sulfide (HgS); and
methylmercury (CHHg" or MeHg) (Schroeder and Munthe, 1998). In theh@ac



Creek Basin, the largest quantity of mercury is Hg®erwise known as cinnabar
(trigonal HgS) or metacinnabar (cubic HgS). Cirarabre, which is the mineral
sought by the mercury miners, can contain conceotr& of mercury as high as 15
percent (Pearcy and Peterson, 1990).>"Htgelf is not a concern because it is not
readily absorbed into plant and animal tissue,itocein be transformed to MeHg, the
most toxic form of mercury, by biotic and abiotimpesses (Marvin-DiPasquale and
Agee, 2002). The primary method of methylatiorcamducted by sulfur reducing
bacteria that live in the top layers of sedimentwigtlands. The methylation of Elg

is particularly rapid in anaerobic conditions. kigdation can also occur abiotically
when fulvic and humic acids are available, but,eabsf acidic conditions, biotic
processes will dominate (Nagase el al., 1982). hMation is counterbalanced by
biotic and abiotic processes that demethylate M@Higdson et al., 1994). These
processes tend to dominate in aerobic conditiongchwheceive direct sunlight.
Demethylation converts MeHg to PBgwhich will quickly volatilize into the

atmosphere. Figure 7 shows mercury cycling in freghr ecosystems.

Although there are well-defined processes that edridg between the three different
classes, the equilibrium conditions are complex @ make it difficult to predict
the form in which mercury will be found; a high cemtration of H§ or H¢f* does
not necessarily imply a high concentration of MeHtpwever, methylation and
demethylation rates are proportional to their cotregion in the water and sediment
and other environmental conditions which exist, hsuas dissolved oxygen
concentration, sulfate concentration, and pH (Xual.e 1987). Methylmercury is the
only variety of mercury that bioaccumulates andragularly found in fish; the
insertion of a covalent bond between the mercurd a@arbon atoms during
methylation enables MeHg to penetrate cell memlsranere rapidly (Baldi, 1997),
resulting in higher levels of toxicity than thosssaciated with either Hgor Ho".
Therefore, methylmercury is the variety that mustlimited to a larger extent to

reduced exposure and potential harm to humans eolbgical receptors. MeHg
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concentrations in fish are a function of MeHg concation in the water, trophic level
of the fish, and age of the fish (Back et al., 2002

.,E.WI....M

and VOLATILIZATION (Hg®)

Figure 7. Mercury cycle in freshwater ecosystemS@3, 2000)

All three varieties of mercury have a very highl saisorption coefficient (K, which

means mercury has a high affinity for adsorbingooboth suspended and settled
sediments (Lyon et al., 1997). This is critical understanding the transport of
mercury, as it implies that if the flux of totalspended sediments from a mining
region is limited, the flux of mercury will also Benited. As suspended sediment
settles out of water, like it does in the Cacheekr8ettling Basin, it has very high

11



concentrations of Hj and is prone to methylation during the anaerobieditions

prevalent in the dry season.

Ecological Effects of Mercury Contamination

Cache Creek Basin provides a number of benefisias firom recreation to habitat for
wildlife (Cooke and Morris, 2005; Cooke et al., 200 There have been over 154
species of birds observed, including peregrineofsdcand the southern bald eagle
(Schwarzbach et al., 2001). A number of game amdgame fish including channel
catfish, brown trout, smallmouth bass, Sacrameike minnow, Sacramento sucker,
and California roach also inhabit the watershedoi@aand Morris, 2005). While the
watershed provides valuable habitat for a numbewitiflife species, high mercury
levels threaten these uses. Increased mercurislear lead to a number of adverse
effects on wildlife and human health. In the Ca€reek Basin it is particularly
important to manage mercury at a safe level todaw@nsport of mercury into the
Sacramento/ San Joaquin Delta and San FranciscaBaell as to protect humans
and wildlife that eat fish from the area (Cooke &hatris, 2005).

One reason mercury is of concern is due to itsitgbib bioaccumulate within
organisms and to be magnified as it transfers gheri trophic levels within food
webs. According to Domagalski et al. (2004b), “bieaccumulation of mercury in
fish is one of the most widely recognized environtagproblems of the current era.”
Organisms can accumulate mercury from multiple smaimcluding water, sediment,
and other organisms. However, “before mercury lo@accumulate, the inorganic
form must be converted to the organic (methylmeretirsHg") form” (Domagalski
et al., 2004b). Methylmercury is the most commom¥ of organic mercury in
natural systems (Nichols et al., 1999). In itshgkgtted form, mercury becomes more
bioavailable because it is more soluble in watanths inorganic form (Alpers et al.,
2008). Methylmercury is also able to cross celimhenes allowing it to be more
easily accumulated within organisms (Alpers et a008). Alpers et al. (2008)
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explains that methylmercury has the ability to fostnong bonds with biological
proteins making it easier for organisms to retaid &ransfer the mercury to other
organisms. Thus, concentrations become magnifdgtiey move up trophic levels to
predatory organisms like piscivorous fish and b{fdlemagalski et al., 2004b). In the
Cache Creek Basin, correlations have been foundeeet the concentrations of
methylmercury in lower trophic level organisms amdlult sport fish (Alpers et al.,
2008). Studies in the San Francisco Bay-Delta d&gtuhave shown that
bioaccumulation trends can also be linked to sesdtrctuations of methylmercury
(Alpers et al., 2008).

The primary target of methylmercury is the centratvous system (Nichols et al.,
1999). As a result, methylmercury contaminationses a number of neurological
effects.  Wildlife including invertebrates, fishjrds, and mammals experience
adverse effects when exposed to elevated levelsartury. In the Cache Creek
Basin and the San Francisco Bay-Delta, this isre@m because many studies have
measured mercury concentrations in wildlife aba@@mmended thresholds (Alpers
et al., 2008; Domagalski et al., 2004b). As of 2@@ere had been no studies directly
linking the adverse effects of mercury exposurewitdlife; however, it can be
difficult to detect non-lethal effects of mercuny organisms like fish (Cooke and
Morris, 2005). Therefore, elevated mercury levale still a concern because
piscivorous fish in the watershed are estimateextaeed safe levels for consumption
by humans and wildlife (Cooke and Morris, 2005)ot®n et al. (2004) found that
piscivorous fish in Bear Creek had levels of meyamainly between 2 and 4 ugl/g
and detritivorous fish also showed elevated legélmercury well above the 0.3 pg/g
standard established by the TMDLSs.

Fish are exposed either by consuming contamina¢éethlz macro-invertebrates or

other contaminated fish. Lower trophic level fishn become contaminated by

consuming invertebrates and detritus; higher Igretatory fish are exposed when
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they consume other fish. Decreased reproductiveess, altered behavior, and
impaired developmental growth are among some of dffects that fish can

experience from exposure to an increased levelav€uny (Alpers et al., 2008).

Predatory birds and mammals are also at risk inmtheershed when they consume
fish with elevated levels of mercury. Both mammat&l birds have been shown to
experience “impaired neurological development aedrding behaviors” when

exposed to mercury (Alpers et al.,, 2008). Accaydio Cooke and Morris (2005),

behavioral effects such as “impaired learning, cedusocial behavior and impaired
physical abilities have been observed in micerottenk, and macaques exposed to
methylmercury.” In the Cache Creek Basin, riveterst may be at risk of

contamination (Alpers et al., 2008). Of most cancre the peregrine falcon and the
southern bald eagle that inhabit the watershedstiing and wintering bald eagles
have been observed preying on large forage fishrttey have elevated levels of

mercury, especially from November to March (BLMQ20).

Amphibians are another group of organisms that lsannegatively impacted by
increased levels of mercury in aquatic environmer@se sensitive species found in
the Cache Creek Basin is the Foothill Yellow Legdedg (BLM, 2004). These
organisms are affected because they prey on irrates and live in areas where
even fish may not find the habitat suitable (Hoth@®08). As a result, they may
experience effects such as reduced survival, growithibition, behavioral

modification, impaired reproduction, and malforroas of larvae (Hothem, 2008).

Humans are primarily exposed to methylmercury kingacontaminated fish (Alpers
et al., 2008; USEPA, 2001). Cache Creek is fisjma round mainly for sport fish
such as Channel Catfish and Smallmouth Bass (Alperal., 2008; Cooke and
Morris, 2005). Much of the knowledge about merctoyicity in humans comes

from poisoning events that occurred in Minamatgadafrom contaminated fish as
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well as in Iraq, Guatemala, and Pakistan from g@ntaminated with mercury

(Alpers et al., 2008). These events showed howatexicity is the biggest concern

for humans and that developing organisms and d@nldire most susceptible (Alpers
et al., 2008; USEPA, 2001). Some of the signs symptoms from methylmercury

poisoning in humans are lowered immune system respadecreased reproduction,
hearing, vision, and speech impairements, comagdaath (Batten and Scow, 2003).
However, these effects were observed from extrarants and are not likely to occur
with lower levels of mercury exposure that mightwcfrom eating contaminated fish
caught in Cache Creek (Alpers et al., 2008).

Mercury Sources

Sources of mercury to the Cache Creek Basin incgdehermal springs, erosion of
natural mercury-enriched soils, atmospheric dejositsediment enriched with
legacy mercury, as well as waste rock and tailinge historical mines. Unlike
many other regions of the country, atmospheric digioo of mercury in the Cache
Creek Basin is relatively small compared to thetgbuations from other sources
(Churchill and Clinkenbeard, 2003). It is moreelikthat the region is a larger source
of atmospheric mercury rather than a site of sigaft deposition. Soils that contain
naturally elevated levels of mercury are commorhig Basin, especially in mining
regions. Weathering of bedrock is enhanced byhgdrothermal processes in the
area, contributing to elevated mercury concentnati®GGuchanek et al., 2010). It is
believed that the largest sources of mercury apenfgeothermal springs, mine
materials and sediment in the banks and beds oftiieams below mining areas
(Figure 8).

The Cache Creek Basin is geologically complex withultiple faults, extinct
volcanoes, and many different types of soil anddad(Suchanek, 2010). The rock
types include: quaternary deposits, volcanic rockegat Valley sequence, Coast

Range ophiolite, and the Franciscan Complex. Tigh heat flow associated with
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volcanism deposited high concentrations of mercgold, and silver in the area.
Even without human disturbance, concentrations effcory in Cache Creek would

be relatively high.

Many hot and cold springs exist in the area, andtrdmute various amounts of
mercury and other minerals, depending on their etelmmakeup. Additional
parameters are important to take into account imsicering mercury and
methylmercury contributions of particular locationg-or example, high levels of
sulfur are known to increase the methylation of augr by sulfur reducing bacteria.
In addition, unknown springs may exist, especiallgreek beds, making it difficult
to quantify mercury contribution from those sprir{§sichanek et al, 2010). Springs
often form a black precipitate that contains aetgrof metals including mercury that
will accumulate during the dry season. The fiessggé rain event of the wet season
flushes this precipitate into the creek. Althoumiming activities are often associated
with acid mine drainage, the springs and the creekthe area have a pH that is
moderately basic, indicating that acid mine dragag not an issue in the Basin
(Churchill & Clinkenbeard, 2003).
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Sources, transport, and fate of mercury (Hg) in the Cache Creek Watershed
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Figure 8: Sources, transport and fate of mercurythim Cache Creek watershed
(Domagalski et al., 2004b)

Many of the mines had their ore processed at neighd facilities, and as a result not
every mine contains tailings. The last mercury emim the Basin closed in 1971,
around the same time many environmental regulatb@gsn. Before this time there
was little understanding of the toxicity of mercuay the mines and processing
facilities. Therefore, waste rock and tailingstticantain high concentrations of
mercury were left behind after those facilitiesseld. These tailings are often on
steep slopes and are highly erodible. As the iocaif most of these mines is very
close to tributaries of Cache Creek, rainfall aesutting erosion lead to much of the
tailings ending up as sediment in creek beds, sattme eventually washing into the
Sacramento River and Sacramento-San Joaquin DelRre-mining mercury

concentrations in sediment in San Francisco Bayewestimated at around 0.06

mg/kg, whereas post-mining sediment mercury comagahs in the same area are
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between 0.2 and 0.5 mg/kg (Holloway, 2009). Thetaminated sediment can
remain in creek beds and in flood plains for lomgigds of time, and will likely be
re-suspended in subsequent years, especially digig flow events. Although
some remediation efforts, such as the removal ohingi waste and erosion
prevention measures, have taken place in the tagile of decades, a great deal of
mercury is still eroding into the streams from thosed rock left over from these

abandoned mines.

Approximately half of the mercury exported from tGache Creek Basin is retained
in the Cache Creek Settling Basin (CCSB) while témaining half is exported
downstream to the Yolo Bypass and eventually theré®aento-San Joaquin Delta
(Foe & Bosworth, 2008). The CCSB is a 3,600 aesenvoir built by the United
States Army Corp of Engineers (USACE, 2003) thaveseto limit the amount of
sediment entering the Yolo Bypass and maintaindfloonveyance past Sacramento
(Division of Safety of Dams). During large wintorms, the majority of water from
the Sacramento River is diverted into the Yolo Bgaand because Cache Creek
Basin naturally exports very large amounts of seditmthe USACE built the CCSB
to prevent this sediment from settling in the Y&8gpass. An average of 340 acre-
feet of sediment is trapped per year in the CCSBichv results in the need to
periodically dredge the stored sediment to mainthen CCSB’s settling efficiency
(USACE, 2003).

The majority of the mercury that reaches the 3gttBasin is from sources upstream
of Rumsey. From 1996 - 2000 it was found that akDkg/yr of mercury was
transported past Rumsey and 369 kg/yr was meagurtdter downstream at Yolo
(Cooke, et al., 2004). There does not appear tartyemajor source of mercury
between Rumsey and Yolo, and the decrease in nyeisumost likely due to
irrigation diversions at Capay or sediment deposi{iCooke, et al., 2004). Although

some of the sources of mercury upstream of Rumasgg been identified, such as
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those associated with the mines, they do not ad¢clmurall of the mercury found

downstream (Table 1 and Table 2). Sites of meroysyt to Cache Creek that have
been identified and studied are Harley Gulch, SuipGreek, Bear Creek, Davis
Creek and Clear Lake. Each of these locationshesn impacted by historical
mining activities. Cooke, et al. (2004) note thercury loads from unknown sources
increase during years with high levels of precimta This indicates that the
unknown sources are likely from ephemeral streamBomn additional erosion of

sediments in the streambed which are not usualtied&nough for scour.
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Table 1: Cache Creek Total Mercury Budget (kg/gr)Water Years 1996 thru 2000 (Cooke et al., 2004)

Deposition in the
Cache Creek

Settling Basin

Settling Basin
Outflow

Cache Creek at
Yolo

Erosion/Deposition
btwn Rumsey and
Yolo

Sum of Inputs &
Diversions
Upstream of Yolo

Ag Diversions

Atmospheric
Deposition

Cache Creek at
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Table 2: Cache Creek Sediment Budget (kg/yr) foteVgears 1996 through 2000 (Cooke et al
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Harley Gulch

The largest historical mining operation in the 3Bwip Creek Mining District, the
Abbott-Turkey Run complex, drains into Harley Gulchaking it an area of
significant concern for mercury contamination. Beéw one and two miles of
underground tunnels exist there, and at least ll®mkg of mercury were extracted
from the two mines. The rest of the mines in thiming district are small in
comparison, with a cumulative 200,000 kg of mercumned; however, their
contributions to mercury pollution are also sigraft because of the high rates of
erosion at these locations. As of 2003, it wasneged that 267,000 tons of tailings
were present at the Abbott-Turkey Run complex (Chilir& Clinkenbeard, 2003).
A cleanup effort was initiated by El Paso Merchinergy-Petroleum Corporation
and the USEPA in 2006. It included the removal afieite disposal of several tons
of mine tailings (Larson, 2007). The large taingle at the Abbott Mine was re-
graded, capped with clean soil, and re-vegetatedingnize erosion and transport of
sediment. Although the remedial actions were coteplen 2007, is unclear how
effective these efforts have been, but it is asslthe cleanup resulted in a large
reduction in mercury transport originating from tegrGuich.

Prior to the cleanup effort, the remnants of thédtb Turkey Run complex led to
mercury contamination within Harley Gulch as wedl ia the downstream areas of
Cache Creek. An 8 tol6 fold increase in mercurgceatrations was found in
sediments below the confluence of Harley Gulch @athe Creek, compared to
levels upstream (Foe & Bosworth, 2008). It isstly believed the elevated levels of
mercury found in sediment in the seven miles betwEarley Gulch and Crack
Canyon is from the historical mining of Abbott afidrkey Run. Foe and Bosworth
(2008) were unable to find evidence of any otheurs® of mercury that would
explain the increased mercury in that reach of €acreek. Although two-thirds of

the flow in Harley Gulch is from the East Branctydies have determined that over
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90 percent of mercury leaving Harley Gulch origasatfrom the West Branch, which

flows from within the mine complex (Cooke, et &004; Suchanek, et al., 2004).

Other characteristics of this watershed may prontbé methylation of mercury,
which is important in addressing the TMDL requirense Cooke, et al. (2004)
determined that most of the methylmercury in HafBaych is produced in a wetland
area downstream of the Abbott-Turkey Run compldxs Thay be due to the elevated
sulfate levels in this area from a thermal sprihgha Turkey Run Mine. The spring
contributes about 50,000 to 160,000 kg/yr of salfand total mercury and
methylmercury concentrations in the water increasen mine site materials interact
with the water from this spring (Churchill & Clinkbeard, 2003; Rytuba, 2000). As
noted above, sulfate reducing bacteria are sugpdoctebe the primary route of

mercury methylation under these conditions.

While the cleanup efforts at the Abbott-Turkey Rromplex have likely helped to
minimize future inputs of mercury into Harley Guldhe mercury that is already in
the soils and sediments in and around Harley Gaiuahthe downstream reaches of
Cache Creek will continue to be an issue. It tsvesied that 855 kg of mercury are
in depositional piles along Cache Creek betweerepabBulch and Crack Canyon,
and an additional 15-20 kg of mercury are in tHavadl fan at the confluence of
Harley Gulch and Cache Creek, commonly called tlaeldy Gulch Delta (Foe &
Bosworth, 2008). It is strongly believed that ganaource of mercury within Cache
Creek Basin is the re-suspension of mercury frominsents in the creek beds
(Cooke, et al., 2004). During dry years, HarleyldBuwas found to be a small
contributor of mercury to Cache Creek (Domagals#i, al., 2002b); sediment
disturbance and transport only occurs with suffitlie elevated stream flows, and
therefore would be of smaller magnitude during gesith less rainfall. Since Harley
Gulch, an ephemeral stream that flows primarilyrfr@ctober to June, typically has

lower flows, it would be more affected by largerggses in precipitation.
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The 2004 TMDL report (Cooke, et al., 2004) foundttilarley Gulch contributes
approximately 7kg of mercury and 1.0g of methylnueycannually to Cache Creek.
These estimates were done over a range of yeas attempt to account for both
relatively wet and dry years. The requirementhef TMDL (Cooke, et al., 2004) is
to reduce the total mercury load from Abbott andk&y run mines by 95 percent of
the existing load at the time of publication of tle@ort and methylmercury of the
entire stream by 84 percent, and to reduce coratents of methylmercury to below
0.14 ng/l (Table 3).

Table 3: Allocation of Methylmercury Loads to Cacbeeek (Cooke, et al., 2004)
Current load of MeHg L oad Acceptable MeHg ‘

Tributary Water shed

MeHg (gm/yr) Reduction Load (gm/yr)
Clear Lake Outflow 36.8 ' 70% 11.0
North Fork Cache Creek 12.4 0% 12.4
Harley Gulch 1.0 84% 0.1
Davis Creek 1.3 50% 0.7
Bear Creek 21.1 85% 3.2
Net within channel 53.1 85% 7.4

production & ungauged

tributaries, upper basin to

Yolo

Total 125.7 72% 34.8

Bear Creek and Sulphur Creek

Large portions of Sulphur Creek and the lower portof Bear Creek are managed by
the BLM; mercury and methylmercury loading to Ca€reek from this area is of
great concern. Sulphur Creek drains into Bear Cregkch is a major tributary of
Cache Creek. The 2004 TMDL (Cooke et al., 2004nébthat 4 percent of total
mercury and 17 percent of methylmercury in CacheeKroriginates from Bear
Creek. The elevated mercury levels in soils andnseaks in and around Sulphur
Creek contribute largely to Bear Creek exceedingewayuality standards for
mercury. According to the CVRWQCB's report on B&ieek, only 22 percent of
the total mass of bed sediment in Bear Creek isndawam of the Sulphur Creek

confluence, but this sediment contains 85 percérnhe total mercury mass in all
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Bear Creek sediments (CVRWQCB, 2009b). This reptst found a 4 to 9 fold
increase in mercury concentrations in Bear Credkrsant found downstream of the
confluence with Sulphur Creek, as compared to ffetream portion of Bear Creek.
The Sulphur Creek TMDL (Cooke & Stanish, 2007) firthat on average, Sulphur
Creek directly contributes 48 percent of mercurgt 4t percent of methylmercury to
Bear Creek. The remaining mercury and methylmeraesirfrom sediments within

Bear Creek that originated from Sulphur Creek.

There are multiple historical mines found in thépBur Creek Mining District. With
the exception of the Abbott-Turkey Run complex d&sed above, all mines in this
district drain into Sulphur or Bear Creeks. Thenes, combined with geothermal
springs and naturally mercury-enriched soil, crdagh mercury concentrations in
local streams. Several of the hot springs near WiBprings in the Sulphur Creek
watershed contain high concentrations of mercudyraethylmercury. Although hot
springs in this area contribute to the mercuryassiie Sulphur Creek TMDL (Cooke
& Stanish, 2007) states that the majority of theauey in Sulphur Creek comes from
the mines. A more recent study, which examinedctimical make-up of surface
soils in Bear Creek, also concluded that mercuwly-sediment in this area is derived
from mine tailings and calcines (Holloway, et &009). The Sulphur Creek TMDL
outlines a reduction plan, which mainly focusesreducing mercury loads from
mines in order to meet the specified levels of mgrand methylmercury. This plan
would require the reduction of loads from inactimines by 95 percent (Table 4).
According to Holloway, et al. (2009) these miningas still have exposed tailings
and have undergone little to no remediation.

Due to the sulfate-rich water from the geothernpaing)s, a great deal of mercury is
methylated in-stream. Therefore, the TMDL (Cook&tganish, 2007) focuses on the
reduction of total mercury loads from sources saglmines, since this will result in a
reduction of methylmercury as well. The 2004 TMPLooke, et al., 2004) found
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that Bear Creek contributed 21.1g of methylmerdorgache Creek annually. The
report states that an 85 percent reduction is sacgs which, combined with
reductions from Harley Gulch, Davis Creek, Cleakd.and other sources, would
lead to a reduction in the annual methylmercuryllo@aching Yolo from 122.1g to
39g.

In addition to reducing mercury loads from the msinthe 2007 TMDL (Cooke &

Stanish, 2007) also focuses on controlling erosibatream sediments and soil that
contain high concentrations of mercury. The refauhd that erosion from sediments
and soil with concentrations greater than 0.4 mg/kght can be a significant source
of mercury (Cooke & Stanish, 2007). Similar to legrGulch, storm events lead to
more erosion and re-mobilization of mercury in $wip and Bear Creeks, which
results in larger mercury loads moving downstreafhe high mercury and

methylmercury concentrations in Bear Creek arergetaproblem for Cache Creek
after the irrigation season when Clear Lake andamdvalley Reservoir stop

releasing water (Cooke, et al., 2004). At that filBear Creek, a perennial stream,
becomes a larger source of downstream water aneleliated mercury levels have a

greater impact.

Table 4: Sulphur Creek Total Mercury Budget by $euffype and Load Limits
based on data collected in 2000-2004 (Cooke & Skar@007)
Current Future Load based

L oad Reduction on current load

Geothermal springs 1.4 ' 0% 1.4
Non-mine site erosion 1.2 15% 1.0
ClydeMine 0.4 95% 0.02
Elgin Mine 2.7 95% 0.13
Wide Awake Mine 0.8 95% 0.04
Lower Watershed Mines plus 5.3 95% 0.3
contaminated stream bed

Atmospheric Deposition 0.03 0% 0.03
Total 11.8 75% 2.9
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Davis Creek

Another notable source of mercury to Cache CredRasgis Creek, which contains
the Knoxville Mining District. The Knoxville Distat includes the Reed, Harrison,
and Manhattan mercury mines; the district produsetsveen 2.4 and 2.8- million kg
of mercury during its operation from 1860 to 1978aking these mines more
productive than all the mines in the Sulphur Crikking District (Foe & Bosworth,
2008). Yet, studies show that Davis Creek is a maraaller source of mercury to
Cache Creek than either Sulphur Creek or Harleyxls(Domagalski et al., 2004Db).
We acknowledge, however, that there is a distiack lof data in the literature to

support this assertion.

A large portion of the Knoxville District was puéed by Homestake Mining
Company in 1984. Soon after, they built Davis CrB&servoir to assist with nearby
gold processing operations, but only used the vegefor a few years. Homestake
has made efforts to clean up the mining areas,ramgkdial actions have included
covering the tailings with clean soil and extensieevegetation (Holloway, et al.,
2009). Despite these efforts, annual monitorirggnfrl993 to 2002 showed that an
average of 72 kg of mercury was detained annuallyhle Davis Creek Reservoir
from the mining district (Foe & Bosworth, 2008)idtunknown where this mercury is
coming from, or how much mercury is being exporved of the reservoir. There is
no record of the amount of mercury reaching Davisek prior to the remedial
efforts, so no conclusions can be drawn aboutripact of remediation. Holloway,
et al. (2009) surveyed this area and reportedttieae was still at least one exposed
mining pit as of 2005, which could be a source @freary rich sediment to Davis
Creek. Additionally, was found that naturally oatg mineralized ultramafic rock
and soils in the region have mercury concentratiamging from 34 - 290 mg/kg
(Holloway, 2009).
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The 2004 TMDL for Cache Creek (Cooke, et al., 206@®f)cluded that while there are
elevated concentrations of mercury and methylmgraurDavis Creek’s water and
sediment, its minimal flow rate keeps it from besgnore significant contributor of
mercury to Cache Creek. This report found that B&reek contributes about 1.3g of
methylmercury annually to Cache Creek. The manidai reduce this load by 50%
percent in order to reach an acceptable level o§/Qc (Table 2). However, there
have been very few samples taken of Davis Credk dlodbve and below the reservoir
during high flows, and it is not possible at thisié to know exactly how much

mercury or methylmercury Davis Creek contribute€&xhe Creek.

Clear Lake

Sulphur Bank Mercury mine contributed a significamount of mercury to Clear
Lake, which has resulted in additional loading e Creek. In 1990 the mine area
was listed as a Superfund site by the USEPA. Aesalt, the USEPA has removed
mine wastes from multiple residential areas andopsed numerous studies in order
to fully assess the sources and extent of mercangamination in the area. These
efforts have lowered Clear Lake’s mercury contitiutand it is now less of a
concern than the other sites, although it contirtadse monitored and assessed. Foe
& Bosworth (2008) found that the majority of the nmay from Sulphur Bank mine
is being detained in Clear Lake and only small am®@re moving downstream. It
can be seen from Table 3 that Clear Lake contribate average of 36.8gm/yr to
Cache Creek, making it a far greater source of amgrthan any of the other mining
areas. Wetlands surrounding Clear Lake, espedaltlerson Marsh, are suspected of
fostering very high levels of mercury methylation.

Summary

Much effort has gone into identifying and charaeiag the sources of mercury in
the Cache Creek Basin. As outlined above, anthmmogsources from historical
mining activities have been identified and studiedHarley Gulch, Sulphur Creek,

Bear Creek, Davis Creek and Clear Lake. Howeveretls a significant amount of
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mercury observed downstream from unknown sourdes $peculated that these
sources are a combination of natural sources, asex erosion during times of high
precipitation, and the re-suspension of mercurychad sediment. In order to be able
to successfully meet the TMDLs for the area, furtlalysis is necessary to
determine the magnitude of each of these unknownces in order to address them

effectively.

Regulatory Framework

BLM Management, Water Board, and Basin Plan Background

The BLM must adhere to a number of regulationsrduthe process of remediating
contamination and restoring public lands like thésend within the Cache Creek
Basin. In addition to following state and federafjulations to restore and remediate
the Basin, they must also follow the guidelinestioé Federal Land Protection
Management Act (FLPMA). Under FLPMA, the BLM'’s pemsibility is to "provide
the public the opportunity to use and appreciagnicant cultural and natural
resources while protecting and conserving them"MBR008). As a result of this
responsibility, BLM has developed the managemeiml g "maintain the health of
the land and, to the best of its ability, to restor replace resources that are harmed
by pollution" (BLM, 2008). This management goalrngportant to the Cache Creek
Basin because of its damaged water resources \affett the Basin's ecosystem.

The U.S. Clean Water Act (CWA) requires each dtaidentify all beneficial uses of
water bodies within its boundaries. Managers ofewgmthat are not meeting water
qguality standards set by the USEPA, as requireceutite CWA, must implement
cleanup measures to achieve these standards (CVABN@@9a). To accomplish
this goal, California's water code created theeSWater Resources Control Board
and nine regional offices under the Porter-Colograger Quality Control Act. Each
Board is tasked with setting standards and enswamgpliance. The Cache Creek

Basin is under the jurisdiction of the Central ¥glRegional Water Quality Control
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Board (CVRWQCB). To meet the standards set in tM¢AC the CVRWQCB
outlined their management goals in the Water Qu&lantrol Plan ("Basin Plan™) for
the Sacramento River and San Joaquin River ba3ins. Basin Plan describes
beneficial uses and water quality objectives f@ #dnea and gives recommendations
for implementation of surveillance and monitoringpgrams for impaired water
bodies (CVRWQCB, 2009c). The Basin Plan also presidnformation about
financing, individual discharges, and action recandations (CVRWQCB, 2009c).

The Cache Creek Basin has its own section in tsgnBlan titled the "Cache Creek
Watershed Mercury Program” ("Program™) (IV-33.1VRWQCB, 2009c). The
Program describes the amount of total mercury aathyimercury in Cache Creek,
as well as its tributaries and outlines acceptiddels of methylmercury within the
Basin (Table 5) (CVRWQCB, 2009c). In addition tatisy goals for acceptable
levels of methylmercury, mining sites were idestifithat require a 95 percent annual
load reduction of total mercury (Table 6) (CVRWQCH)09c). The Program also
outlines monitoring protocols, erosion control, amdad construction and
maintenance (CVRWQCB, 2009c).

Table 5: Cache Creek Basin methylmercury allocati@viRWQCB, 2009c)
Existing Acceptable  Allocation (%

Annual Load Annual of existing
(glyr) Load (g/yr) load)

Cache Creek (Clear Laketo North Fork
confluence)
North Fork Cache Creek 12.4 12.4 100%
Harley Guilch 1.0 0.04 4%
Davis Creek 1.3 0.7 50%
Bear Creek at Highway 20 21.1 3.0 15%
Within channel production and ungauged 49.5 32.0 65%
tributaries
Cache Creek at Yolo 72.5 39.0 54%
Cache Creek Settling Basin Outflow 87.0 12.0 14%
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Table 6: Cache Creek Basin inactive mines thatire@b percent total mercury load
reduction (CVRWQCB, 2009c)

Average Annual

Mine Load Estimate (kg
Hglyear)
Abbott and Turkey Run Mines 7.0
Rathburn and Rathburn-Petray Mines 20.0
Petray North and South Mines 5.0
Wide Awake Mine 0.8
Central, Cherry Hill, Empire, Manzanita, and West End Mines 5.0
Elgin Mine 3.0
Clyde Mine 0.4

There are a number of beneficial uses for waterdsoid the Cache Creek Basin that
are identified in the Basin Plan. Some of these usglude: municipal and domestic
water supply; industrial process and service sypgpbyntact and non-contact water
recreation; irrigation; and warm and cold freshwaeawning and wildlife habitat
(CVRWQCB, 2009a). To maintain these uses, the statablished Water Quality
Objectives (WQOs) and implementation policies thiewe these objectives. WQOs
are numeric targets that use standards, such asraxcontaminant levels (MCLSs),
TMDLs, odor, and color to determine water qualiGVRWQCB, 2009a). Cleanup
orders are created when beneficial uses of a waidy are being affected by polluted
water and WQOs are not being met (CVRWQCB, 200R&ny tributaries in the
Basin are not meeting water quality standards duemercury pollution from
abandoned mines. In particular, mercury is affgctmunicipal and domestic water
supply, recreation, and wildlife habitat (Cooke &ivis 2005).

The BLM manages a large portion of the Cache CHekin, and is therefore
considered one of the responsible parties for raeimg water quality and preventing
ongoing discharge of pollutants. The BLM is liabde cleanup on its property in the
Basin even though they were not the perpetratoteeoinitial discharge of pollutants
(CVRWQCB, 2009a). As a part of this responsibilitye BLM must comply with

cleanup orders issued by the CVRWQCB to achievdaigeted TMDLs. As stated

in the California Water Code and the Basin Planstes& must be cleaned up to
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background levels or, if this is not achievablethie most stringent level that is the
most technologically and economically feasible (W®RCB, 2009a). However, the
cleanup order is an enforcement action requirec bggulatory agency and can be
considered a minor action to mitigate the reledskaaardous waste; therefore, the
order is exempt from the California Environmentaluafty Act (CEQA)
(CVRWQCB, 2009a).

In addition to requiring the BLM to take action,etltleanup orders require the
creation of technical and monitoring reports (CVRGE) 2009a). Reports required
in the cleanup order include: Mining Waste Chandza¢ion Report; Mining Waste
Characterization Work Plan; Surface and Ground Whtenitoring Plan; and Site
Remediation Work Plan (CVRWQCB, 2009a). Cleanupthaf site must continue
until the Executive Officer determines the site Hasd sufficient contaminant
reductions to fully comply with the order (CVRWQCRQP09a). The BLM has
received cleanup orders for Rathburn-Petray Mirlgd€Mine, and Elgin Mine. The
Rathburn-Petray Mine order was issued in Decemb8b 2nd the Clyde Mine and

Elgin Mine orders were issued in August 2009.

Another challenge for cleanup of the Cache CreedirBes finding funding sources
for remediation and restoration actions. Althoutite BLM is the principal
responsible party for cleanup of its lands, it & the sole financier of all cleanup
projects; the BLM collaborates with the USEPA ar tCVRWQCB to fund
remediation efforts. In addition, the USEPA is ddesng approving the Cache
Creek Basin as a Superfund site (Weigand, 2010jhdf Cache Creek Basin is
classified as a Superfund site, this would sigaiiity change how cleanup actions
are financed and managed. Until a decision is middeBLM needs to find ways to
fund the restoration and/or remediation of themtaminated lands in the Basin. One
way to do this is through the BLM Natural Resouidamage Assessment and
Restoration (NRDAR) process.
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The NRDAR assessment is a litigation-based prodesigned to identify all parties

responsible for degradation of a natural resouncerder to get restoration of that

resource financed and underway. The Trustee ofdabeurce, in this case the BLM,

seeks damages from the polluting party to compengat the cost of the loss of

ecological services. These damages are then udeedaestoration of the affected

site.

It is important to note that NRDAR is a
funding mechanism for restoration, whereas a
Superfund  designation  would require
remediation of the affected site (see Box 1 for
definitions of restoration and remediation).
This is particularly relevant in the case of the
Cache Creek Basin, as many of the polluted
areas are on public land downstream of the
mine sites. Restoration under NRDAR would
allow the BLM to use funds acquired through
the litigation process to restore ecological
functioning at a site downstream of that which
is directly affected by the pollutant. The
effectiveness of restoration could be
maximized by choosing a site that is not
constrained geographically or politically by
the wilderness designation. Further research
must be done in order to determine an
appropriate valuation method for assessing
damages to ecosystem services in the Cache

Creek Basin.
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Box 1. Restoration

versus Remediation.
The difference between
restoration and
remediation must be
understood before any
cleanup efforts can be
initiated. Restoration
addresses the
downstream effects of
the pollutant, whereas
remediation addresses
the source of the
pollutant, in this case
abandoned mercury
mines (Weigand, 2010).
This distinction clarifies
which policies and
regulations apply to the
cleanup actions. Though
TMDLs do not
specifically state how to
achieve water quality
standards, it is
important to know
whethercleanup effort



Applicable Regulations, Policies, and L aws

The BLM must identify and consider various regulai and laws that relate to

restoration and remediation of the Cache CreekrB@&able 7). These regulations

can determine what remediation or restoration ogtican be undertaken at a
particular site. They can also affect the way inokttleanup is implemented. Some
of the regulations impacting cleanup actions aderfally driven and others are state
driven; however, state laws typically build uporideal standards or are based on
federal requirements. While a wide range of appleaegulations, policies, and laws
will be discussed below, we do not present an esthalist, only those we consider

the most relevant regulations for the Cache CreasirB Ecology and Environment,

Inc (2008) includes a more extensive list of amgilie regulations; however, it does
not mention the Wilderness Act, California Toxicsll® or the Antidegradation

Policy.

Table 7: Regulations, policies, and laws that BLM kave to consider for any
remediation and/or restoration project

egulation Citation
Antidegradation Policy 23 CCR § 2900 and 40 CFR8 Part of water quality standards
131.12 in the Clean Water Act. States

must establish a 3-tier system to
ensure water is not degraded
California Cultural and Document 33.4 State-level protection for
Paleontological Resources cultural and paleontological
resources via the Antiquities
Act of 1906 and CEQA
California Mining Waste 27 CCR § 22470-22510 Establishes three different
Regulations groups of mining waste that is
required for all mining sites
(active or inactive) and is
administered by the RWQCB
California Preservation Laws  Administrative Code, Title 14, Protection for objects of

Section 4307 paleontological, historical, or
archeological interest and/or
value
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Table 7continued Regulations, policies, and laws that BLM will leato consider for
any remediation and/or restoration project

L aw, Policy, Regulation
California Surface Mining and
Reclamation Act of 1975

California Toxics Rule

Closure Criteriafor Municipal
Solid Waste landfills

Design and Siting under
California Water Code (re:
CaliforniaMining Waste
Regulations)

Endanger ed Species Act

Historic Sites, Buildings, and
Antiques Act and Executive
Order 11593

Porter-Cologne Water Quality
Act

Regional Basin Plan for
Central Valley

The Historic and

Archeological Data
Preservation Act of 1974

Water Rights

Wilderness Act of 1964

Citation

Office of Mine Reclamation
Article 9 Title 14; § 3703, §
13704, § 3705, § 3706, § 371(
8§ 3711, 8§ 3712, § 3713

40 CFR Part 131.38

40 CFR Part 258.60(a)(1-3)

Section 13172

16 USC § 1531 (h) through
1543

16 USC 461 et seq.

CWC, Division 7: Water
Quality, Water Code Section
13000-13002

RWQCB Basin Plan

16 USC 469; 40 CFR 6.301

23 CCR §& 880-969

43 CFR Part 6300

34

Description
Protection and performance
standards for wildlife habitat;
backfilling, regrading, slope
stability and recontouring;
revegetation; drainage, diversion
structures, and erosion control;
stream protection; topsoil
salvage, maintenance, and
redistribution; tailing and mine
waste management; and closure
of surface openings

Clean Water Act numeric
criteria for priority toxic
pollutants for State waters
Design criteria for caps

State regulations for the design
of mine waste disposal sites for
the different mine waste groups

The preservation and
conservation of endangered
species and critical habitat

Federal agencies must consider
the existence and location of
landmarks on the National
Registry of Natural Landmarks
All State waters must be
protected for the use and
enjoyment by the people of the
state

Sets TMDL limits and
establishes location-specific
beneficial uses
Procedures to preserve historical
and archeological data that may
be destroyed during a federal
construction project or licensed
activity or program

The allotment of the use of
water either through the riparian
doctrine or prior appropriation
doctrine
Areas of land preserved for the
permanent good of the whole
people and for other purposes |n
a state that is unimpaired for
future use and enjoyment



Antidegradation Policy

The Antidegradation Policy is part of the water Iguastandards in the Clean Water
Act. Each state has its own antidegradation pateyndards. In California, the policy
is incorporated into all regional water quality toh plans (SWRCB, n.d.).
Therefore, the antidegradation policy should besmared for the TMDLs and other
water quality control issues in the Cache CreekirBaghe federal antidegradation
policy requires states to establish their own thieeed antidegration program based
on the following tiers: Tier 1 maintains and praseexisting uses and water quality
conditions necessary to support such uses; Tieraithtains and protects “high
quality” waters; and Tier 3 maintains and proteatster quality in outstanding
national resources waters (ONRWSs) (USEPA, 2009kjJifdZnia’s antidegradation
policy applies only to high quality waters and riegsi that existing high quality water
be maintained to the “maximum extent possible”, the tiered federal policy is
applied where relevant (SWRCB, n.d.). Water quakingets can be lowered if the
change is “consistent with maximum benefit to peopf the state and does not
unreasonably affect beneficial uses” and if wassehdirge does not allow pollution
or nuisance (SWRCB, n.d.). California currently masfederal Tier 1 designations
and does not use a Tier 2 designation; howeveapjlies Tier 2 protection per
pollutant by comparing the current water quality thee particular water quality
objectives for the pollutant (BLM, n.d.) If the veatis in Tier 1, California must
protect existing in-stream uses (SWRCB, n.d.). Her 2 protection, California uses
a qualitative approach to determine if an actiwill lower water quality (SWRCB,
n.d.), which was suggested for the Capay diverslam apron retrofit project
(SWRCB, 2010a). For Tier 3, California has 2 ONRW4$ake Tahoe and Mono
Lake — for which protect is mandated (SWRCB, n.d.).
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California Mining Waste Regulations

The California Mining Waste Regulations (CMWR) (ZXCR § 22470-22510;

CalRecycle, 2010) were promulgated by the StateeYWResources Control Board
and is administered by a Regional Water Quality t@&brBoard (RWQCB). These

regulations apply in the Cache Creek Basin becallsmining sites must comply

with the siting and construction requirements, \wketor not the mines are active.
There are three different waste group classificatieander the CMWR that are
determined by the risk of water quality degradativom the waste. These
classifications were created under the Californiaté%/ Code, which requires
California to adopt regulations to address the mameent of mining waste. Each
waste is to be classified as Group A, Group B, mup C by the RWQCB. Group A

includes mining wastes that are considered hazardeaste. Group B includes
mining wastes that either contain or consist of azandous waste or contain
nonhazardous soluble pollutants that would degveater quality and prevent water
quality objectives from being met. Group C includeming wastes that are in
compliance with water quality objectives when desgjed (other than turbidity). The
California Water Code (CWC 8§ 13172) stipulates aiartdesign and siting

regulations for these three groups: all mining simiust be protected from flooding;
containment structures must be designed by a esgdht civil engineer and

construction shall be supervised and certified byegistered civil engineer or a
certified engineering geologist; liner regulationmust be followed (e.qg.,

permeabilities shall be relative to the fluids,yclaners have to be at least two feet
thick with a compaction of at least 90 percent);edad Group B drainage facilities
shall be designed to withstand one 10 year, 24 lstanm. In addition to these

requirements, water quality monitoring is mandaatrgll mining sites.
Though mercury is typically considered a hazardeaste (Group A) mercury mine

tailings are considered a Group B waste. Miningtevasay contain and/or consist of

mercury (a hazardous waste by the Group A defmjfidout is not considered a
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hazardous waste itself because it can be removed ase (Tetra Tech, 2003). This
classification is important because if the mindirtgs and waste were considered
Group A, this would immediately eliminate the atyilio cap the waste (e.g., create a
municipal solid waste landfill) because hazardoaster cannot be put in a municipal
solid waste landfill (40 CFR Part 258.60(a)(1-3)) addition, Resource Conservation
and Recovery Act (RCRA) regulations would have eéddilowed for the handling of
hazardous waste, requiring special training anchger(Tetra Tech, 2003). Overall, if
mercury mine waste was classified as a hazardowtew#@ would significantly

increase the cost of and limitations on the remo¥ainy mine waste from the Basin.

California Surface Mining and Reclamation Act of %

California Surface Mining and Reclamation Act (CSRKIA) of 1975 contains several
regulations that are pertinent to the Cache CreairB however, these regulations
will only be relevant if a reclamation plan had been approved prior to January 15,
1993 (TetraTech, 2003). There are several regulatio the CSMARA that may be
applicable to the Basin regarding performance stadsdfor: wildlife habitat (14 CCR
8 3703); backfilling, regarding, slope stabilityydare-contouring (14 CCR 8§ 3704);
re-vegetation (14 CCR 8§ 3705); drainage, diverssbructures, waterways, and
erosion control (14 CCR § 3706); stream protecti@mcluding surface and
groundwater) (14 CCR 8§ 3710); topsoil salvage, teaiance, and redistribution (14
CCR § 3711); tailing and mine waste managementQCR § 3712), and closure of
surface openings (14 CCR 8§ 3713). These performataedards will not be
discussed in this paper, but details can be fowrdrdingly in each section of the
CSMARA and should be considered if deemed apprtmoria

California Toxics Rule
One of the regulations of concern for meeting TMIDhits is the California Toxics
Rule (CTR). The Clean Water Act requires stateadopt numeric criteria for the

priority of toxic pollutants if they could be exged to interfere with the designated
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use(s) of the state's waters (USEPA, 2009a). Galdchad set numeric criteria for
priority toxic pollutants in the Inland Surface WatPlans and Enclosed Bays and
Estuaries Plans in April of 1991, but a Califori8éate court ordered the state to
rescind the water quality control plans in 1994 BP@, 2009a). In April of 2000, the
USEPA promulgated numeric water quality criteria foiority toxic pollutants for
the State of California (USEPA, 2009a). The USERAated the water quality
criteria because the Administration was determit@dorotect California human
health and environment (USEPA, 2009a). A criterivas created for human
standards, but does not include standards for gogte life (USEPA, 2009a). The
National Marine Fisheries Service (NMFS) and thehFand Wildlife Service (FWS)
did not accept that the criteria would sufficiengisotect federally listed species and,
as a result, should not be promulgated (FederalisReg 2000). Therefore, the
criterion listed by the USEPA has a narrower fotlhan the original rule. For
mercury, the CTR has a water quality criterion @50u g/l total recoverable mercury
for freshwater sources of drinking water (Cooke &rkis 2005). In the Cache Creek
Basin, because of the naturally high sediment aunagons in many creeks, CTR

criterion is often exceeded even in creeks thaemeovmercury mines upstream.

Historical and Archaeological Data Preservation Aof 1974

The Cache Creek Basin contains many differentltfdoeds and areas with historical
significance. The protection of these lands is @isiaed under the Historic and
Archaeological Data Preservation Act of 1974 (160U49; 40 CFR 6.301), which
outlines a procedure to provide for preservatiomistorical and archaeological data
that might be destroyed through federal projeatsyidies, or programs. In addition,
California has its own version of the federal latwe California Preservation Law
(Administrative Code 14 8§ 4307), thereby creating tevels of protection on all
archaeological, historical, and/or culturally sigpant sites. Due to these laws,
historically, culturally, and/or archaeologicallgrsitive sites may not be impacted
during cleanup of the Cache Creek Basin (Weiga@dp® This act may prove to be
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a significant barrier for most remediation and oesiion projects bordering or

affecting historical, archeological, and culturidés.

Municipal Solid Waste Landfills

One possible way to contain mercury in the CacheelCrBasin is to place a
containment cap of clay over contaminated aredmss Viould be considered a landfill
(i.e., creating a landfill, disposing the mercurinenwaste within it, and covering the
landfill) and regulations must be followed for a mmipal solid waste landfill
(MSWLF) (40 CFR Part 258.60(a)(1-3)). Water qualdgncerns relative to the
design of a MSWLF are leachate and run-off. Theatfirtontrol system must collect
and control, at minimum, the water volume resultiragn a 24 hour, 25-year storm.
The final cover of the landfill must be designedmmimize infiltration and erosion
with the following criteria: maintains a permeatyililess than or equal to the
permeability of any bottom liner system or natugabsoils present or a permeability
no greater than 1x¥0cm/s (whichever is less); minimizes infiltratiotisough the
closed MSWLF by use of an infiltration layer thaintains a minimum 18 inches of
earthen material; and minimizes erosion of thelfowver by the use of an erosion
layer that contains a minimum 6 inches of earthestenml that is capable of

sustaining native plant growth. (FedCenter, 2010)

Species of Concern

An area of concern for all restoration and reméaiaefforts is whether endangered
or threatened plants and/or animals will be afi@ctEhere are no state or federal
endangered or threatened species which inhab@#cbe Creek Basin (the American
peregrine falcon was delisted both by the statefedieral government in recent years
(CDFG, 2010)). However, there are two List 1B pdam the Basin: the Hall's
harmonia Harmonia halli) and the adobe lilyHritillaria pluriflora ). List 1B plants
are categorized by the California Native Plant 8yc{CNPS) as “rare, threatened, or
endangered in California and elsewhere” (CNPS, R0lite CNPS Lists (1B and 2)
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are not a formal state or federal listing, but @adifornia State Director of the BLM
conferred sensitive status upon all List 1B plant€alifornia. As a result, the BLM
recognizes these plants as “Special Status Plam$"must treat them as if they are
federally- or state-listed endangered and/or tlerest plant (BLM, 2010). Hall's
harmonia has been primarily documented directly eamdian Valley Reservoir and
the adobe lily has been found to the east of Inffaltey Reservoir and southeast of
Clear Lake. Although the Cache Creek Basin hasliisb 1B plants, it is believed
these plants do not reside in areas that wouldopsidered for remediation and/or
restoration efforts (Weigand, 2010). However, acggse inventory should be
performed prior to the initiation of every projeict ensure that no endangered or

threatened plants or animals will be affected.

Water Rights

For various restoration and remediation optionstewaights must be considered
within the Cache Creek Basin. California has a fdsygstem,” which means it
recognizes the riparian and prior appropriationtdoes (BLM, 2001). California is
the only western state that recognizes ripariamtsigwhich adds a layer of
complexity to "water issues" as compared to ottetes (SWRCB, 2010b). The BLM
will be required to ensure that any remediation mastioration efforts do not decrease
or negatively affect any owners of water rights detkeam. This will be most
applicable in situations where water bodies arertidd or filled (e.g., building a new
settling basin). In addition, any streambed altenat or water projects will need

extensive permitting to ensure water quality isnteined (SWRCB, 2010b).

Wilderness Act of 1964

Similar concerns of the Historic and Archaeologita Preservation Act are
addressed in the Wilderness Act of 1964. The pwmpdsthe Wilderness Act was to
create a land preservation system for the permaguat of the people (43 CFR Part
6300). The Cache Creek Wilderness Area is over(®7&cres and most of this
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acreage is on BLM land (16 U.S.C. 1131). No minesvaithin the wilderness, but

contaminated sediments in Harley Gulch and CacleelClie within the wilderness.

The wilderness area poses an interesting problenrefmediation and restoration
because the act does not allow for permanent opdesry roads, use of motor
vehicles, motorized equipment or motorboats, lagdihaircraft, any other form of

mechanical transport, or installation of structuvathin the area. This essentially
limits any remediation and restoration efforts tacps easily accessible by kayak,
raft, horseback, or foot and technologies thatalorequire any motorized equipment.
This act and the Historic and Archaeological DatasBrvation Act are the two most
restrictive Acts for the BLM in terms of implememgi restoration actions in the Basin
and would require a significant amount of permgtifor any disturbances in the
wilderness; however, there is an allowed exceptibthe prohibitions for an action

that is “necessary to meet minimum requirements tf@ administration of the

wilderness area” (43 CFR 8§ 6303.1). Therefore,Bh#® could make an argument

that mercury cleanup is necessary for the bettermithe wilderness area and the
wildlife habitat and recreation benefits it prowsdeDespite the fact that the BLM

could get an exemption to clean up the wildernasg,&or our analysis we have
considered these regulations too stringent forcaffe restoration to take place within
the wilderness area. We have limited our discussionleanup measures to those
areas outside the wilderness.

41



Remediation/ Restoration Technologies & Management Options
Many strategies and technologies can be implemetdedemediate mine sites
contaminated with mercury and to restore streankdand sediments downstream of
mining areas. According to Pepper et al. (200&)ehare three major categories or
types of remedial actions:
1) Containment, where the contaminant is restrictea gpecified domain
to prevent further spreading;
2) Removal, where the contaminant is transferred flaamopen to a
controlled environment;
3) Treatment, where the contaminant is transformeal anhonhazardous
substance.
There are also a number of emerging technologigsate still in development and
have not been tested extensively in the field.ulhlist of remediation and restoration
technologies can be found in Table 8 with estimaibsost, effectiveness, and
expected time frame to show progress toward reduoiercury contamination at

impacted sites.
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Table 8: Remediation option descriptions

Remediation Option Effectiveness Cost ‘ Time
Do Nothing (Natural Attenuation) Not effective"’ Low’ — Requires Monitoring | Long’
Institutional Controls Not effective Low? N/A
. . o q Medium-HigH™*
Excavate and contain waste on site High ($300-510 per metrion ) Short
. L. .1 Highz’d
Excavate and transport waste to an offsite treatfaerlity High ($300-500 per metrion ) Short
Erosion Controls/Bank Stabilization "
(Place barriers between material and waterway, Mediunt Low-High? Short
recontour/regrade, revegetate, redirect storm fuorafeotextiles
A) Cap Medium-High” Low-Mediunf=>" Short
e o e Medium-High®®~
Containment B) Solidification and Stabilization High ($50-330 per ) Short
. . . High > *
C) Physical barriers High ($870-$1200 per A Short
: : 6 Medium-High*
A) Soil washing High ($70-187 per ) Short
. . . Medium-High® ¥~
Chelmical Treatment | B) Acid extraction High ($358—1,71$ oer fy Short
) C) Alkaline leaching Uncertairt Medium-High?”~ Short
D) Soil Flushing Uncertaift High™ ™ Medium*
($14-37 per iy
: A) Adsorption Medium' High>"~ Short
Chemical Treatment ($63-90 per M)
(Water) o o . High®”"
B) Precipitation and Coprecipitation Hitth ($4.5.10.8 per ) Short
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Table 8continued Remediation option descriptions

Remediation Option Effectiveness Cost ‘ Time
In-situ Thermal Desorption Low-High®® High"%° Short
. . . . Highl,d
Vitrification High ($349 per ) Short
Phytoremediation Low-Mediun? Low Mediun?
($0.18-0.63 per f)
A)Expand existing settling basin Low-Hibh High? Short
fﬂetgipg I?asin B) Create new settling basins Low-High® ’ High? Short
odifications : . .
bC) Redlrect thermal springs to settling Low-High' 7 High? Short
asins
] Bl . 139 Medium3’6*
Air stripping High ($0.1-0.5 per ) Short
Nanotechnology — Developing HiyA° Low™ Short
. L . Medium-High o
Bioremediation — Developing (in lab studies} Uncertain Short

: Tetra Tech, 2003

: FRTR, 2002

: Wood, 2003

: Kunkle et al., 2006

: USEPA, 2007

: Cooke and Morris, 2005
: Cabrejo, 2010

: Looney, 2001

OCO~NOOUTA,WNE

: Tetra Tech, 2003 — Total cost will vary basedtensize of the site

10: Mattigod, 2003

11: Pepper et al., 2006

12: USEPA, 1997

13: PNNL, 2009

14: Kahn et al., 2004

* Low operational costs, but high capital costsdastruct
infrastructure

** Depends on materials used

*** May be influenced by concentrations of mercury
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Containment Technologies

There are several types of containment technolap@shave been used to address
mercury-contaminated sites. Generally, containméathnologies work by
“controlling the flow of fluid that carries the ctaminant or directly immobilizing the
contaminants” (Pepper et al., 2006). Examplesootainment technologies that can
be used to address mercury contamination includesipdl barriers, solidification/
stabilization, and containment caps. The advantddkese types of technologies is
they can contain mercury in a relatively short antoaf time; however, these
technologies can be costly depending on the sitleeo$ite and the types of materials
used for containment. There are also possibles tiskt containment technologies can
be washed away during large storm events. Soilingpgnd stabilization have been
applied in at least two sites in North America,lugiing Clear Lake in California and

Oakridge in Tennessee (Turner and Southworth, 1999)

Physical barriers

A physical barrier to groundwater is used “to cohthe flow of water to prevent the

spread of contamination” (Pepper et al., 2006)rriBis are most effective when they
are “installed in front and down gradient of thentzominated zone” (Pepper et al.,
2006). A typical barrier consists of a verticaflycavated trench that is filled with
slurry (Figure 9). According to the Federal Remaéidn Technology Roundtable
(FRTR) (2002) "the technology has demonstratedeftectiveness in containing

greater than 95% of the uncontaminated ground Waied “most slurry walls are

constructed of a soil, bentonite, and water mixtugturry walls are typically placed

at depths up to 30 meters and are generally Ol62taneter thick.” This technology

was used at the Onodoga Lake superfund site teeptdiie spread of contaminated

materials including mercury (USEPA, 2010e).

While this technology is effective at containinghtaminated groundwater, there are

some disadvantages. Not only will the slurry wedl/e a high cost (estimated $870-
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$1200 per M) but there is a possibility that it could degradejntroducing
contamination into the area (FRTR, 2002).

'Waste Material

Figure 9: Physical containment of a groundwatertammant plume with use of a
slurry wall (FRTR, 2002)

Solidification/Stabilization (In-situ encapsulation

In-situ encapsulation is accomplished by injectingolution containing a compound
that will solidify the contaminated area into thals For example, “cement or a

polymer solution can be added, which converts tbataminated zone into a

relatively impermeable mass encapsulating the can@nt” (Pepper et al., 2006).

This technology is frequently used to meet reguatoleanup levels and is

commercially available (Otto and Bajpai, 2007). oftrer advantage of this strategy
is that it may limit the release of contaminanttigées into the atmosphere (DTMC &

SRWP, 2002).

This technique is used frequently, but a majordiatd consider before implementing
this strategy is the cost to treat large amountgadte as well as the potential that the
solid matrix may degrade and the possibility thamtaminants may leach into the

environment (Pepper et al, 2006).
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Containment Cap

A containment cap can be used to physically coveap wastes in order to reduce
eliminate mobility of the contaminated medium. Ating toTetra Tec (2003) caps
can “vary in complexity from a simple earthen cot®ra multilayered ce design”
(Figure 10).Costs for this strategy will vary depending on tlesign and the size
the area. Other factethat may increase costs include topograglope stability, anc

hydrogeology among others (Tetra Tech, 2(

Mercury contained under a cap will have reducedosie to the environment, k
the contanination will still be preser This technique is typically considered
temporary solution, but some cases it can be used |tegn (Tetra Tech, 2003
The use of contament caps is a common practice and has been imptechen area
such as the Port of Richmond in San Frani Bay Bourne and Chan, 200Tetra
Tech, 2003)
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Figure 10: Typicatlesign of a containmenap (FRTR, 2002)

Erosion Controls and Stream Bank Stabilization
Several techniques can be implemented to contosi@n and stabilize stream bani

This is important to prevent the downstream transpd sediments containir
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mercury. It was shown that “erosion of mercurydiadoils from contaminated sites
can be reduced by common erosion control pracsuek as drainage modifications,
re-grading, re-vegetation, and slope stabilizatiidTMC & SRWP, 2002). Surface

flows and stream flows can be redirected to avbal érosion of mercury enriched
soil. In addition, barriers can be placed betwiese soils and waterways. Another
option to stabilize stream banks is to use matersaich as mulch or geotextiles.
Additional options include re-vegetation of exposaul and re-grading to reduce

erosion potential.

Re-vegetation
Re-vegetation can decrease erosion potential bychegl the impact from erosive
forces like water and wind. Tetra Tech (2003) reswends the following steps when
using re-vegetation:

1) select appropriate plant species,

2) prepare seed bed, which may include deep apiplicaf soil amendments

to provide acid buffering and enhance vegetation,
3) seed and plant,

4) mulch and/or apply chemical fertilizer.

Runoff control

A few strategies can be used to reduce runoff aedemt sediments from being
washed into the waterway. Some runoff controlduthe drains, ditches, and piping
(Tetra Tech, 2003).

Geotextiles
Geotextiles are permeable fabrics which are usegparators, filters, and for erosion
control (MEOEA, 2003).
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Grading

Re-grading hillsides can help to control erosionrbglucing slope and increasing
infiltration to minimize runoff (Tetra Tech 2003)However, this strategy can be
costly since it requires the use earth moving egeit and may be difficult to

implement in areas with poor accessibility.

Removal

Removing contaminants is the most fundamental ngetraf remediating

contaminated sites. This technique is applied featly at sites that are highly
contaminated with mercury (DTMC & SRWP, 2002). Mexc can be removed
through either excavation or by thermal methode létectrokinetic remediation.
While these technologies are highly effective tlaeg often expensive and require
drastic habitat alterations. Settling basin addg&ioand modifications are also

discussed in this section since settling basingiregeriodic sediment removal.

Excavation (Relocate Material Onsite/Offsite)

Excavation has been used with a high success Tdiere are, however, some
disadvantages associated with excavation: excawvat@m expose site workers to
concentrated mercury contamination; contaminatedianequires potentially costly
treatment and/or disposal; excavation is genefalhgible only for relatively small,
shallow areas with localized and highly contamidaseurce zones (Pepper et al,
2006). As noted above, after materials are excdvtitey must be relocated either
onsite or offsite. Tetra Tech (2003) proposed thestruction of an onsite repository
that would have the capacity to store waste fraesghat are excavated in the Cache
Creek area. If materials are removed offsite theystnbe taken to an appropriate
hazardous waste disposal site, depending on tle¢ dé\contamination. Soils that are
removed can be treated to lower the concentratibnoro remove mercury
contamination. If there is a large volume of wadtds strategy may be cost
prohibitive (Tetra Tech 2003).
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Settling Basin Additions and Modifications

Settling basins can be designed to catch and retiiments to prevent them from
moving downstream and spreading contamination. Kwodj the Cache Creek
Settling Basin near Yolo or adding new settlingibhsisnay serve as a tool to reduce
the downstream transport of mercury adsorbed tpesuted sediments in streams. A
settling basin slows down the movement of watethsth some suspended sediment
has an opportunity to settle out. The settling masust be periodically excavated to
remove contaminated materials. According to Cooké Blorris (2005) a settling
basin “could be engineered to capture 90-95% ofseédiment transported during
average storm flows.” However, if flows are higle tefficiency of a settling basin
may be reduced (Cooke and Morris, 2005). This abse the residence time during
high flows would be much less, and the suspendeunsat would not have enough

time to settle out into the basin.

Electrokinetic Remediation (Thermal Treatment anceRioval)

Electrokinetic remediation processes remove mefiif® mercury) and organic

contaminants from low permeability soil, mud, arddge. FRTR (2002) indicates
“the principle of electrokinetic remediation relispon application of a low-intensity
direct current through the soil between ceramictedeles that are divided into a
cathode array and an anode array.” This currentlined® charged particles, causing
ions and water to move toward the electrodes (Eiglt). Metal ions including

mercury move toward the cathode because they asitivety charged. Localized

mercury contamination can then be removed througtavation. Effectiveness is
sharply reduced for wastes with a moisture contériess than 10 percent (FRTR,
2002). In addition, hydrogen gas is generated dutime electrokinetic process
through electrolysis of water at the electrode K\iyte et.al, 2002). Therefore, gas

treatment is an important factor to avoid explosion

50



Process Control System
Extractionf Extraction/
Exchange Exchange
I - AC/DC
Processing Processing Converter
— I 1 )
Anade+ " Cathode
Cathodic
Acid Front Process
ancror Anodic
Process Fluid

Processed
Media

Figure 11 Electrokinetic System (FRTR, 20(

Phytoremediation

Phytoremediation is e of the majotbiological treatmentdor metals, including
mercury.There are several types of phytoremediation thatbeapplied for heav
metal cleanupincludin¢: phytoextraction; pytovolatilization; and rhizofiltratiol
Through these processeqgants either store the mercury in their roots andoss or
volatilize mercury into the atmosphe While phytoremediation can be used
remove dissolved forms of mercury and methylmerciuryvill not be effective a

removing insoluble forms of mercu

Some of the advantages of toremediation include: low cost; easy ilementation;
reduced disturbance of landscape as compared ¢ technologiesand permaner
removal of the contaminant (Cabrejo, 2010; Shuklal.e 2010) However, in orde

for phytoremediation to be feasible, Henry (2000es that plants mt:
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1) extract large concentrations of heavy metals heir roots,
2) translocate the heavy metals into the surfacmass and

3) produce a large quantity of plant biomass.

In addition, remediative plants must be able terite high mercury concentrations
accumulated in their biomass, or have a detoxiicatnechanism (Henry, 2000).
According to Patra and Sharma (2000) plants tylyicahly tolerate mercury

concentrations between 5 and 20 mg/kg. Other cereidns to take into account
with this strategy include the depth of contamimtsince cleanup is constrained to
the root zone and the potential for wildlife to ingpacted if they eat the mercury-
laden plants (Henry, 2000). Also, plants that stoexcury in their tissues must be
harvested to fully remove mercury from the systdinis will bring up issues for

disposal of contaminated plant materials.

It is also important to consider plant species #ratnon-invasive and plants that are
adapted to climatic conditions at the site. Thengidulrush Schoenoplectus
californicug is an aquatic species that has been used innetyge environments
(Nelson et.al, 2006). Other plant species adamtedetiand-type environments which
may be applicable to some sites in the Cache CBeaskn include cordgrasses like
Spartinaspp. as well as poplar tredsr{odendron tulipiferg (Pilon-Smits and Pilon,
2000). Another potential plant species that mayapplicable to the Cache Creek
Basin is vetiver grassVgtiveria zizanioidds This grass would be suitable to the
Cache Creek Basin because of its ability to todetagh levels of contamination,
adapt to Mediterranean climates, and prevent anq3icuong, 2000).

Phytoextraction
Phytoextraction can be applied to media such dsdodge, sediment, and in some
cases water (Fuller, 2002). Plants absorb meraom the soil and accumulate it in

their tissues (Figure 12) (Henry, 2000). The mdfdciive plants are those that are
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hyperaccumulators. Some hyperaccumulators can alf4@0 times more metals
than a common non-accumulating plant” (Henry, 20@hce mercury has been
removed from the soil by the plants, the plants tnfogs harvested and disposed of
properly as hazardous waste. Some species that iean applied include Indian

mustard, sunflowers, poplars, and pennycress (F@092).

Harvest

Uptake

Figure 12: Mechanism of Phytoremediation (HenrQ®0

Phytovolatilization

According to Jadia et al. (2008) “phytovolatilizatiinvolves the use of plants to take
up contaminants from the solil, transforming themo wolatile forms and transpiring
them into the atmosphere.” Although mercury is reetbfrom the contaminated soil,
this method produces the unwanted side effect tdaseng mercury into the
atmosphere, which can be deposited elsewhere wadtershed or transported outside
the Basin. In laboratory experiments, geneticalbdified tobaccol. abacumand a
small flowering plantArabidopsis thalianphave been used to convert ionic mercury
(Hg®™") to the less toxic elemental mercury @Hdghrough phytovolatilization. The
disadvantage to this is mercury can be releasedth atmosphere and back into
lakes and oceans by precipitation, repeating tloelymtion of methylmercury by

anaerobic bacteria (Jadia et.al, 2008).
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Rhizofiltration

Rhizofiltration is also used to extract mercury hkutis mainly used to treat
contaminated groundwater and surface water (F@R02; Henry, 2000) (Figure 13).
This technique is similar to phytoextraction (Arel§ Ramachandra, 2006). Some
species that are capable of rhizofilitration indwdater hyacinth, Indian mustard, and
hybrid poplars (Fuller, 2002).
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Figure 13: Rhizofiltration Sytem (Henry, 2000)

Physical and Chemical Treatment (Soil)

Soils can be treated by a number of physical amtnatal techniques. Some of these
techniques include soil washing, acid extractidkalane leaching, and soil flushing.
These technologies may be applicable in the CadleekCBasin in order to treat
excavated materials prior to disposal or for reasdill. However, relatively high
costs are associated with the excavation of comizied materials and subsequent
treatment (Tetra Tech, 2003).

Soil Washing/ Acid Extraction

Soil washing and acid extraction are both ex-sémediation techniques used to
remove mercury from contaminated soils. Soil waghiemoves contaminants from
soil by first physically separating particles ahdn using aqueous based chemicals to
remove mercury (USEPA, 2007; Kahn et al., 2004; w&@903). After particles are
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separated by size classification, oxidative leaglian occur (Figure 14). However,
the use of soil washing or acid extraction may mequadditional treatment of
byproducts or sludge (Tetra Tech, 2003).
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Figure 14: Typical soil washing process (Rudigeagt2010)

Alkaline Leaching

Alkaline leaching also uses the addition of chetsida treat contaminated soils.
Thiol groups are used as reagents for leachingruad®aline conditions. “Complexes
such as thiocarboxylates and dithiocarboxylatespasgerful and selective mercury
(1) complexants and may be more stable than sirtipé#s under alkaline conditions”
(Rapko et al., 2002). According to Tetra Tech (90@Bnmonia, lime, or caustic soda
is applied to the contaminated medium in a heap, araagitated vessel.” Alkaline

leaching could be effective in leaching mercurynircontaminated media that has
been excavated.
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Chemical Treatment (Water)

Chemical treatments for mercury in water includsaagtion as well as precipitation
and co-precipitation. Often it is necessary to tese technologies in combination
with others in order to achieve effective resuliet(a Tech 2003). While these
techniques have been shown to be effective at meremoval they will require the
construction of a treatment facility near the diing treated. Construction of a
treatment facility may be costly and would reguareenergy source nearby. This may
make it difficult to apply these methods to the aCreek Basin.

Adsorption and Stabilization

Adsorption is the process of accumulating mercuoynf contaminated water onto a
solid surface so that it can be removed (Tetra T@003). According to Otto and

Bajpai (2007) this technology is “used more oftehew mercury is the only

contaminant to be treated, for relatively smallstems, and as a polishing effluent
from larger systems.” This technology is applicatde groundwater, surface water,

and wastewater.

The most commonly used adsorbent in this proce$sn(@anplemented at industrial
waste facilities) is granular activated carbon (B8E1997). Huang and Blankenship
(1984) studied the removal of Hgfrom synthetic wastes using eleven different
brands of commercial activated carbon. Among thevem different types of
activated carbon, Nuchar SA and Nuchar SN showedntbst effective (>99.9%)
removal of mercury in a wide pH range (2.5 to 11$EPA, 1997).

Other materials that can stabilize mercury in watelude thiol-modified zeolite and
magnesium oxide. Thiol-modified zeolite is a matkeriwith self-assembled
monolayers on mesoporous supports consisting diteelb can be used as reagent to
stabilize mercury in its molecules (Hagemann, 2003gnesium oxide can work as

a binder reagent. Using this binder, mercury isbist®d and solidified in a
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magnesium hydroxide matrix (S. Hagemann, 2009).atidition, treatment of
adsorbents that contain mercury should be consideweprevent the release of

mercury into the atmosphere.

Precipitation and Co-precipitation
Precipitation transforms dissolved contaminants sulid forms, which can then be
collected. Chemicals used include: ferric saltsjidesulfate, ferric hydroxide, alum,
pH adjustment, lime softening, limestone, calciugdrbxide, sulfide, and lignin
derivatives (USEPA, 2007). The most commonly useecipitation method for
removing inorganic mercury from wastewater is sldfprecipitation. In this process,
sulfide as sodium sulfide or another sulfide saltadded to the waste stream to
convert the soluble mercury to the relatively indd¢ mercury sulfide. The USEPA
(1997) reports mercury removal efficiencies of 83906.9 percent with this method.
The best pH range for this technology is betweemd 9. The steps involved in the
precipitation or co-precipitation process are:

1) water is mixed with treatment chemicals,

2) a solid matrix is formed through precipitationcoprecipitation, and

3) the solid matrix is removed from the water (UBEROQ7).

Water Treatment — Industrial Applications

There are many other treatment technologies for ovamy mercury from
contaminated water such as coagulation and sedati@mt coagulation and filtration,
granular activated carbon, reverse osmosis anstrgiping. However, these methods
are mainly used for ex-situ treatment at sites sagclwastewater and drinking water
treatment facilities. Since these technologies pwenarily applied in industrial
settings and have not been tested in more nateftalg they may not be applicable to

the Cache Creek Basin at this time.
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Emerging Technologies

There are a number of emerging technologies beesjed to treat mercury-
contaminated sites. However, many of the newdmielogies have only been tested
in laboratory settings and their applicability flveating natural sites has not been

thoroughly investigated.

Soil Flushing

Soil flushing is similar to soil washing describabdove except that it is an in-situ
treatment (Figure 15). An acid-based reagentjécied into solid media to solubilize
metals that are then extracted and treated. Toistdogy is still being evaluated for
its applicability and has only been tested on atpskale (Tetra Tech 2003). This
techniqgue has also been used in laboratory tegpboreng its effectiveness for

mercury remediation (Garcia-Rubio et al., 2007)e Bffectiveness of this technique
is influenced by soil type. In soils that have towch silt or clay, the flushing

solution may not be able to come into contact waghtaminants (Kahn et al., 2004).
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Figure 15: Diagram of soil flushing(FRTR, 2008
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Nanotechnology

Nanotechnology has mainly been applied in induss&itings to treat mercury-
contaminated wastewater. A pilot study was condlatsing thiol self-asembled
monolayers on mesoporous silica to treat an aqueasse stream (USEPA, 2007;
Otto and Bajpai, 2007). This technology was veffgaive at mercury remediation,
removing over 99 percent of the contaminant. Ano#pplication of nanotechnology
is the use of iron sulfide nanoparticles to treatcury in soils. In this process, soils
are injected with nanoparticles in order to immbelthe mercury as HgS (Cabrejo,
2010).

It has been suggested that nanotechnology candikinssnvironmental settings to
treat and clean up polluted areas (Karn et al.9p0Dhis type of technology is still
being investigated for its applicability in moretmal settings since there are many
unknowns about long-term impacts from introducingnomaterials into the
environment. There are also concerns about howmatasials may impact the health
of humans or wildlife (Karn et al.,, 2009). Despiteese risks, the use of
nanoremediation should continue to be exploredesiincan reduce costs and cleanup
time as well as “eliminate the need for treatmemdl @isposal of contaminated
dredged soil” (Karn et al., 2009).

Thermal Treatment (In-situ Thermal Desorption)

Thermal treatment works by heating subsurface aond removing contaminants

using a vacuum (Otto and Bajpai, 2007). In labasaexperiments, 99.8 percent of
elemental mercury was removed from soils (Kunklalgt2006). This technology is

still being evaluated for applicability in the fiel Some disadvantages to this
technology include high cost and challenges with accessibility due to the need to

install a number of wells.
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Vitrification

Vitrification can either be used in-situ (Figure) & ex-situ. During this process,
contaminated soil is heated to an extremely higiperature, anywhere from 1,600 to
2,000 °C (USEPA, 2007; Tetra Tech, 2003). The Hght essentially melts the soil
and immobilizes the contaminants, which becomerpm@ted into the vitrified end-
product (USEPA, 2007). Vaporized mercury shoulccaptured by an off-gas hood
and treated to avoid transfer of the contaminarthéoatmosphere (Figure 17). The
depth of contamination and the concentration oftanxmmants present can limit this
technology. If contamination is too shallow or tdeep (>20 feet) this process may
not be applicable in-situ (USEPA, 2007). Also, fhvecess is more effective with
lower concentrations of mercury (USEPA, 2007). #dition, vitrification may be
relatively expensive compared to other managenteategies (Tetra Tech, 2003).

This technology was used on a pilot scale to treatcury contamination in the
Lower Fox River, Wisconsin (USEPA, 2007). A fullede study was conducted at the
Parsons Chemical Superfund Site where 3,000 cubdsyof sediment were treated

for mercury contamination (FRTR, 1995).
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Figure 16: Diagram of in-situ vitrification systeiffRTR, 2008)
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Figure 17: Vitrification processing and equipmepheme (Geosafe Corporation,
1994)

Air stripping

Air stripping is a remediation technology that da@ used to treat contaminated
water. This technology is still being evaluatediterapplicability in the field. A study
at the Savannah River in South Carolina showedthitechnology has the potential
to be effective for removing mercury contaminatiwshen combined with chemical
reduction (USEPA, 2007; Otto and Bajpai, 2007this study, stannous chloride was
added to the groundwater and then the water wasegsed through an air stripping
device (USEPA, 2007; Otto and Bajpai, 2007). Of§-gaeatment could be
incorporated using a Mercury Removal Adsorbent @ystwhich removes mercury
by adsorption such as with sulfur-impregnated atéigt carbon or an alternative low
temperature gas phase Hpeatment system (B. Looney et.al, 2001). A tybaia

stripping device can be seen below (Figure 18).
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Figure 18: Example of an in-situ air stripping gyst (FRTR, 2008)

Bioremediation

Bioremediation is the use of “microorganisms touas eliminate, contain, or
transform contaminants present in soils to benigrdycts” (Adeniji, 2004). There
are two types of bioremediation: in-situ bioremédm and ex-situ bioremediation,
which is used typically in wastewater and drinkimgter treatment facilities.
Although in-situ bioremediation is used primaribr organic contaminants (Pepper et
al., 2006), there are emerging bioremediation teldgies to reduce mercury
contamination using mercury resistant bacteria (JRBRB can transform toxic
Hg®* and methylmercury to less toxic HgMercury can be contained and
immobilized in the bodies of MRB, and removed wiio-films from wastewater.
However H§ can be released into atmosphere more easilyeatrtent of volatilized

gas should be considered. There has also beerraglesesing genes from MRB to
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genetically modify plants. Insertion of the genesithe DNA of plants allows the
plants to withstand higher mercury concentrationd enore effectively remediate
contaminated sites (Omichinski, 2007; Meagher .e2800). Some species that have
been manipulated to enhance mercury tolerancedadaobacco and yellow poplars
(Omichinski, 2007).

Another new form of bioremediation involves usingarteworms to treat
contamination in soils. Earthworms have been shtowieffectively bioaccumulate
or biodegrade several organic and inorganic chdmioaluding heavy metals”
(Sinha et al., 2010). Parra et al. (2010) condletdeasibility study to determine
whether or not earthworms could be used to cleamegcury contamination. While
this research is promising, there are still chgémthat need to be addressed, for

example how to remove mercury-laden earthworms fitwrsoil.

Additional Management Options

Do Nothing
One option addressed in our analysis is to “do ingth letting mercury naturally

attenuate from contaminated sites. However, it ddiklely take hundreds of years
for mercury in highly contaminated areas to be resdonaturally from the system.
While this management option would not require air@mediation and restoration
actions, monitoring would be necessary. Public eagh programs may also be
necessary to ensure awareness about mercury coatsoni issues, especially
regarding the consumption of contaminated fish (@aand Morris, 2005).

Institutional Controls
Institutional controls do not reduce mercury loadibut could be used to protect

human health and the environment. They are prisnagéd to reduce the exposure of
humans and wildlife to contaminated materials. @xample of an institutional
control is to build a fence and put up signs thatil minimize access to the mine
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sites and reduce contact by humans and animalscoittaminated material. Another
example of an institutional control is to providema education to make the public
aware of the safe limits of fish consumption in #rea. This management strategy
would be low cost, but it would not address thersesi of mercury pollution (Tetra
Tech, 2003).

Summary of Remediation Technologies

There are many approaches that can be used toeredarcury concentrations in
contaminated soils and water of the Cache CreelknBlsiny options like excavation
and capping can be costly, however there are soneging technologies such as
phytoremediation that are being developed to meetnted for low-footprint, low-
cost technologies to treat contaminated sites. eSithese technologies are still
emerging, an option may be to use the Cache CresinBas an area to conduct
feasibility studies to assess whether or not thgses of technologies can be applied
in a natural setting. The use of a low-cost, lowtiwint technology such as
nanoremediation could help to solve many of theammmation issues in the Basin.

The applicability, cost, and effectiveness of themthods depend heavily on site-
specific features, as well as the type of medisettreated by the technology

(Table 9). To meet the TMDL, these technologieslmamplemented individually or
combined to achieve better results. In the follgvigections, some of these
technologies will be evaluated based on their appllity, effectiveness, duration and

cost for sites within the Cache Creek Basin.
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Table 9: Summary of media treated and applicaldlitiemediation technologies

Remediation Option Media Treated In-situ/Ex-situ Applicable Site Type

Do Nothing (Natural Attenuation) N/A N/A Any

Institutional Controls N/A In-situ Any

Excavate and contain waste on site Soil In-situ Stream bank sediment, wetlands,
waste rock, tailings pile

Excavate and transport waste to an offsite Soll In-situ Stream bank sediment, wetlands,

treatment facility waste rock, tailings pile

Erosion Controls/Bank Stabilization Soil In-situ Stream bank sediment, waste

(Place barriers between material and waterwa rock, tailings pile

recontour/regrade, revegetate, redirect storm
runoff or geotextiles)

Containment | A) Cap Soil In-situ Stream bank sedimeatlands,
waste rock, tailings pile
B) Solidification and Soll In-situ or Ex-situ Stream bank sediment, waste
Stabilization rock, tailings pile
C) Physical barriers: to prevent Soil and Groundwater In-situ Tailings pile
leaching of contaminated water
from waste
Chemical A) Soil washing Sall Ex-situ Stream bank sediment, waste
Treatment rock, tailings pile
(Soil) B) Acid extraction Soil Ex-situ Stream bank sedimevaste
rock, tailings pile
C) Alkaline leaching Soll Ex-situ Stream bank sediment, waste
rock, tailings pile
D) Soil Flushing Soll In-situ Stream bank sedimevdste
rock, tailings pile

65



Table 9continued Summary of media treated and applicability of eeimtion technologies

Remediation Option

Media Treated

In-situ/Ex-situ

Applicable Site Type

Chemical A) Adsorption Water Ex-situ Thermal springs, areas with
Treatment contaminated water
(Water) B) Precipitation/Coprecipitation Water Ex-situ Thead springs, areas with
contaminated water
In-situ Thermal Desorption Soll In-situ Waste rock, tailings pile
Vitrification Soil In-situ or Ex-situ Waste rockaitings pile
Phytoremediation Soll In-situ Stream bank sediment, wetlands,
waste rock, tailings pile
Settling Basin | A)Expand existing settling Removal of In-situ When sediments are suspended in
Modifications | basin sediments suspended water
in water
B) Create new settling basins| Removal of In-situ When sediments are suspended in
sediments suspende water
in water
C) Redirect thermal springs tg Removal of In-situ Thermal springs, when sediments
settling basins sediments suspended are suspended in water

in water

Air stripping Water In-situ or Ex-situ Thermal springs, areas with
contaminated water

Nanotechnology — Developing Technology Soil or Wate In-situ or Ex-situ Stream bank sediment thermal
springs, stream bank sediment,
waste rock

Bioremediation — Developing Technology Soil or Water In-situ or Ex-situ Stream bank sediment thermal

springs, stream bank sediment,
waste rock
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Current Remediation in the Cache Creek Basin

Some remediation projects have already taken piacthe Cache Creek Basin,
including the Sulphur Bank Mercury Mine, Abbott afidrkey Run Mines, and the
Reed Mine. Additionally, the BLM is currently beging remediation efforts at the
Rathburn and Petray Mines.

Sulphur Bank Mercury Mine

Cleanup efforts at the Sulphur Bank Mercury MineBNBM) started in 1992,
however the majority of the work was conducted amlye 2008. The USEPA has
removed soil, cut back the slope of mine wasteotutrol erosion, created a surface
water diversion, and removed mine waste from rogdw@SEPA, 2010c). The
USEPA will continue with cleanup at Sulphur Bank tgonducting a remedial
investigation to fully characterize the SBMM site propose final remedies”
(USEPA, 2010c). Further action will be need foresaV years in order “to address the

ongoing surface and ground water releases from SBMISEPA, 2010c).

In 2006-2007 the USEPA excavated, removed and skgpof all contaminated soils
and mine waste located in the residential aredn@tBlem Indian Colony. These
wastes were disposed of in a landfill near SBMM dhd USEPA is currently
evaluating long-term strategies for effective clgarof the main mine property.
Complete mine waste excavation and disposal wasnpth by September 2010
(USEPA, 2010d).

Abbott and Turkey Run Mines

Remediation efforts at Abbott and Turkey Run miststed in fall 2006 and were
completed in early September 2007. El Paso MercBartgy-Petroleum Company,
which purchased COG Minerals Corp. (the originakrapor of the mines), was
identified as the party responsible for the cleaofighe site. EI Paso contracted
CDM, a Cambridge, MA-based engineering consult@ntiesign and implement the
remediation of the mines (Larson, 2007). During ithplementation phase, they not
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only cleaned up the mines but also disposed of2#@oned vehicles and several
tons of illegally dumped garbage (Larson, 2007).Thming material that was

considered to be non-leachable was consolidatebdeafAbbott Mine, re-graded to

minimize erosion, capped with 2 feet of clean saiig re-vegetated (Larson, 2007).
Erosion of the pile is further reduced by placitgw wattles parallel to the surface
every 15-20 feet to slow down surface runoff. Réimuaf longer traverses the entire
length of the slope, but is directed by a numbesmoéll channels to the main channel
that runs along side of the pile. This channekmaed in riprap to slow the velocity

of water. Runoff from this channel flows into thee®¥ Fork of Harley Gulch, which

has also been riprapped below the pile. The mimatgrial that was considered to be
leachable, as well as other material that may haekhigh concentrations of mercury
were excavated and trucked to a hazardous wastéensievada. Mine entries were
also filled and capped. Capping materials werenmhee to withstand a 100-year flood
event. As of 2007, a monitoring plan had not beetemnined since there was no

requirement for post cleanup monitoring (LarsorQ720

Knoxville Mining District

Homestake Mining Company purchased a large porbibthe Knoxville Mining
District near Davis Creek in 1984. Since that tirttes Davis Creek reservoir was
built and Homestake has made efforts to clean aptiming areas. The remediation
of the Reed Mine included capping tailings withatlesoil, extensive re-vegetation,
and plugging the adit (Holloway, et al., 2009; Foel Croyle, 1998). The Davis
Creek reservoir traps as much as 300 kg/year o€umgrduring wet years, despite
remediation efforts at the Reed Mine (Reuter et18196).
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METHODOLOGY

Decision Trees& Matrices

We created a series of decision trees to assisBii in determining whether to
begin restoration or remediation of a contaminatge and, if so, which cleanup
technologies would be appropriate. The decisioa lies been broken down into three
parts (APPENDIX I: Decision Trees). The first demistree asks general questions
about the site meant to identify whether or not $ite is a good candidate for
restoration. The information gathered from thisisiea tree is entered into a site
characterization matrix, which will aid the usergroceeding with the second tree.
The second decision tree outlines the differentegiation and restoration technology
options that we have determined to be the mostoppiate for the Cache Creek

Basin.

In the second decision tree, the user navigatesighr a series of questions about
each remediation or restoration option; a “no” amswisqualifies the option from

further consideration for that specific site. Ifchaquestion is answered “yes” then
that option is retained for the final decision tr@de third and final decision tree
evaluates details of the remediation and restoratexhnologies taken from the
previous tree. The goal of this final decision tred¢o determine which options are
most cost-effective and most efficient at reduaimgrcury contamination at a specific
site. Information gathered from the second anddtbicision trees is entered into a
management options matrix. Upon completion of tlarix, we recommend the most
applicable options be analyzed in further detaihgighe assessment criteria and

ranking system described below.
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Assessment Criteria

In order to assess different management optionsede&tion technologies were
classified as high, medium, or low for three catexg cost, effectiveness, and
timeframe (c.f. Table 8). Cost categories were rd@teed qualitatively based on a
literature review in order to avoid difficulties thi comparing across media (e.g.,
units for soil versus units for water volumes oowl rates). Some technology
estimates of cost were not stated quantitativelgtudies reviewed, but just referred
to as “low cost” or “high cost.” For example, wefithed a technology as “high cost”
when the option was referred to as "high cost"coist prohibitive.” Also, options that

would require the construction of a treatment fgciwere often defined as “high

cost,” even if operational costs would be low. Tremlbgy cost classifications can be
found in Table 8. Rough estimates of cost for stéectnologies are listed, however
the actual costs to implement the technologiesrdest will vary greatly depending

on site-specific conditions.

For effectiveness, a technology was classifiedigs i mercury concentrations are
expected to be reduced by greater than 90 perbased on published studies.
Technologies in the medium range are expected docee concentrations 50-90
percent and technologies with low effectivenessexygected to remove less than 50
percent of mercury in the contaminated media. W{@@D3) proposed a similar
system for assessing remediation technologies, Yewiresholds were set much
lower (high = >50 percent, medium = 25-50 percant low = <25 percent). In our
study, thresholds were set higher because of thet sequirements for mercury
removal set forth in the TMDL reports for the Cadbeeek Basin. Timeframe was
considered as the amount of time it would takemplément a remediation strategy
and how long the process of removal would takeordgltimeframe was considered
greater than 20 years; a medium timeframe 10 tpe2@s; and a short time frame less
than 10 years.
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Ranking System & Case Studies

Selected remediation technologies were rankeddon ease study based on the three
assessment criteria (cost, effectiveness, and rmamef). A low score indicates a
preferred technology or remediation strategy. Scavere based on classifications
(high, medium, and low) of each management opfi@blie 10).

Table 10: Scores given for cost, effectiveness, &ntkframe used to rank
management options

Category High or Short
Cost 3 2 1
Effectiveness 1 2 3
Timeframe 1 2 3

To combine the scores for cost, effectiveness ianeftame, the individual scores
were adjusted by adding coefficients to emphasizging levels of importance a
decision maker may put on the assessment crit&éha.final score was calculated

using the following equation:
a b C
Score = <(a+b+c)*x>+<(a+b+c>*Y>+<(a+b+C)*Z>

X = Effectiveness Score

Y = Cost Score

Z = Time Score

a, b, and c = weighting coefficients determinedtsy decision maker depending on
the amount of emphasis they put on the variousnpeters. Weighting coefficients

range between one and five (Figure 19).
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Less Emphasis More Emphasis

1 2 3 4 5

Figure 19: Ranges for ranking coefficients. Whamnameters are emphasized less,
the coefficient is lower and when parameters arphasized more, the coefficient is
higher

For each case study, management options were é&sliram the perspective of two
types of decision makers (Table 11). This was dondlustrate how adjusting the
assessment criteria can produce different resaitd,how decision makers can rank
technologies based on case-specific constraints.fifét type of decision maker is
constrained by a low budget and may put more enipltas technologies that are
lower cost, even if they are less effective or tekeger. The second type of decision
maker puts more emphasis on preventing adversehhetiects on humans and
wildlife. This type of decision maker may prefeigher-cost technologies that are

more effective and take less time.

Table 11: Ranking coefficients for the two typegletision makers selected

Cost Effectiveness Timeframe
Decision M aker 1 5 2 3
(L ow Budget)
Decision M aker 2 2 4 4

(Health Effects)

We have prepared six case studies to illustrate dmaision tree process for
determining the restoration and remediation teasgmost applicable to a specific
contaminated site. After the applicable manageraetibns were chosen, they were
ranked taking into account the different prioritiesvarious decision makers. The
specific steps outlined by the decision trees enelated in our first case study of the
Harley Gulch wetlands; the remaining case studsssime these steps have already

been completed.
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Harley Gulch Wetlands

The wetlands in Harley Gulch are located alongWrest Branch, downstream from
the inactive Abbott and Turkey Run mines and pakr#dl Highway 20 (Figure 20 and
Figure 21). It is believed that the majority oétmethylmercury in Harley Gulch is
produced in the wetland (Cooke, et al., 2004; Ryt@®00). The Abbott and Turkey
Run Mines have been a large source of inorganicungin Harley Gulch and Cache
Creek and are responsible for the high concentratad mercury in the sediment of
the wetlands (Cooke and Morris, 2005). A thermalngpat the Turkey Run Mine
also contributes a large amount of sulfate to tletlamd, which has been shown to
promote methylation (Rytuba, 2000). It is estimatkdt the methylmercury load
exported from Harley Gulch is about 1 g/yr on ageraand that loads may be higher
during wet years (Cooke, et al., 2004).

Figure 20: Site location of Harley Gulch Wetland
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| SRR e e T P
Figure 21: Photograph of Harley Gulch Wetland (Sweng2010)

It was recommended by the CVRWQCB (Cooke and Mpo2@95) that the Abbott
and Turkey Run mines as well as the wetland be detesl in order to reduce
methylmercury concentrations in Harley Gulch; speciemediation suggestions
included “removing sediments containing mercurypuéing water flow, reducing
residence time of the water,” (Cooke and MorrisD%0among other options. As
discussed above, the Abbott and Turkey Run mine® headergone remediation
efforts, but to date no remediation has occurretiénvetland.

The first step in determining applicable remediattechnologies is to characterize
the site as outlined in Decision Tree | (Figure.ZBhe first question is used to
determine if the site should be targeted for redgtom based on the level of

contamination. Given the concentration of mercufghle 12) at the site and its
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location in the Basin it would be a good site tadact restoration actions in order to

meet water quality objectives downstream.

Since the wetlands are not owned by the BLM codjmeravith the landowner would
be necessary. The BLM could encourage restorattivitees and make a plan with
the landowner on how to proceed. The next questiahneeds to be addressed is if
the site is within the wilderness area. Since $ites is not within the wilderness area
one can proceed to the next question in the tfékeIsite had been in the wilderness,
it is recommended that an alternative site is setesince there are a number of legal

and policy constraints associated with restoradictivities in the wilderness area.

The next issue that must be considered when clesiaog a site is accessibility.
The Harley Gulch wetlands are located adjacent hgglhway so accessibility is not
an issue in this case. If a site is not easilyssible it may be necessary to choose an
alternative site to avoid the need to build roadstber actions in order to transport
equipment and materials needed for remediation estoration activities.
Transporting materials or creating roads to inasibés sites may be costly and cause

harm to the environment.

After it has been determined that a site is acbissnough to conduct remediation or
restoration actions the next step is to determiniare are historical or cultural
resources in the area. If there are then a newrsaleneed to be determined since it
may be difficult to obtain permits to work in areasth historical and cultural
significance. In the case of the wetlands there raveissues with cultural and
historical resources so the next question in tloesden tree can be addressed; funding
is another important consideration in the remediatand restoration process. At
some sites, like the wetland, NRDAR funding may dailable and should be
pursued to help complete remediation and restoraodions.
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Figure 22: Decision Tree | for Harley Gulch Wetland
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Table 12: Site Characteristics for Harley Gulch /e

L ocation Harley Gulch Wetland

Land Owner Private trust

Wilderness Area? No

Site Type Upstream wetlands

Amount of total mercury 135 - 540 kg (estimatiof?)

Annual mercury delivery in dry/wet Unknown, but not much, the thick vegetation protsibi
year much erosion

Annual methylmercury delivery in 0.8 glyt”

dry/wet year

Sour ce of methylmercury? Yes, moderate source

Mercury Concentration 5 - 20 mg/kg (estimatioff)

Areaof site 18,000 Mm@

Volume of contaminated soil 18,000 mi(assume 1 meter deép)
Slope Flat

Vegetation Cover Grasses

Accessibility High - accessible from Highway 20
| ssues Wetland provides valuable habitat

(@) Amount of total mercury calculated from our estiimatof mercury concentration

(b) Cooke and Morris, 2005

(c) Mercury concentration estimated by assuming thalewe soil has a higher concentration of mercury
than Harley Gulch, which our study measured to.barg/kg, but lower than the 20 — 220 mg/kg that
Churchill and Clinkenbeard estimated to be erodtiom the Abbott Mine tailings pile. The
concentration of mercury in the wetland soil mayhiggher than 20 mg/kg, and should be measured.

(d) Measured from NAIP aerials in ArcMap.

(e) The depth of contaminated soil should be measured.

After the first decision tree is complete, the setdecision tree (Figure 23) can be
followed to determine the best management actioadadble. Since the mercury at
this site is primarily associated with sedimentsytpremediation, containment cap,
removal and excavation, erosion control, solidifma and stabilization, thermal

treatments, and vitrification are all consideregiadsking if the mercury is present in
the sediments. Settling basin construction andreetion of flows are considered

because mercury may be present in the water adbdesuspended sediment.
Chemical treatments of water and air strippingedirinated since the mercury is not
primarily in the water. Physical barriers are efiated since the main concern for
mercury contamination at this site is not assodiatgth groundwater. Chemical

treatments of soil can also be considered, but dvpulmarily be used as an ex-situ
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step after contaminated materials have been exahvahe next technologies that can
be eliminated are vitrification and thermal treatrseof soil since they require energy
sources that are not present at the site. Alsbjligeion and solidification may be

eliminated based on the moisture content at thee &itrther analysis of the site
characteristics like the pH and particle size woalsdo be needed before further

consideration of this option.

Phytoremediation continues to be considered sihogould be applicable to the
species of mercury present (although it cannot v@misoluble forms of mercury it
can help manage methylmercury and soluble forms nmadrcury). Mercury
concentrations are low enough to allow for vegetafyrowth, and based on the site
description (that there is vegetation cover cufyeat the site) plants would likely
grow under the climatic conditions and soil typegant. This also remains an option

since the slope is flat and would allow for vegetato grow successfully.

A containment cap is also an option that can besidened further. It is not likely
that flows will be high enough to wash away a cag the slope of the site would

accommodate the construction of a cap in the area.

Removal and excavation remains a feasible optiv@ngthe accessibility of the site
this option would be relatively easy to implemer@ne extra consideration for this
option is if there is an appropriate site for disploof materials. An offsite treatment
and disposal facility will need to be selected ar ansite option will need to be
determined. Also, in this case erosion controlscamabined with excavation. After
excavating the site it will be necessary to stabilihe area by adding fill and re-

vegetating.

The last options that remain to be consideredleeconstruction of a settling basin

or redirection of flows around the wetland. Thels®} basin option is possible since

78



some of the mercury at this site will be adsortmeduspended sediment. Because the
site is not an existing settling basin the benaficises of the water body should be
considered before proceeding. There is adequate dpaa settling basin at this site
and it should be able to contain the amount of orgreuspended in the sediment.
Further testing will be necessary to determineféasibility of these options from an
engineering perspective. Redirection of flows acbtime wetland could reduce the
amount of methylmercury that is transported frora thetland. Habitat alteration
must be considered for both options.

In addition to determining the most applicable rdrmgon options, it is necessary to
evaluate them based on effectiveness, cost, arefrime to meet the TMDL as in
the third decision tree (Figure 24). After the$mracteristics are defined for each
remediation or restoration option, the options banranked to determine the best
course of action. If an option is not likely to mhéee TMDL then it may be necessary
to combine the action with other remediation sggege. However, in some cases even
if an option does not fully meet the TMDL it conigs to be considered if it is the

best available technology.

In summary, for the Harley Gulch Wetlands the nmaggplicable restoration options
determined from the second and third decision tieelside: removal of sediments
followed by filling and re-vegetating the site, pbremediation, constructing a
containment cap, constructing a settling basin, settirecting flows (Table 13).
While these options have been determined to becaybd in the wetlands there are a
number of additional factors to consider for thesstoration strategies. These options
also need to be compared against the option toalbing and let the mercury

attenuate naturally.
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Table 13: Management options for the Harley Gulattldnhds

Effectiveness Other Issues

Do nothing Monitoring costs are necessa

Remove Short High High Waste disposal; access; habitat
sediments, add alteration

fill, re-vegetate

Phytoremediation Medium  Low Low-Medium Can wash away; long time

frame; depth of contaminatior,
may not be met, harvesting,
disposal

Containment Cap  Short High Medium-High Contamination still there; Can
wash away; importing clay

Settling Basin Short Medium -  High High flows may cause
High efficiency to be reduced;
maintenance required;
Methylmercury may form
Redirect Flows Short Medium - Low - High Habitat alteration

High

The first option listed for the wetlands, “Do nathj” would not usually be
considered since it would take a long time to meater quality objectives and
agencies often must take some sort action to maetiated objectives. However, this
option was used as a baseline against which to ammguther proposed actions. The
next option is to remove sediments, add fill, aed/egetate the area. This strategy
would be very effective in a short amount of tinbeit could potentially be very
costly, considering the size of the site. Howesgeice the site is very accessible, the
use of earth-moving equipment in the area would puste a significant challenge.
Another cost that may be associated with this apsahe treatment of contaminated
materials that have been excavated. Sediments eatnebted after removal with
chemical or physical technologies described inrdmediation technologies section
above as well as Table 8, Remediation Options Dmsmns. After treatment, the
sediments could be returned to the area but thiddame costly and postpone refilling
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of the site. Another option would be to excavdispose of the hazardous sediments,

and refill the area with fresh materials to avdid tosts of soil treatments.

The next option is to use phytoremediation. Howeydants in this case may be
constrained by the high mercury concentrations.ofdiog to Patra and Sharma
(2000) most plants are only able to withstand mmrconcentrations between 5 and
20 mg/kg. In addition, the depth of contaminatidroidd be considered since the
plant roots may not be able to reach far enougteneove all of the mercury at the
site. Since this site is a wetland, more waterawiespecies may be applicable. Some
potential plant species that can be used includegcass, cat-tails, and bulrush
(Pilon-Smits and Pilon, 2000). It will be importatat choose plant species that are
native to the area and tolerant of climatic condisi. In addition to concerns about the
limitations of the plant species used there arerotioncerns with phytoremediation
like the possibility that the vegetation could basived away during a large storm
event. Also, if the plants used accumulate mergutheir tissues they would need to
be harvested and disposed of properly. Another loiaak to phytoremediation is the
long timeframe required to meet cleanup objecti@ber options that have a shorter

time frame and are more effective may be more epble.

The third remediation option is to place a contanincap of clay over the site to
prevent sediments from flowing further downstrearhe cap would then be re-
vegetated to restore the wetland plant communityis Toption would be more
effective and take less time than phytoremediatnanyever, there are other concerns
that must be considered with this option. One efriajor concerns with this option
is that a portion of the cap may be washed awathénevent of a large storm,
exposing the mercury-contaminated soil below. Gantant caps with water flowing
over them must follow the natural gradient that teger would take, or else the
natural hydrologic forces will attempt to erode tbap and restore the natural
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gradient. A risk assessment should be conductatkttermine if the benefits of the

cap outweigh the risk that it may need to be relafier a large storm event.

A settling basin could be constructed to prevemtirsents from moving further
downstream into Harley Gulch. This strategy wowduire periodic maintenance that
would involve removing the sediments from withinettbasin; however the
accessibility of the site would make this processrenfeasible. This strategy is
higher-cost but results would be seen more quidkign with a strategy like
phytoremediation. The settling basin option is uei@mong the options, because it
can also help with removal of mercury originatingni the areas upstream of the
wetlands. Care must be taken that the settlinghbiashot a source of methylation,
because it may create conditions with anoxic wetlaoils that are ideal for

methylmercury production.

The last management option is to redirect flowsyavam the wetland to prevent
methylmercury from flowing further downstream inktarley Gulch. This would
involve creating a structure such as the concnegel Ichannel that already exists from
upstream of the wetland to the Abbott Mine. Whiglirecting the flows may be
effective, it would prevent the wetland from receg/ water, and potential habitat
alterations should be considered before implemgrhis strategy.

The remediation options chosen above were rankddrumwo different scenarios to
determine the best technologies under varying m&magt constraints as described
in the methods section. When calculating the score®me cases, where a range of
values were presented, an average value was usmd.eXample, when the
effectiveness of a remediation option was scoredmadlium to low or high to
medium an average number was used. In the caséyvbrpmediation, which is
ranked low to medium for effectiveness, a score2& was assigned instead of

calculating the score based on the range of 2-3.
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The first scenario was scored with an emphasissorediation options that are low-

cost, to simulate a situation where remediatiomoastmust be taken under budget
constraints. In this scenario, phytoremediation Moloe the best option since it

received the lowest score (Table 14). The secordasio was scored to emphasize
the effectiveness in meeting the TMDL and the cam@dout adverse health effects
of contamination. In this case, remediation optitreg are more effective at quickly

reducing mercury contamination would be preferfeanking the options shows that

excavation should be used in this situation (T4ble
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Table 14: Results of ranking options in the HaBych Wetland for a decision maker that puts adesmphasis on low cost
technologies. Weighted coefficients for effectisgecost, and timeframe are in bold and in pareethe

Option Effectiveness (2) Cost (5) Timeframe (3)

Calculation Total Score

Do nothing 3 1 3(0.2)+1(0.5)+3(0.3) 2
Remove sediments, add fill, re-vegetate 3 1 H3®.5)+1(0.3) 2
Phytoremediation 2.5 1 2 (2.5)(0.2)+1(0.5)+2(0.2)
Containment Cap 1.5 3 1 (1.5)(0.2)+3(0.5)+1(0.3) 12
Settling Basin 2 25 2 (2)(0.2)+(2.5)(0.5)+2(0.3) 2.25
Redirect Flows 2 2.5 2 (2)(0.2)+(2.5)(0.5)+2(0.3)  2.25

Table 15: Results of ranking options in the HaBaych Wetland for a decision maker that puts adasgnphasis on
prevention of adverse health effects from contatrona Weighted coefficients are in bold and pahneses.

Effectiveness (4) Cost (2) Timeframe (4) Calculation Total Score
Do nothing 3(0.4)+1(0.2)+3(0.4)
Remove sediments, add fill, re-vegetate 3 1 13@.2)+1(0.4)
Phytoremediation 2.5 1 2 (2.5)(0.4)+1(0.2)+2(0.4) 2
Containment Cap 1.5 3 1 (1.5)(0.4)+3(0.2)+1(0.4) 6 1.
Settling Basin 2 2.5 2 (2)(0.4)+(2.5)(0.2)+2(0.4) 2.1
Redirect Flows 2 2.5 2 (2)(0.4)+(2.5)(0.2)+2(0.4) 21
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Harley Gulch Delta

The Harley Gulch Delta is located at the confluenteHarley Gulch and Cache
Creek within the Cache Creek Wilderness Area. Di#a is in the floodplain of
both Harley Gulch and Cache Creek (Figure 25 agdrEi26). This area contains a
large quantity of mercury-enriched sediment fromsen of the Abbott and Turkey
Run Mines. Due to the level of contamination as thite and its location, it would be
an important area to clean up to reduce contanoindtirther downstream. However,
there are a number of issues regarding gainingsadecethe site since it is located in
the wilderness. There are also concerns aboutrdéstae at the site since it is located
adjacent to an area of archaeological and cultigalificance (see Table 16 for site

characteristics). According to Cooke and Morri@0®R):

Accessibility to the delta is limited as no roadssgynificant trails
exist. Potentially, small earth moving equipmentilddbe lifted by air
into the delta area so that trail construction wlonbt be necessary.
Feasibility would depend, in part, on whether reratoh could be
designed to avoid disturbance to archaeologicalteattitional cultural
sites in the watershed.

These considerations will constrain the feasibildf using some remediation

technologies that are more invasive.
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Figure 26: Harley Gulch Delta looking east
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Table 16: Site description matrix for Harley Guhlta

L ocation Harley Gulch Delta

Land Owner BLM

Wilderness Area? Yes

Site Type Small intermittent stream, Stream bank sediment
Amount of total mercury 15% — 78% kg

Sour ce of methylmercury? Small

M ercury Concentration®© 4.83 mg/kg silt, 4.20 mg/kg sand
Area of site® 6000 nt

Volume of contaminated soil® 12,000 mi

Slope Flat

Vegetation Cover Low — Grass

Accessibility Inaccessible

(@) Cooke and Morris (2005) estimated the total masaeartury in the delta to be 15-20 kg

(b) Estimation based on assuming that the 12,09@ha density of soil is 1,400 kgfpand that the average
mercury concentration is 4.5 mg/kg.

(c) Foe and Bosworth, 2008

From the decision trees, a number of remediatidioeg for the Harley Gulch Delta
were selected (Table 17). Management strategigswibiee determined to be most
applicable for this site include: excavation anspdisal onsite, phytoremediation, and
a containment cap. Do nothing was also considegainaas a baseline for the
comparison of cost, effectiveness, and timeframeotbfer technologies. Other
technologies such as chemical treatments of wat¥e wot considered since the
mercury in this area is primarily associated wigdimments. Thermal treatments were
not considered since these would require additionfthstructure that would be
difficult to construct considering that the siterédatively inaccessible and has many
policy constraints associated with being classifesdwilderness area. In addition,
constructing a settling basin to catch sedimentyy mat be feasible due to

accessibility issues that may present barrier@talacting required maintenance.
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Table 17: Management options for the Harley Gulett®

. Time .
Option Frame Cost Effectiveness Other Issues

Do Nothing N/A Low None Monitoring costs are
necessary

Excavation and Short High High Waste disposal; access;

Erosion Control cultural sensitivities;
habitat alteration

Phytoremediation Medium Low Low-Medium Can wash away; long

time frame; depth of
contamination may not
be met

Containment Cap Short High Medium-High Contamination still
there; Can wash away;
importing clay

Solidification and Short Medium - High Leaching

Stabilization High

The first option is to do nothing and let the meycoaturally attenuate. This option
is not realistic since it may take hundreds of gdar the mercury contamination to
be minimized. This would not meet the TMDL and therould be substantial costs
associated with continued monitoring. This optioii e considered a baseline for
each of our case studies.

The next option is to excavate contaminated madserighis option would remove
mercury from the system quickly and effectively.wéwver, it would not fully address
the mercury issues in the Harley Gulch Delta sismerces upstream would still be
contributing to contamination. If mercury continueslow from upstream, additional
excavation may be necessary in the future. Exaavatiould also be expensive
because of the inaccessibility of the site. Acaogdto Cooke and Morris (2005)
equipment would need to be airlifted into the arearder to conduct an excavation
of the site. Another option would be to construetvnaccess roads, but this would
also be expensive and invasive. Some other comgidies that need to be taken into

account for this site include determining where teste will be taken and how
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disturbance to the site may affect the habitat@dtiral significance of the grassland

just south of the Delta.

Phytoremediation is another potential remediatiptiom for this area that would be
lower cost and be less invasive compared to otteragement options. Plants could
be used to extract mercury from the soils ovemgéo period of time. However, there
is a possibility that the vegetation planted cooddwashed away during a big storm
event. Also the plant roots may not reach the deptlcontamination. Another

concern is the harvesting and disposal of contammihplants that would be needed

for those that hyperaccumulate mercury rather todattilize it.

Another lower cost option that would be quicker antbre effective than
phytoremediation is a containment cap of clay. Maaild contain the mercury and
prevent it from washing downstream and enteringaiipgatic ecosystem. The area is
flat so steep slopes would not impact the constrnaif a containment cap. However,
this may not be the best option because the mersiwatyl present under the cap and
there is a relatively high probability that portsoof the containment cap would be

washed away during a large storm event.

The final management option considered for thie sias solidification and
stabilization. This strategy would immobilize merngwand prevent it from eroding

into Cache Creek. The types of binders used waiildance cost of this strategy.

After the above management options were seledbey, were ranked based on two
types of decision makers. From the perspective diudget-constrained decision
maker, phytoremediation would be the recommendeatesfy (Table 18). This

strategy may take longer, but the benefits ofatg €ost would mitigate this concern.
For the second type of decision maker, who empbasiealth effects, the best

options would be solidification and stabilizatidraple 19).
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Table 18: Results of ranking options in the HaBaych Delta for a decision maker that puts moraroémphasis on low-cost
technologies

Effectiveness (2) Cost (5) Timeframe (3) Calculation Total Score
Do nothing 3 1 3 3(0.2)+1(0.5)+3(0.3) 2
Excavation and Erosion 1 3 1 1(0.2)+3(0.5)+1(0.3) 2
Control
Phytoremediation 25 1 2 (2.5)(0.2)+1(0.5)+2(0.2) _I
Containment Cap 15 3 1 (1.5)(0.2)+3(0.5)+1(0.3) 12
Solidification and Stabilization 1 25 1 (1)(0.2)+(2.5)(0.5)+2(0.3) 1.75

Table 19: Results of ranking options in the HaBaych Delta for a decision maker that puts moreleass of preventing
adverse health effects from contamination

Option Effectiveness (4) Cost (2) Timeframe (4) Calculation Total Score
Do nothing 3 1 3 3(0.4)+1(0.2)+3(0.4) 2.6
Excavation and Erosion 1 3 1 1(0.4)+3(0.2)+1(0.4) 1.4
Control
Phytoremediation 25 1 2 (2.5)(0.4)+1(0.2)+2(0.4) 2
Containment Cap 15 3 1 (1.5)(0.4)+3(0.2)+1(0.4) 6 1.

Solidification and Stabilizatior 1 25 1 (1)(0.4)+(2.5)(0.2)+1(0.4) !
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Sulphur Creek Stream Banks, Cherry Hill to Manzanita

The stream bank sediment within Sulphur Creek Yatlentains high concentrations
of mercury from both natural background levels argdorical mining activities. The
stream banks from the Cherry Hill Mine to the dotkeam side of the Manzanita
Mine, approximately 400 meters, may erode durimgh Hiows and be a large source
of mercury for the watershed (Figure 27, also sakld 20 for site characterization
matrix). Aerial images reviewed in Google Earth whihat a bend adjacent to the
Manzanita Mine has moved approximately 10 metemnfL993 to 2009, although it
is difficult to measure with accuracy. The Manzamitine (Figure 28 and Figure 29),
located north of Sulphur Creek, was both a goldraedcury mine from mid-1800s to
mid-1900s (Churchill & Clinkenbeard, 2003). The @leHill mine, located south of
Sulphur Creek, southwest of the Manzanita mine, avgsld mine that operated in a
similar timeframe. The stream banks may also hawercany contamination
originating from upstream mines including the Elgand Wide Awake mines.
Mercury was most likely used during the gold amailgaon process, and soll in the
area may also have naturally high concentrationsl@iental mercury. Elemental
mercury is more easily dissolved in water and matribute to higher levels of

methylation than cinnabar.
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Figure 27: Site location of stream bank betweenr@heill and Manzanita mines
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MANZANITA MINE, SULPHUR CREEK, COLUSA COUNTY.

Photo. hy W. L. Wauts, Field Awsistant.

Figure 28: Photograph of Manzanita Mine (Watts,3)89

LY

Figure 29: Photograph of Manzanita Mine Summer 2010
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Waste material from the Cherry Hill and Manzanitaes is incorporated into stream
bank sediments, and some areas may contain mecomgentrations with several
hundred mg/kg. Churchill and Clinkenbeard (2003)oréed on several samples of
bank alluvium taken along Sulphur Creek in the afehe mines, and confirmed that
at least some of the bank is highly enriched witkraary. There was a range of
concentrations found between 25 and 78 mg/kg aMidmezanita mine and as high as
280 mg/kg near Cherry Hill (Churchill & Clinkenbear2003). In addition to those
two mines, West End Mine, Empire Mine, and Cenllahe are near this location.
The CVRWQCB has estimated that an average annadldb0.3-8.7 kg of mercury
originates from these mine sites, including Mantzaaind Cherry Hill (Cooke and
Morris, 2005). They have also determined that p&%ent reduction at these sites is
a necessary part of meeting the TMDL for SulphugeRr The estimates were based
on data collected during or after six storms, hdtmbt include erosion from bank
sediments between Cherry Hill and Manzanita miigske and Morris, 2005). This
additional erosion could add several kilograms torm events (Churchill &
Clinkenbeard, 2003). It is also estimated that afipwa load of 4.8 kg of mercury
comes from the Manzanita Mine sub-watershed, whattributes 40 percent of the
load found at the USGS gauge downstream (Figuré@@ke & Stanish, 2007). It is
also recognized by the CVRWQCB that too few samplese taken to be able to
statistically develop a relationship between meratwncentrations and flow from
each site (Cooke and Morris, 2005).
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Table 20: Site Characteristics for Cherry Hill toahtanita Mine Sulphur Creek
Stream Bank

L ocation Cherry Hill to Manzanita

Land Owner Richard Miller or American Land Conservaffty

Wilderness Area? No

Site Type Small perennial stream (Drainage area: 22.8)RinStream
bank sediments

Amount of total mercury Hundreds of k§

Annual mercury delivery in Unknown

dry/wet year

Annual methylmercury Unknown

delivery in dry/wet year

Sour ce of methylmercury? No

M ercury Concentration 10 - 280 mg/k§y

Length of Stream Bank 400 m?

Slope Very Low

Vegetation Cover Low - grasses

Accessibility Moderate - Past a private gate and at least gdgrtinlprivate
property

I ssues * Private Property

» Area floods during very high flows

(@) Richard Miller and the American Land Conservancydarge portions of the Sulphur Creek Valley,
although property lines are not known.

(b) Measured in ArcHydro 9

(c) Churchill and Clinkenbeard, 2003

(d) Measured in ArcMap from NAIP aerials. This lengtitl change depending on how much stream bank
is determined to restoration actions taken.

The Cherry Hill to Manzanita site is not owned hg BLM, and it is unclear whether
it is owned by Richard Miller or the American La@bnservancy (both own large
portions of the valley). Although the BLM does rmmwn the property, it will be

important for remediation and restoration actiomdé taken so that the BLM can
meet the TMDL and protect water quality downstrazinthis site. The technologies
considered for the Cherry Hill to Mazanita site amailar to those discussed for the
Harley Gulch Delta, which is expected since mosthef mercury at these sites is
associated with stream bank sediments (Table 2bweder there are some
differences in the sites. For example, Cherry HilManzanita is not located in the

wilderness area and would be more accessible. whidd make excavation and
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removal of sediments easier and less costly. Homineesite is on private lands and
would require landowner cooperation for remediafations to be taken.

Table 21: Management options for Cherry Hill to Manita

. Time .
Option Frame Cost Effectiveness Other Issues

Do nothing N/A Low None Monitoring costs are necessar
Excavation and Short High High Waste disposal; access; cultural
Disposal sensitivities; habitat alteration
Phytoremediation = Medium  Low Low-Medium Can wash away; long time

frame; depth of contamination
may not be met

Containment Cap Short High Medium-High Contamination still present;
Can wash away; importing clay

Solidification and Short Medium -  High Leaching

Stabilization High

While phytoremediation is a proposed action fos thite, it may not be feasible due
to the high concentrations of mercury in the s¢i6-280 mg/kg) as well as the
climatic conditions at the site. The effectivene$shis option would depend on the
ability for plants to grow in the area and to withd high levels of mercury and
flooding in the event of high flows. Containmemnas¢gies as well as excavation pose

the same risks as described in the Harley GulckaBelction.

As a result of the remediation option's ranking lgsig, again phytoremediation
would be the recommended strategy for decision maeke (Table 22). However as
mentioned above, choosing plants which can witlistdagh mercury concentrations
and survive in the climatic conditions is necess&gnetically engineered plants
using the bacteriaherA (mercuric ion reductase) amderB (organomercurial lyase)
genes may be applied (Ruiz andDaniell, 2009). Iprapriate plants cannot be
identified then the next option that should be abered would be in-situ
solidification and stabilization. Solidification dn stabilization would be the

recommended strategy for decision maker two (TaB)e
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Table 22: Results of ranking options for the Chétilyto Manzanita Mine stream bank sediments foleaision maker that
puts more of an emphasis on low cost technologies
Option Effectiveness (2) Cost (5) Timeframe (3) Calculation Total Score

Do nothing 3 1 3 3(0.2)+1(0.5)+3(0.3) 2
Excavation and Erosion 1 3 1 1(0.2)+3(0.5)+1(0.3) 2
Control

Phytoremediation 25 1 2 (2.5)(0.2)+1(0.5)+2(0.2) -
Containment Cap 1.5 3 1 (1.5)(0.2)+3(0.5)+1(0.3) 1 2.
Solidification and Stabilization 1 2.5 1 (2)(0.2)+(2.5)(0.5)+2(0.3) 1.75

Table 23: Results of ranking options for the Chetilyto Manzanita Mine stream bank sediments foleaision maker that

puts more of an emphasis on effectiveness

Effectiveness (4) Cost (2) Timeframe (4) Calculation Total Score
Do nothing 3 1 3 3(0.4)+1(0.2)+3(0.4) 2.6
Excavation and Erosion 1 3 1 1(0.4)+3(0.2)+1(0.4) 1.4
Control
Phytoremediation 2.5 1 2 (2.5)(0.4)+1(0.2)+2(0.4) 2
Containment Cap 1.5 3 1 (1.5)(0.4)+3(0.2)+1(0.4) 6 1.
Solidification and Stabilizatior 1 25 1 (1)(0.4)+(2.5)(0.2)+1(0.4) ;
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West End Mine Waste Rock Pile

The West End Mine is part of the Manzanita Mine @xcand was mined exclusively
for gold. Currently, the West End Mine consistanfadit and a large waste rock pile
north of Sulphur Creek and west of where the praingsfacilities at the Manzanita
Mine were formerly located (Figure 31, Figure 32 he pile of waste rock contains
and estimated 1,400 kg of mercury, and may corngilsignificant amounts of
mercury to Sulphur Creek, especially during larg@mss (see Table 24 for site
characterization matrix). The average annual erosate, as reported by Churchill
and Clinkenbeard (2003) is 0.02-5.9 tons/acre. Mmste pile contains a large
percentage of rock fragments, with the eastern sideling directly into Sulphur
Creek (Churchill & Clinkenbeard, 2003). The westsitie of the pile erodes into a
lowland area with dense grass, which seems to &naision to the lower threshold of
0.02 tons/acre (Churchill & Clinkenbeard, 2003).u€ihnill and Clinkenbeard (2003)
also estimated an annual load 0.002-1.1 kg of mgrentering Sulphur Creek from
the West End rock pile. Conversely, the CVRWQCBdKk®& Stanish, 2007) found
a slight decrease in loads downstream of the WiedtNEine compared to upstream.
This would indicate that this is actually a deposial area and not a source of
mercury. However, it is noteworthy that samples evdéaken upstream and
downstream of the West End Mine and not taken thyréom the site. Additionally,
there were just four sampling events and only tidfsamples indicated this decrease
in mercury (Cooke & Stanish, 2007).
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Wes End Mine

500 Meters
|

Figure 31: Site location of the West End Mine

102




%

Figure 32: Photograph of West End Mine rock pilerser 2010)

Table 24: Site Characteristics for West End Minekrpile

Location West End Mine Rock Pile

Land Owner Richard Miller or the American Land Conservaficy
Wilderness Area? No

Site Type Waste Rock

Amount of total mercury 1,400 k¢

Annual mercury delivery in ~ 0.002-1.1 kg/yr averadé

dry/wet year

Annual methylmercury <0.1¢°

delivery in dry/wet year

Sour ce of methylmercury? No

M er cury Concentration 300 mg/kd’

Area of site 647 m2”

Volume of contaminated soil 2,750 ii®

Slope See photo

Vegetation Cover Low

Accessibility Moderate - Past a private gate, may be on privatpgnty,

across Sulphur Creek

(a) Richard Miller and the American Land Conservancydarge portions of the Sulphur Creek

Valley, although property lines are not known.
(b) Churchill and Clinkenbeard, 2003

(c) Estimation base on the fact that the waste roekipilery dry in the dry season, which is necessary

for methylation
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The possible options for the West End Mine as datexd by our decision trees are:
do nothing, excavation and disposal onsite, phytediation, containment cap, and

erosion control (Table 25).

Table 25: Management options for the West End Miaste rock pile

Time Cost Effectiveness Other |ssues

Frame
Do Nothing N/A Low None Monitoring costs are necessary
Excavationand Short High High Waste disposal; access; cultural
Disposal sensitivities; habitat alteration
Containment Cap  Short High Medium- Contamination present; Can wash

High away; importing clay

Erosion Control Short Medium Medium Contaminatitifi gresent

The second option is to excavate the contaminata®mals and remove the waste
rock. Excavation would be expensive, but it woudddffective in removing mercury
from the system. By disposing of waste onsite,coah be reduced since the wastes

are not taken to a treatment facility.

If excavation cannot be conducted, a containmenmtocarosion controls can be used
to stabilize the contaminated materials at this. dirosion control is another lower-
cost option that can be considered in this sitnatithere are a number of erosion
control methods ranging from the application of tgetles to re-grading of slopes.
This option can prevent contaminated soil from fetransported downstream;

however, the mercury is still present in the area.

From the perspective of the first decision makessien controls like geotextiles or
re-grading would be the best option (Table 26).e Shcond type of decision maker
has more options. Ranking the options shows theawation, containment cap or

erosion control would be effective (Table 27).
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Table 26: Results of ranking options in the Wed Efine waste rock pile for a decision maker thaspuore of an emphasis
on low cost technologies

Do nothing 3 1 3 3(0.2)+1(0.5)+3(0.3) 2
Excavation and Disposal 1 3 1 1(0.2)+3(0.5)+1(0.3) 2
Containment Cap 1.5 3 1 (1.5)(0.2)+3(0.5)+1(0.3) 21

Erosion Controls 2 2 1 2(0.2)+2(0.5)+1(0.3) _

Table 27: Results of ranking options in the Wedd Etine waste rock pile for a decision maker thaspuore emphasis on
preventing adverse health effects from contaminatio

Effectiveness (4) Cost (2) Timeframe (4) Calculation Total Score
Do nothing 3 1 3 3(0.4)+1(0.2)+3(0.4) 2.6
Excavation and Disposal 1 3 1 1(0.4)+3(0.2)+1(0.4)
Containment Cap 1.5 3 1 (1.5)(0.4)+3(0.2)+1(0.4) 1.6
Erosion Controls 2 2 1 2(0.4)+2(0.2)+1(0.4) 1.6
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ClydeMine

The Clyde Mine is a historical gold mine located lwoth sides of the Freshwater
Branch of Sulphur Creek (Figure 33). It was operal in the late 1890s and was
used again in the 1970s for gold recovery (Chur&iClinkenbeard, 2003). The
most recent activity may have included the reprsiogsof older mined materials,
which likely created the current tailings pile ahdee small ponds found on the site
(Churchill & Clinkenbeard, 2003) (see Table 28 $tte characterization matrix). In
2009 a cleanup and abatement order was issuececbl\YRWQCB to the BLM, the
current owner of the site. Presumably, the BLMviking on a remediation plan
similar to the remediation plan that was releasedtie Rathburn and Petray mines.
According to the cleanup order, the Clyde Mine rdiagon is supposed to be
completed by the end of 2011 (CVRWQB, 2009b). Hosvett is unknown whether

remediation plans have been finalized, and moshyfithis deadline will not be met.

It has been estimated that an annual load of Oodkgercury enters Sulphur Creek
from this mine site and a 95 percent reduction go&b be met in order to comply
with the TMDL (Cooke and Morris, 2005). Mercury camtrations at this site are in
the range of 0.79-330 mg/kg (Cooke & Stanish, 20B¥Qwever, Churchill and
Clinkenbeard (2003) concluded that remediationreffavould likely have a limited
impact on lowering mercury levels in Sulphur Credke to the relatively low

mercury content of the tailings pile.
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Surface Trench

Figure 33: Site location of Clyde Mine
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Table 28: Site Characteristics for Clyde Mine

L ocation ClydeMine

Land Owner BLM

Wilderness Area? No

Site Type Waste Rock, Mined Area, Tailings Pile

Amount of total mercury 140 kdg®

Annual mercury delivery in 0.033 — 0.11 kg averae

dry/wet year

Annual methylmercury Unknown

delivery in dry/wet year

Sour ce of methylmercury? No

M ercury Concentration 5 - 6.7 mg/k§’

Areaof site Tailings Pile: 1,540 A Other Piles and trenches: 1,548°m

Volume of contaminated soil Tailings Pile: 15,500 i Pile 1: 600 ni Pile 2: 450 n Pile 3:
400 m3

Slope Moderate — High; Tailings Pile: 78%; Other pile6:-378%"

Vegetation Cover Moderate - grasses, chamise, oak

Accessibility Easily accessible from Walker Ridge Road

Issues

(a) Churchill and Clinkenbeard, 2003

Possible management options for Clyde Mine are dondthing, excavation and
erosion control, phytoremediation and a contairtroap (Table 29).

Table 29: Management options for the Clyde Mine

Option Time Cost Effectiveness Other Issues
Frame

Do Nothing N/A Low None Monitoring costs are necessary

Excavation and Short High High Waste disposal; access; habitat

Erosion Control alteration

Phytoremediation Medium Low Low-Medium Can wash away; long time frame
depth of contamination may not be
met

Containment Cap Short High Medium- Contamination still there; Can

High wash away; importing clay
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Excavation followed by erosion control (like gedikes or re-vegetation) is the first
option besides do nothing that can be applied Ha $ite. This option will remove

mercury quickly but can be relatively expensive.tlBonsite disposal and offsite
disposal are possible. After the site is excavasedsion control will be needed to
prevent sediment from washing downstream. Phytod&tien is the next possible

option for this site. In addition, a containmenp «d clay on both the mine and tailings
pile could contain the mercury and prevent it fremtering the aquatic ecosystem.
This may not be the best option because the mersusyill present and there is a

possibility that the containment cap could be wdshgay during a storm event.

Again, for decision maker one the best option basedhe assessment criteria is
phytoremediation. From the perspective of decisimaker two the recommended
action would be excavation and removal of contatethanaterials (Table 30 and
Table 31).
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Table 30: Results of ranking options in the Clydeé/for a decision maker that puts more of an ermighan low cost
technologies

Effectiveness (2) Cost (5) Timeframe (3) Calculation Total Score
Do nothing 3 1 3 3(0.2)+1(0.5)+3(0.3) 2
Excavation and Erosion 1 3 1 1(0.2)+3(0.5)+1(0.3) 2
Control
Phytoremediation 25 1 2 (2.5)(0.2)+1(0.5)+2(0.2) !
Containment Cap 15 3 1 (1.5)(0.2)+3(0.5)+1(0.3) 12

Table 31: Results of ranking options in the Clydeéfor a decision maker that puts more emphasi@eventing adverse
health effects from contamination

Option Effectiveness (4) Cost (2) Timeframe (4) Calculation Total Score
Do nothing 3 1 3 3(0.4)+1(0.2)+3(0.4) 2.6
Excavation and Erosion 1 3 1 1(0.4)+3(0.2)+1(0.4)
Control
Phytoremediation 2.5 1 2 (2.5)(0.4)+1(0.2)+2(0.4) 2
Containment Cap 15 3 1 (1.5)(0.4)+3(0.2)+1(0.4) 6 1.
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Turkey Run Spring

The Turkey Run Spring flows into a small tributaof the West Fork of Harley
Gulch, at the north end of the wetland, from thetsern part of the Turkey Run mine
(Figure 34). The estimated flow of the spring isappmately 15 gpm (Tetra Tech,
2003); it is a relatively small source of mercumyt la large source of sulfate (see
Table 32 for site characterization matrix). It &imated that the spring contributes
about 0.005-0.006 kg/yr of mercury to Harley Gulghurchill & Clinkenbeard,
2003). According to a report issued by Tetra Te&d0B), the concentration of total
mercury in the Turkey Run Spring is 10-200 ng/l atie concentration of
methylmercury is 0.005-0.009 ng/l. It is also esiied that the spring contributes
50,720-159,083 kg of sulfate to Harley Gulch eaehrywhich is approximately 90
percent of the known sulfate discharge from théusureek Mining District (Tetra
Tech, 2003). Sulfate reducing bacteria have beemdoto increase the rate of
methylation. Therefore, reducing the sulfate load,well as the mercury load in
Harley Gulch could be very important in reducingtinggmercury loads entering
Cache Creek. This would also serve to decreasenthathylation that occurs

downstream in Cache Creek.
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Figure 34: Site location of Turkey Run Spring
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Table 32: Site Characteristics for Turkey Run Sgprin
L ocation Turkey Run Spring

Land Owner El Paso Merchant Energy-Petroleum Co.
Wilderness Area? No

Site Type Thermal Spring

Amount of total mercury 0 kg

Annual mercury delivery in  0.005-0.006 kg/y?

dry/wet year

Annual methylmercury < 0.1 glyt

delivery in dry/wet year

Sour ce of methylmercury? very small

M ercury Concentration 200 ng/t?

Flow Rate 50 - 57 I/mif?

Annual Flow 26,280,000 - 29,959,260

Slope Moderate

Accessibility Moderate - only 150 meters from Highway 20
| ssues Annual maintenance required

(@) Churchill and Clinkenbeard, 2003

Feasible management options for the Turkey Rum§aie: redirect the spring to a
settling basin and chemical treatments of watduding adsorption/ ion exchange
and precipitation/coagulation (

Table 33). Again “do nothing” was considered asseline.

Table 33: Management options for the Turkey Runrgpr

Time

Option Effectiveness Other Issues

Do Nothing N/A Monitoring costs are
necessary

Redirect Spring to Settling Short High Med Habitat alteration, high

Basin flows may reduce
effectiveness

Chemical Treatment Short High Medium - High  Disposal of sludge

(Adsorption/ lon Exchange

or Precipitation/

Coagulation )
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The first option besides “do nothing” is to redirdee spring to a sediment retention
basin. This option would prevent mercury from rumgninto the West Fork of Harley
Gulch; however, it may not meet the TMDL since Ifert remediation actions would
be necessary to fully address the mercury issuékaitey Gulch. This option would
also be expensive because of the construction asestxiated with building a settling

basin and would cause habitat alterations.

Since sulfate is the major concern at this sit@lltbe necessary to treat the water for
not only mercury but also sulfate. There are tyye$ of chemical treatment that can
be used to reduce sulfate as well as mercury: ptisorand ion exchange; or
precipitation and coagulation. This option woulgaabe very costly because it would
require the construction of an onsite treatmentlifiac associated flow diversion

structure and access road. Another consideratiaridMee how the waste would be
disposed of since, especially in the case of mgrizeatment, “the spent adsorption
material and coagulants may contain high conceatrsitof metals, which may

require expensive disposal”’ (Tetra Tech 2003).

In this case, the best option for decision makex would be to do nothing. This

option receives the lowest score since all othessiide options are so expensive
(Table 34). However, this option may be consideneaicceptable since it is a natural
source of mercury and sulfate and would not liketienuate if left unchecked. If

some action must be taken, the best option woultbbehemically treat the water.

The second type of decision maker would likely tptchemically treat the water

coming from the spring since it may be more effecthan redirecting the flows into

a settling basin (Table 35).
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Table 34: Results of ranking options in the Turleyn Spring for a decision maker that puts morenofmphasis on low cost
technologies

Calculation Total Score
Do nothing 3(0.2)+1(0.5)+3(0.3)
Red.irect Spring to Settling 2 3 1 2(0.2)+3(0.5)+1(0.3) 2.2
Basin
Chemical Treatment 1.5 3 1 (1.5)(0.2)+3(0.5)+1(0.3) 2.1

(Adsorption/ lon Exchange or
Precipitation/ Coagulation )

Table 35: Results of ranking options in the Turlkeyn Spring for a decision maker that puts more esighof preventing
adverse health effects from contamination

Calculation Total Score
Do nothing 3(0.4)+1(0.2)+3(0.4)
Red.irect Spring to Settling 2 3 1 2(0.4)+3(0.2)+1(0.4) 1.8
Basin
Chemical Treatment 1.5 3 1 (1.5)(0.4)+3(0.2)+1(0.4)

(Adsorption/ lon Exchange or
Precipitation/ Coagulation )
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Summary of Case Studies

While remediation and restoration options vary bage site specific factors, some
trends emerged when evaluating the six case stymle=sented in this report. The
same remediation/ restoration options were chosen the decision tree analysis for
a number of different sites. Additionally, theseicles were often ranked similarly.
For example, in most cases phytoremediation wasmietended as the best option
for the decision maker who put more emphasis oredtion options that are low
cost. It was selected for four of the six sites wianking options for this type of

decision maker (Table 36 and

Table 37). In addition, for this type of decisiomker, the best option for Turkey Run
Spring was determined to be “do nothing” becauseothler possible options for
treating water at the spring would be cost prohibitlf some action must be taken

then the best option would be to chemically treatwater.

For the decision maker who puts more emphasis tigating health effects, the best
remediation/ restoration strategies would be higklyective options such as
excavation and erosion control or solidificatiord atabilization (Table 36 and

Table 37). Despite the cost and disadvantagesesetbptions, they would be highly
effective and take less time to implement than @teyhediation or other less invasive

actions.
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Table 36: Results from ranking of remediation opgidor three case studies including
Harley Gulch Delta, Harley Gulch Wetlands, and @péfill to Manzanita.

Harley Gulch Cherry Hill to
Manzanita

Harley Gulch Wetlands

Decision Maker 1 Phytoremediation Phytoremediation Phytoremediation
(Low Budget)

Decision Maker 2 Excavation and Remove sediments, add fill, Solidification and
(Health Effects)  Erosion Control re-vegetate Stabilization

Table 37: Results from ranking of remediation opgidor three case studies including
West End Mine Waste Rock Pile, Clyde Mine, TurkeynFSpring.
West End Mine Waste

Rock Pile ClydeMine Turkey Run Spring
Decision Maker 1  Erosion Control Phytoremediation Do Nothing
(Low Budget)
Decision Maker 2 Excavation and Removal  Excavation and Chemical Treatment
(Health Effects) Removal

The options presented for these case studies shmw the decision-making
framework developed in this report can be used gotential cleanup sites.
Depending on the priorities of decision makers #meir specific constraints, the
recommended remediation options may change. Intiaddiwhen it is determined
that one remediation option may not be effectiveiterown it may be necessary to
combine remediation and restoration options. Fangde when excavation is used as
an option it should be combined with erosion cdrractices in order to stabilize the
excavated area. Also, when re-vegetating as a ébmnosion control it may be useful
to use plants with pytoremediative properties ttuoe mercury concentrations in the
sediment while preventing contaminated sedimeots feroding.

These decision trees and resulting information icedrare meant to serve as a
starting point for BLM staff to gather the basidamnmation necessary to prioritize
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sites for cleanup and begin restoration or remexiactivities. The assessment and
ranking system can aid decision makers in detengitiie best course of action. We
attempted to generalize the decision process iray tiat would facilitate a wider
applicability not only across the entire Cache &r&asin, but in other locations

where legacy mercury pollution exists.
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Watershed Modeling

To model the Cache Creek Basin we choose to use MFARNatershed Analysis

Risk Management Framework), a software program Idped by Systech Water

Resources Inc. This program was chosen becauseoié of the only watershed
modeling programs available that adequately modeéscury as well as other
pollutants. WARMF has the ability to fully modell aspects of hydrology and

biogeochemistry within a watershed, and its uggaising in popularity for modeling

watersheds with water quality impairments. In ortiermodel mercury properly,

Systech scientists reviewed 118 papers on therdustate of knowledge on the fate
and transport of mercury within a watershed, arsg¢@bled that information to most
accurately model each of the biogeochemical presefst mercury undergoes given
the environmental conditions specific to that wstted (Chen et al., 2003). WARMF
also has the ability to model remediation and rasian scenarios in which point and
non-point pollution sources are diminished overetito evaluate how to best meet

TMDL requirements.

The information needed to set up a WARMF modeludek the following:

» A Digital Elevation Model (DEM)
 Land Use

» Soil Characteristics

* Point Source Data

e Stream Flow Data

* Meteorological Data

* Air and Rain Chemistry

* Wet and Dry Deposition Data

Much of this data is publically available from tHéSGS, USEPA, or other
government agencies, and the rest was gathered drbtarature review of studies

conducted in the Cache Creek Basin.

WARMF divides a watershed into subcatchments amgr ttorresponding stream

reaches. For our model, we choose not to includsarClLake and Indian Valley
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Reservoir and their watersheds explicitly, but east to focus on the region
downstream of the two dams. The outflows of themesirs were modeled as point
sources so the water flow and chemistry could exifipd. By representing Clear
Lake and Indian Valley Reservoir as point sourdeallowed us to concentrate our
modeling efforts on the downstream subcatchmergs ititlude the Sulphur Creek
and Knoxville Mining Districts. We also increaséxe tresolution of Harley Gulch and
Sulphur Creek by subdividing each into four subuatents. The Davis Creek
subcatchment was also divided into catchments ahogdelow the reservoir.

Watershed M odel Setup and Calibration Process

The most important aspects of the model setup ahbration are outlined here; a
more detailed discussion of the model is found ppéndix Il. Many parameters in
WARMF have a significant impact on sediment and auer loads in addition to
methylation and demethylation rates. After all loé favailable data is inputted to the
model, it is necessary to first calibrate the hialyg, then erosion rates, and then
mercury concentrations. Mercury concentrations treasns are dependent on soil
erosion, which is also dependent on hydrology,lisimi@e must be calibrated in order

to model mercury correctly.

The hydrology auto-calibration function in WARMF rfmmed well: the modeled

flows matched the observed flows with ah\Rilue of 0.82 at Rumsey (Figure 35).
To model the mines and thermal springs, a pointcgowas created for each one,
with the average yearly contribution of each sougeghered from data in the
Churchill and Clinkenbeard (2003) task 5C1 repsrpart of the CALFED Bay-Delta

Mercury Project. Churchill and Clinkenbeard (20@3jculated a range of annual
average mercury loads for each mine based on thertamty that exists for both the
mercury concentration at mines and erosion rathls. goint source value for each
mine used in the WARMF model is the mean of thgeafor the given mine, unless

additional information is available which indicatdst this is not the true annual
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loading to the stream, such as is the case in #tleiern and Petray mines (Table 38).
The WARMF model runs on a daily time step, andaswecessary to calculate daily
mercury loads from each mine point source estimatesked on daily rainfall and
stream flow data, as explained further in Apperdixt should be kept in mind that
there is uncertainty in determining point sourcasg therefore uncertainty in the
WARMF model.

The daily mercury loads from each thermal sprirgp alse the average value of the
range given in Churchill and Clinkenbeard (2003} amere assumed to remain
constant throughout the year. Thermal springs ateanarge source of mercury, and
in the Sulphur Creek watershed, where most of leental springs are located, they
only account for 0.382 g/d or only 0.7 percent loé ttotal mercury load in the
watershed. However, they are very important in ding season when even small
amounts of mercury lead to high concentrationsoAlmost of the mercury from
thermal springs is dissolved, which creates higiesraof methylation in Sulphur
Creek.
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Figure 35: WARMEF screenshot of modeled (blue Ive)observed flow (black dots)
at Rumsey for water years 1996-2004. Some obséimed during 2002-2004 are
missing
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Table 38: Annual average mercury loads from mingbé Cache Creek Basin

Mine gm:(ﬂllalez?g W\'/A‘;L'I\g': WARM F Subcatchment ‘
2003) Calculation

Red® 665  UpperDavisCreek
Abbott® 0.7-3.6 2.15 West Fork Harley Gulch
Turkey Run®9 04-6.7 4 West Fork Harley Gulch
Wide Awake 0.02-0.44 0.23 Lower Sulphur Creek
West End 0.002-1.1 0.55 Lower Sulphur Creek
Cherry Hill 0-1 0.5 Lower Sulphur Creek
Empire 0.04 - 0.06 0.05 Lower Sulphur Creek
Manzanita 0.3-6.5 3.4 Lower Sulphur Creek
Central 0.0028 - 0.034 0.015 Lower Sulphur Creek
Totalsfor Wilbur Springs 0.4-8.1 Lower Sulphur Creek
Area Sites
Elgin 3.9-94 6.65 West Fork Sulphur Creek
Clyde 0.033-0.11 0.06 East Fork Sulphur Creek
Rathburn Central Pit® 0.67 - 19.7 0.5 Bear Creek
Petray® 0.44 - 4.6 0.2 Bear Creek

(@) There is very little data to accurately estimateoftifrom the Reed Mine. It is also unknown howahu
mercury is sequestered in Davis Creek Reservoir.

(b) Not included in the WARMF. Although the Abbott afdrkey Run was not cleaned up until 2007, we
wanted to compare the current conditions of theesio the future conditions after the cleanup efgv
mine.

(c) Does not include the upper area of the mine, ajhdhe WARMF value is increased to reflect an
additional contribution from the upper area

(d) Most erosion does not reach Bear Creek

Erosivity

In addition to point sources from mines and therrsatings, erosion rates and
mercury concentrations of soil are the two comptmahat WARMF uses to
determine the mercury loads from the watershed. WARises the Universal Soil
Loss Equation (USLE) to determine erosion rates)eszhod developed by the U.S.
Department of Agriculture (USDA), primarily to calate erosion from agricultural
land. Values given by the USLE should be checkeainsty measured values for
accuracy so the different factors in the USLE dantbe better calibrated. There are
five components of the USLE: a rainfall intensi#gtior,; a soil erosivity factor (K); a
slope length-gradient factor (the longer and steépe slope the more erosion); a
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crop/vegetation factor; and a support practiceofaavhich accounts for any erosion
prevention practices that are employed (Stone aildotd, 2000). The rainfall
intensity factor was calculated by WARMF as parthad hydrology calibration. The
slope length-gradient factor was calculated froen digital elevation model (DEM)
during the model setup. The crop/vegetation faetas calculated when land use
types were inputted to the model. The support prastalue is assumed to be 1.0, or
not an important factor, when no erosion prevenpoactices have been employed.
In places such as the old tailing pile at the Abldine, where drains, wattles, and
riprap have been installed, erosion is considergidgocontrolled, and this factor

would be less than 1.0.

The erosivity factor, K is the only factor that mbg specified by the user during the
setup of a WARMF model. K is related to the abitifya soil to be eroded, and will
be high when the soil contains particles that @y detached during rainfall. In
general, soils that contain more organic matteer@adower K, whereas loamy soils
have a higher K. In order to determine K values,used the USDA STATSGO soil
database which is a more generalized form of SSURG®Dof a higher resolution
necessary for our purposes. In order to match sadimoncentrations that were
measured in the field by Foe and Croyle (1998)ydt necessary to increase the K
values of Benmore Creek, Grizzly Creek, and the h€adCreek Canyon
subcatchments to 0.40 (Figure 36). We also deadedse K values for the
subcatchments of Bear Creek above Sulphur Cre@l0fto match the low sediment

concentrations measured by Slotton et al (2004).

It can be seen from Figure 36 that portions ofSboghur Creek Mining District have
highly erosive soil. The high erosivity combined tlwi high mercury soil

concentrations and high slopes produce large merdaads. Each of the
subcatchments from the Cache Creek Canyon dowroto &so have high erosion
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rates. These highly erosive soils explain theddrgrease in sediment that occurs
between Rumsey and Yolo, as seen in Table 2 (Ceb&k2004).

i
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Erosivity
K Factor
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Figure 36: Erosivity factors in the watershed model

Soil Mercury Concentrations

WARMF calculates the mercury loads from soil erasio each subcatchment by
multiplying the total erosion in that subcatchmiepthe mercury concentration in the
top layer of soil. Mercury concentrations in thd seere estimated using soil sample
data from Churchill and Clinkenbeard (2003), Sloveeyl Rytuba (2008), Holloway

(2009), Foe and Bosworth (2008), Bosworth and Mof2009), as well as our own

sediment samples taken in Harley Gulch. In additmthese soil samples, mercury
concentration was calibrated using the mercuryfsedt ratio of water samples. This
mercury/sediment ratio, especially during largerma) is representative of the

average mercury concentration of soils within aenstted. There have been very few
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samples taken of background mercury concentratiand, the ones that have been
taken were from mining areas or along creeks. Tbere background mercury
concentrations in many of the subcatchments amgellarunknown. Furthermore,
although WARMF averages erosivity and mercury catregion throughout a
subcatchment, it is conceivable that soils contgiriiigh concentrations of mercury
have less vegetation and therefore higher erosates.r To account for this in the
model, it is better to attempt to match the merfaagiment ratio in the water samples
than the soil samples. Unfortunately, there have been enough samples taken
during high flows to make a determination of théetmercury concentration in soil

for each subcatchment.

Many of the background soil mercury concentrationsur model (Figure 37) away
from mining sites are far higher the background quer concentrations that are
stated in Churchill and Clinkenbeard (2003) and Keoet al. (2004). Churchill and
Clinkenbeard (2003) calculate that mercury conegioins average 0.19 mg/kg in
non-mineralized soil and average 93 mg/kg in milezd soils. However, when they
calculate the natural background levels of merdrogn the Cache Creek Basin, they
assume that mineralized soils are only near mianeg. Foe and Croyle (1998) found
that the largest source of mercury in the Basifiden unknown sources within the
Cache Creek Canyon. Due to the difficulty of actesshis area, very few samples
have been taken, but it is possible that this regmntains extensive mineralized soils
which explain the high concentrations seen in B needed to match the model to

the high mercury/sediment ratios measured in watemples from this region.

Soils far away from mining areas were assigned eung concentration of 0.15

mg/kg, which is within the range stated by Chutchild Clinkenbeard (2003) and
Foe and Croyle (1998). Subcatchments closer tonmirdreas, or areas where
sampling has shown elevated levels of mercury, \@ssggned concentrations ranging

from 0.2-1.25 mg/kg. The subcatchments that containes including Lower Sulphur
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Creek, the West Fork of Sulphur Creek, the Wesk FadrHarley Gulch, and the
Upper Davis Creek were assigned a concentratiod.®fmg/kg. The Cache Creek
Canyon subcatchment was assigned a concentratidn26f mg/kg and the Lower
Davis Creek subcatchment was assigned a concenti@ftil.0 mg/kg because of the
large unknown source of mercury that originatesnfiithin this region (Foe and
Croyle, 1998; Cooke et al., 2004), as well as tigh mercury concentrations that
were found in sediment samples (Foe and Boswo@©8R These unknown sources
are assumed to be either erosion of legacy meiauhe Cache Creek bed sediments
or unidentified regions with high background leveisnercury (Cooke et al., 2004).

WARMF Total
Mercury Concentrations

Indian Valley
Reservoir )

Mercury Concentration

0 10 20 Kilometers =i d Creek

[ 1 | T

Figure 37: Total soil mercury concentrations inwetershed model
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Water shed Modeling Results

After completing the calibration process, the moaas$ run for the water years 1996
to 2004, and provides the daily concentrationslaading for nearly 30 water quality
parameters. This nine year time frame was useduseda contains the most data on
the watershed including: flow information for Harl&ulch, Sulphur Creek, and
Davis Creek from 1990-2004; flow information fromdian Valley Reservoir, which
did not begin until 1995; as well as most of thereney soil and water samples that
have been taken in the area. In addition, 1996,7199d especially 1998 were
relatively wet years, and it is critical to inclutieese years in order to calibrate the

model correctly during high flows.

The following WARMF results for flow, sediment, ncery, and methylmercury are
presented in a similar way to the TMDL Report (Ceost al., 2004), so that
comparisons can be made. Table 2 in this repowsimeercury and sediment budgets
copied from the TMDL Report (Cooke et al., 2004)d &an be compared directly to
Table 42 and Table 43 of this report from the WARMBdel. Our modeling results
indicate that there is a very large range of vahetgveen a dry year such as 2001 and
a wet year such as 1998. During wet years therebeanp to twenty times more
sediment and mercury loads than during a dry yAadditionally, sediment and
mercury loads in the model are not necessarily gntagnal to runoff. For instance,
1999 was an average year for runoff, but it way Vew in terms of sediment and
mercury loads. This may be because there is les Isoil to erode following a large
storm or a wet year, and 1998 was a very wet y@anther research is needed to

explain this result, and verify if this also occurghe field.

Water Budget

The USGS stream gauge at Yolo has flow data ddtagd to 1903, allowing for a
good estimation of the average runoff as well asréimge of runoff for Cache Creek.
From water years 1904 to 2010 the measured averagdf was 384,000 acre-
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feet/yr. During the nine year period for which auodel was run, the measured
average runoff was 504,000 acre-feet/yr, and thdeted runoff was 497,000 acre-
feet/yr (Table 39, Table 40). This increase in fam@s observed despite the increase
in irrigation diversions that resulted both aftee Clear Lake Dam was built in 1914,
and the Indian Valley Reservoir Dam was built ir789For the 107-year record, the
measured runoff ranges from 0 acre-feet in 1977,% 3,267 acre-feet in 1983.
Agricultural diversions at the Capay Dam averag@8l, @00 acre-feet/yr over the nine
year period. In dry years, such as 2001, the C&aay can divert a large proportion
of total runoff. In dry years, winter or springlegases from Clear Lake and Indian
Valley Reservoir are not required, and all the wdteat is released from the
reservoirs during irrigation season is diverte@€apay Dam and does not reach Yolo.
It can be seen from Table 40 that the modeled fuaafyes from 88.1 - 129.5 percent
of measured runoff with an average difference diy dn4 percent across the nine

year period, indicating a good hydrologic calibvatoutcome.
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Table 39: Modeled water flow (acre-feet/yr) in thache Creek Basin for water years 1996-2004

\WEE] South North Harley Sulphur Bear Bear Davis Cache Ag Diver-
Year 2 Fork Fork Gulch ¢ Creek ¢ Creek CreekY  Creek® Creek sions?
Cache Cache above below
Creek®  Creek® Sulphur Rumsey '
Creek
1996 482,000 240,000 1,920 3,980 32,200 43,900 8,160 806,200 -186,100 687,900
1997 485,800 272,300 1,530 3,190 26,600 35,500 06,42 823,200 -227,200 662,300
1998 832,000 302,500 4,640 9,330 64,100 96,400 19,770 1,321,300 -179,900 1,229,900
1999 360,700 191,200 1,130 2,550 21,300 27,300 05,02 597,800 -217,300 417,400
2000 232,600 144,600 1,210 2,620 22,800 29,300 5,040 428,500 -223,900 265,900
2001 59,300 143,400 810 1,920 17,700 21,400 3,290 37,700 -203,000 94,300
2002 158,900 171,600 830 1,920 18,000 21,700 3,160 365,800 -214,400 201,800
2003 349,400 126,300 1,900 3,940 33,100 44,600 08,54 555,900 -185,600 424,900
2004 392,700 178,600 2,390 4,790 37,100 52,200 10,130 665,300 -234,500 488,600
Avg 372,600 196,700 1,820 3,800 30,300 41,400 7,730 644,700 -208,000 497,000

(a) Water years are from Octobe¥ tb September H

(b) At the confluence with the North Fork.

(c) At the confluence with the South Fork.

(d) At the confluence with Cache Creek.

(e) At the confluence with Bear Creek.

(f) Seven kilometers below Rumsey at the confluende Jahnson Creek.
(g) At Capay Dam, diversions are to Adams Canal anda&t8rCanal.
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Table 40: Measured vs. modeled runoff for the Cdctexk at Yolo

Water Y ear M easured M odeled Difference
1996 646,300 687,900 106.4%
1997 677,100 662,300 97.8%
1998 1,395,500 1,229,900 88.1%
1999 463,300 417,400 90.1%
2000 217,600 265,900 122.2%
2001 72,800 94,300 129.5%
2002 186,500 201,800 108.2%
2003 410,700 424,900 103.5%
2004 465,900 488,600 104.9%

avg 504,000 497,000 98.6%

Sediment Budget

Although our water budget matches with the measweddes as well as the water
budget in Cooke et al. (2004), the modeled budfmtssediment, mercury, and
methylmercury vary significantly from the equivaldudgets reported in Cooke et al.
(2004). Table 41 and Table 42 show the suspendedanseet and total sediment
budgets at different locations in the Cache Crealsii8 These tables can be
compared to Table 2 in this report, which is thdireent budget from Cooke et al.
(2004). The model divides sediment into clay, sihd sand, although it considers
only clay and silt to be a part of the suspendelihsent, and all three to be a part of
the total sediment. It is difficult to accuratelgnspare modeled sediment values with
the measured samples of suspended sediment besamasés considered bed load in
the model, but in creeks in the real world, sontedga suspended and also travels as
suspended load, especially if the flow is turbulddiring high flows, it is possible
that large portions of sand will be suspended itewalthough sand concentrations
in suspended sediment will always be higher nearbibsttom. Therefore, measured
suspended sediment concentrations are highly depemah where in the water
column the sample was taken. In addition, the mddek not convert sand to silt, re-
creating the process by which particles traveliogvil a stream are broken up and

made smaller during transport. Suspended sedimeasumements in the field are
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therefore somewhere in between what WARMF labetpasnded sediment and what

it labels sediment.

When comparing the sediment loads in the TMDL vathh model, we see that our
model compares better if sand is included (Tab)e @2r model compares well to the
TMDL Report (Cooke et al., 2004) for total sedimeitRumsey and Yolo with
average loads of 436 and 768 kilo-tonnes per yet#yr), respectively, while the
TMDL Report has average loads of 396 and 786 K{wable 2). However, these
numbers should be compared with care because aintkriown quantity of sand that

is suspended load.

In our model, there is much more sediment comimgnfreach of the tributaries
compared to the TMDL Report (Cooke et al., 2004)jclwv may help to explain the
large unknown sources of sediment that the TMDL dReflentifies. For instance,
the annual sediment load from Harley Guich is 3/4rkn our model, compared to
0.02 kt/yr in the TMDL Report. The 0.02 kt/yr is aseired below the confluence of
the two Forks of Harley Gulch, but this does natcamt for the large discrepancy.
For Bear Creek, our model predicts that the avetag® sediment load to Cache
Creek is 82 kt/yr, whereas the TMDL Report estimdiekt/yr. The model may be
over-predicting sediment concentrations within Beéareek during high flows
compared to measurements in Foe and Croyle (12&8)pugh not by a factor of
nearly 14. Bear Creek most likely contains a ddjosl stretch in the large
grassland in the upper Bear Creek watershed tratuats for the low measured
sediment concentrations. There are very few samialesn during high flows to

better calibrate sediment concentrations in Beaekr
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Table 41: Modeled suspended sediment flux (kg/¥8% in the Cache Creek Basin for water years 1996200
South North Bear Creek Cache

Fork Harley Sulphur above Bear Davis : Cache Creek

Cache Gulch Creek Sulphur Creek Creek . at Yolo

Creek Creek
1996 44 124 2.4 1.9 33 58 23.9 478 -- 857
1997 25 71 1.7 1.1 13 16 2.7 212 -- 393
1998 59 148 6.7 6.4 53 139 37.3 727 -- 1,379
1999 16 15 0.1 0.1 4 4 0.5 41 -- 65
2000 10 13 0.7 0.6 8 8 0.9 71 -- 310
2001 2 5 0.2 0.1 1 2 0.2 24 -- 117
2002 9 45 0.5 0.8 17 14 4.3 90 -- 249
2003 19 142 1.4 1.8 35 38 13.4 240 -- 461
2004 19 41 0.1 0.7 14 17 2.0 125 -- 351
Avg 23 67 15 15 20 33 9.5 223 -8.9 465

Table 42: Modeled total sediment flux including loedl (kg/yr x 106) in the Cache Creek Basin forangears 1996-2004

South North Bear Creek A
Water Fork Fork Harley Sulphur above Bear DEVES Divgr— Cache Creek
Y ear Cache Cache Gulch Creek Sulphur Creek Creek Sons® at Yolo
Creek Creek Creek
1996 68 282 5.4 7.7 89 151 33.3 960 - 1,374
1997 33 131 3.7 4.0 32 42 3.6 383 -- 676
1998 84 326 14.4 19.7 132 317 60.1 1406 - 2,190
1999 16 32 0.2 0.4 11 12 0.7 73 -- 113
2000 10 29 1.6 2.4 19 23 1.2 125 - 542
2001 2 9 0.4 0.2 3 4 0.3 39 - 217
2002 13 104 1.3 3.6 45 45 5.6 206 - 413
2003 24 283 3.3 7.0 83 102 16.3 502 - 773
2004 20 92 0.3 2.7 37 45 2.8 232 - 616
Avg 30 143 34 5.3 50 82 13.8 436 -15.4 768

(@) The model does not give daily or yearly valuesdigersions.
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Mercury Budget

For the mercury budget, both the North Fork and Soeth Fork of Cache Creek
contribute a comparable amount of mercury in theRN¥N& model and the TMDL
Report (Cooke et al., 2004) (Table 43). The modas$ vun with the assumption that
the Abbott and Turkey Run Mines have been cleagedlihough the cleanup was
not completed until 2007 (Larson, 2007). This wasalso that the model could best
represent the sources of mercury as they curramédy and the conditions of mines
can be compared to the results of the remediatitiores that this plan recommends.
The removal of the Abbott and Turkey Run mines lteaaua reduction of an average
of 6.15 kg/yr of total mercury to Harley Gulch, whithen flows into Cache Creek.
If the model was run with the mines still contriimgt mercury to Harley Guich, there
would be a similar amount of mercury in the moded $he TMDL Report, with the
exception of 1998 where our model predicts 24 kdgotdl mercury and the TMDL
Report indicates 13 kg. It is possible that eittte® model is overestimating the
erosion that occurs during the extremely heavysraih1998, or the regression that
was used to calculate mercury loads in the TMDLdRemay have underestimated

erosion.

There is also a large difference between our maddithe TMDL Report (Cooke et
al., 2004) in annual average mercury loads in B&@ek. Our model predicts the
average mercury load from Bear Creek to be 35.¢rkg/fith 12.9 kg/yr originating

from upstream of Sulphur Creek, 19.0 kg/yr frompBulr Creek, and only 3.2 kg/yr
from below Sulphur Creek. This is different frometiMDL which calculated that

the annual mercury load from Bear Creek is 15 kg#yrwhich only 10 percent

originates from above Sulphur Creek, 50 percemhf8ulphur Creek, and 40 percent
from downstream of Sulphur Creek. This differeredue to the much larger amount
of sediment in our model that originates in the &lpBear Creek Watershed. As
noted above, the model may be over-predicting sextifrom the Upper Bear Creek

Watershed, and therefore also over-predicting nmgroads.
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Table 43: Modeled total mercury flux (kg) in theaBa Creek Basin for water years 1996-2004

Bear Crieck . Cache
Harley Sulphur above Bear DEV/ES Creek at
Gulch Creek Sulphur Creek Creek Yolo
Creek

1996 16.3 53.9 4.7 24.6 21.9 56.1 55.7 422 -- 406
1997 11.2 23.7 3.0 18.4 8.4 26.3 12.3 154 -- 192
1998 23.4 62.7 11.7 50.6 33.6 111.7 86.8 568 -- 584
1999 7.1 7.0 0.3 8.9 3.5 10.7 5.5 44 -- 46
2000 4.5 6.1 1.7 11.1 5.6 15.1 6.0 51 -- 99
2001 1.1 2.4 0.7 5.3 1.3 5.6 3.1 19 -- 38
2002 4.0 20.1 1.4 12.2 11.0 211 12.6 94 -- 92
2003 8.1 51.5 3.6 23.1 20.6 43.2 34.0 212 -- 200
2004 8.0 17.7 0.7 17.1 9.8 25.8 11.5 89 -- 132
Avg 9.3 27.2 3.1 19.0 12.9 35.1 25.3 184 -10.1 199
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It is unknown how much mercury is being contributedBear Creek by the Rathburn and Petray Mingspadjh evidence
exists for erosion from the mines into Bear Cre€kurchill and Clinkenbeard 2002; Slowey and Ryt@b&@8). Naturally
occurring saline groundwater may be a large soafggercury in this region, as well as a significantirce of mercury for
both Harley Gulch and Sulphur Creek (Slowey andiBgt2008, Personal Communication 2011). Thesegspdre especially

problematic because most of the mercury from tkeseces is dissolved and therefore more readilyyheed.

In the TMDL Report ( Cooke et al., 2004), 349 olit00 kg/yr of total mercury at Rumsey are from mown sources during
the years 1996-2000 (Table 1). In our model, 24§rkig the mercury flux at Rumsey from 1996 to 20@@ich is only 62
percent of the assumed flux in the TMDL. A nhumbkfagtors could be contributing to this incongruity

« The mines are contributing more mercury than asdume

* Legacy mercury in creek sediments are a large sourc

» Background mercury concentrations are higher tisanraed in our model

» Erosion rates are higher than assumed in our model

» Other sediment sources may exist, such as landslide

e The actual mercury load is less than 400 kg/yr

The mining areas may be contributing more tharsssiiaed; however, Harley Gulch and Sulphur Creekvatkestudied, and
could not possibly account for the large discregaiitie Knoxville Mining District and Davis Creek snéae contributing to
the large source of mercury in the canyon, butettee not enough samples during high flows to confoads from this

tributary. This may be a large source especiallsindularge storms when the residence time for watebDavis Creek
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Reservoir is reduced. Legacy mercury in Cache Craak be mobilized along with sediment during highwk, but as
discussed later in this report, the results of &o& Bosworth (2008) indicate that there is not ghomercury in depositional
areas of the Cache Creek Canyon to be a largeesofiroercury. Background concentrations of mer@urg erosion rates in
the canyon may be higher, but modeled concenttainmercury and sediment at Rumsey match reasenadll with
samples taken by Foe and Croyle (1998). Other sadiisources such as landslides are an unknownadssthby significant
source of sediment during extremely wet years @alif (Mount, 1995). This could be a large sourceercury if landslides
contain mineralized soils with high mercury concations. The results of the model indicate thatléinge discrepancy in the
amount of mercury originating from the canyon issirikely due to an over-prediction of mercury leaat Rumsey and Yolo
in the TMDL Report (Cooke et al., 2004).

Without a model such as WARMF, it is difficult togalict the relationships between flow, sedimend, taal mercury because
there are a number of intricacies which make dleair linear regressions between sediment load landdre not adequate for
this system. The model can provide insight inte¢éheslationships in a complex watershed such a€délcbe Creek Basin; the
Basin contains two major reservoirs that may ditgirology and water chemistry in unpredictable wdgsorder to better
understand this complexity, Figure 38 shows thatieaiship between total mercury concentration ao from January 24,
1998 to March 26, 1998. The relationship between sediment concémtrand flow looks very similar to Figure 38, basa
the mercury concentration of sediment remainsyfaidnstant. Therefore, it is satisfactory just ltostrate the relationship

between mercury and flow, although the same pri@@pplies for the relationship between sedimedtfeow.
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The winter of 1998 was a period of very high floggdimention, and mercury runoff, and included aeseday stretch
beginning February™in which thirteen inches of rain fell at Clear leakn Figure 38 it can be seen that there is & firear
relationship between total mercury concentratiod fiow until February . After this point, there is a non-linear trend in
which the mercury concentration is reduced. Asrthe intensity lessened, mercury concentratiofls d¢hough they did
increase again with additional rainfall from Febyual™ to the 14. Both Clear Lake and Indian Valley Reservoir began
releasing water at extremely high rates around tzelr?®, and Clear Lake continued heavy releases intol Apkear Lake
reached its highest recorded level ever on Febr2dityas widespread flooding occurred around the friofgie lake. In our
model, mercury concentrations continued to dropriy 100 ng/l by February 35 which was just after the rain stopped. The
ephemeral tributaries of Cache Creek stopped duriing flow and mercury around this time, and tlo&fbecame dominated

by releases from Clear Lake, which contains lowceaoitrations of sediment and mercury.
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Figure 38: Modeled 5-day averaged total mercurylog: at Yolo, 1/24/98 — 3/20/98, a very wet timeriod

Prior Mercury Load Calculationsfor the Cache Creek Basin

There have been two prior attempts to evaluate umgrdoads from the Cache Creek Basin. The first Was and Croyle
(1998), and the second was Cooke et al. (2004)pwdth both estimates use largely the same datanskteport nearly
identical results. Foe and Croyle (1998) originatlgk a number of mercury samples in 1994 and B985 realizing that the
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Cache Creek Basin was a large source of mercutlyetdacramento/ San Joaquin Delta, gathered ad@itioformation in

1996, 1997, and 1998. They were fortunate thagethears were wet, because it gave them a relatgadd number of
mercury and sediment samples during high flowsciviaire critical because such a large proportioere$ion occurs during
large storms. Large storms did not occur in 206 2001, when other samples were taken, leadimgatoy of the results of
the CALFED Bay-Delta Mercury Program possibly uredtimating mercury loads from different sourceserestingly, Foe
and Croyle (1998) discovered that the total meramycentrations of multiple samples taken at thmeestime and location
may vary by up to a factor of three. Differenceobserved values may be due to turbulent flow cgusimeven mixing of the
water. This highlights the considerable uncerjaintall mercury measurements, and the care that britaken in comparing

measured values to modeled values.

Foe and Croyle (1998) used a polynomial regredsiento determine mercury concentrations basedawsfat Yolo (Figure
39). They were able to take measurements in thifeereht years in which the flow was over 15,008,ch level which is
considered very high. As seen in Figure 39, ther large range of mercury concentrations givemadas flow, presumably

because of the complications highlighted by Fid8end the possibility that the stream is not weked.
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Figure 39: Mercury concentrations based on flowgab (Foe and Croyle, 1998)

With the regression line calculated in Figure 3€ #re stream flow data at Yolo, the mercury loaais loe estimated for any
year in which stream flow information is availabfégure 40 shows total mercury loads at Yolo froatev year 1975 to 2010.
From Figure 40, it can be seen how wet 1995 to 1898lative to the 36 year period. For the 36rym=iod, the average
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mercury load at Yolo is 199 kg/yr, with many of thears having relatively small mercury loads. latfan 1976, the highest
flow was 2 cfs, and in 1977 no water at all flowsabt Yolo resulting in a mercury load of zero fothbyears. Around half of

the mercury flowing past Yolo will end up settliogt in the Cache Creek Settling Basin, and therdta# will flow to the
Sacramento/ San Joaquin Delta (Foe and Croyle,)1998

Mercury Loads at Yolo,
Foe and Croyle (1998) Method
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Figure 40: Annual mercury loads at Yolo, usingtbgression equation from Figure 39 (Foe and Crd@6g)
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The USGS began monitoring the outflow from the @aCheek Settling Basin in January of 2008. Owaetia more accurate
relationship between inflow and outflow will be &slished, as well as the suspended sediment coatiens of the inflow
and outflow. This will allow for a better estimaté mercury loads that enter the Yolo Bypass froatl@@ Creek. During the
current water year— from October 1, 2010 to Maréh 2011— 111,800 acre-feet of water had entereB6@0 acre-foot
basin, while only 86,800 had exited the basin, Wlamounts to a 22% loss, or an average of 245faet&tay of loss. The
water that has entered the setting basin that bakeft is either still in the basin, has been lasevapotranspiration, or has
infiltrated into the ground. Additional researctosld be performed to determine this rate, as it hiagl implications as to the
amount of sediment and mercury that is sequesteitbdh the settling basin. Foe and Croyle (1998)duthe assumption that
the flow entering the basin was equal to the fleaving the basin, but these results indicate thatis not the case. This may
have caused them to overestimate sediment and mpezontributions from Cache Creek to the Delta wgiriow flow and
average flow years, when a larger percentage acgrwaediment, and mercury do not leave the setbasin. There are plans
to raise the outflow weir of the from 35 feet to #kt, which would greatly expand the capacity e settling basin and

increase the settling efficiency.

High flows can transport a significant amount ofrcuey during just one day; obtaining water quasigmples from these high
flows is crucial to understanding mercury transporthe Cache Creek Basin. Using the Foe and Cr@388) method in
Figure 39, on January"91995, 182 kg of mercury flowed past Yolo. In theee week period beginning Februaf; 2998,
833 kg passed Yolo. However, as shown in Figurett8dr regression method may be significantly gwesdicting mercury

concentrations when flows in Cache Creek are damhby releases from Clear Lake and Indian VallegdRvoir. There
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were no water samples taken from late Februaryate March, the period after it stopped raining wrssdiment

concentrations may have been much lower than tfression method would estimate.

The second report that calculated mercury loadsinvihe Basin was the 2004 TMDL Report for CacheeRr Bear Creek,
and Harley Gulch (Cooke et al., 2004). This repused the samples from Foe and Croyle (1998), dsawether samples
from Slotton (2004) and Domalgalski et al. (2008igure 41 shows the linear regressions for merconcentration versus
flow at Rumsey and Yolo. In addition, mercury loadsre calculated at a number of other locationsgisimilar regressions
and estimations were made based on measured amatest stream flow. The report admits that thereften not a linear
relationship between total mercury concentratiod #ow, especially for smaller tributaries. The pimity of the linear

regression may also be a reason for the largeegiaocy in sediment loads between the model anditigl Report (Cooke
et al., 2004) for Harley Gulch.
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Figure 41: Linear regressions of mercury vs. fladRamsey and Yolo (Cooke, et al., 2004)

Another way to determine the mercury concentratibsediment leaving the Basin is to take sedimantges from within
the settling basin itself. Surprisingly, there havdy been a small number of samples taken fronb#sen that we are aware
of, four by Foe and Bosworth (2008) which avera@et®5 mg/kg, and, and four by Marvin-DiPasqualalgt(2009) which
averaged 0.263 mg/kg. These values are well belenvTIMDL Report (Cooke et al. 2004) estimation ttiet sediment
entering the setting basin has an average contentiat 0.50 mg/kg. The measured concentration atgees well with our
model’s mercury/sediment ratio of 0.27 mg/kg ato/cAdditional sediment samples should be takenutimout the settling
basin to determine a more accurate mercury corat@nir of the trapped sediment. The mercury conagotr of the
sediments also have implications on any future pltdre Army Corp may have to dredge the settlingnbdsecause the
sediments may not be considered to be as toxioes thought if the mercury concentration is foumd¢ in the 0.26 — 0.30
mg/kg range. In addition to further sediment samglimore mercury samples should be taken of therwascharged from
the settling basin to better understand the meroagys that Cache Creek is contributing to thedelt

Methylmer cury Budget

There are four sources of methylmercury in our rhopeint sources from Clear Lake and Indian ValRgservoir, point
sources from the thermal springs, soil pore wated, in-stream methylation. Methylmercury concerdret from Clear Lake
and Indian Valley Reservoir were estimated from @as in Slotton et al. (2004) and Domagalski et @004).
Methylmercury concentrations of thermal springser@ssumed to be 0.1 percent of total mercury ougsuiis is the average

for the few samples which have been taken (Suchanel. 2002). Methylmercury concentrations in gmle water were
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assigned a concentration of 0.1 — 1.0 ng/l, depgndn the mercury concentration in that subcatchnmEmese values are
estimates based on calibrating the sampled methgime concentrations with the modeled methylmerccopcentrations
during the wet season when in-stream methylatiomiremized. The modeled results for methylmercurythe Basin are
shown in Table 44.

Table 44: Modeled methylmercury flux (g) in the @acCreek Basin for water years 1996-2004Table 4édeéVed

methylmercury flux (g) in the Cache Creek Basiniater years 1996-2004

Cache . Cache

bdow  Hons  Creska

Rumsey Yolo
1997 68.6 44.4 2.3 4.7 7.0 14.2 6.0 167.8 - 176.3
1998 126.4 79.4 7.5 16.7 22.3 67.1 36.5 437.0 - 507.7
1999 46.7 20.9 0.9 25 4.1 7.6 3.7 88.5 -- 68.8
2000 29.1 17.4 1.5 3.3 5.2 9.8 3.8 73.8 - 87.0
2001 7.3 13.3 0.8 1.8 2.8 5.1 2.3 34.7 - 33.9
2002 20.3 26.2 1.2 3.3 6.8 10.6 5.7 78.7 - 83.9
2003 45.8 59.8 2.6 6.3 12.8 234 16.6 182.3 - @93.
2004 53.4 32.2 1.7 5.1 8.6 17.2 7.4 131.5 - 136.5
Avg 51.6 38.9 2.4 5.7 9.2 20.7 11.7 162.7 27.0 178.
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The sources of methylmercury, and the processets dfiact methylation and
demethylation, are not completely understood (Rytu20D00; Slowey and Rytuba,
2008). WARMF simulates this process using the curseate of knowledge, although
it may not accurately reflect the biogeochemicahptexity that exists within a given
stream reach (Chen et al., 2003). Conditions thanhpte methylation are fairly well
known, and primarily occur in the dry season withive top few centimeters of
sediment in streams and wetlands. Anoxic sedimémtstreams and wetlands
promote methylation, while oxic sediments promo¢endthylation. In order for the

sediment to become anoxic, the water must be sta@nanoving very slowly.

WARMF models a stream reach as being composed water column and a
sediment column, each with its own chemical conmegiohs and reaction rates.
During the dry season, the water slows down, besotess well-mixed, and
decomposition of organic matter within the wateluomn and the sediment column
causes dissolved oxygen levels within the sedimendrop below a specified
threshold. Attainment of this threshold in WARMF Imirigger the methylation
reaction to begin converting dissolved mercury imethylmercury at a certain rate.
The methylation rate is dependent on a numberatbfa including the concentration
of dissolved mercury within the stream sedimerits, dulfate reduction rate, and the
thickness of the sediment column. As the streaminsmds then increase in
methylmercury concentration, the bed diffusion natk diffuse the methylmercury
into the water column and increase the methylmgroancentration in the water.
When it rains and the stream becomes well-mixedt thssolved oxygen
concentration in the sediment will increase, amrtfethylation reaction in the model
will turn off. Once in the water, the methylmercunyil be demethylated back to

dissolved mercury at a certain rate.

More research must be done to understand how terlzatlibrate the methylation and
demethylation process in WARMF. WARMF appears to umselerestimating in-
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stream methylation during the dry season, creatloger than measured
methylmercury concentrations in Harley Gulch, SulpiCreek, Bear Creek, and
Cache Creek. It is possible that WARMF does nobant for the complexity of real
streams, and underestimates the extent of conditiaat promote methylation.

Evaluation of Remediation Actionsin the Cache Creek Basin

The WARMF model was run with all mine point sourcemoved to simulate the
benefits of mine remediation. As seen in Table e cleanup reduces mercury
loads from Sulphur Creek and Bear Creek much nttae Cache Creek. However,
these numbers do not include the reductions thatidvoccur if legacy mercury in
stream sediments in those tributaries were alsacowtributing to mercury loading.
The benefits of remediation and restoration actionsthe Upper Davis Creek
watershed are unknown, because it is unknown hoehmmoercury exits the Davis
Creek Reservoir, and how much of this mercury ogtggs from the Knoxville mines.
It should also be noted that the model was cakorddr the time period of 1996 to
2004, which had more precipitation than the lomgateverage from 1904 to 2010.
The total mercury loads in Table 45 are higher ttienlong-term average, and the
mercury loads from the mines are also higher tlag-term averages, although the

percent reduction would be similar.

Table 45: Total mercury loads before and after nsleanup

L ocation With Mines Without Mines struﬁ?;n
' Sulphur Creek 190 58  695%
Bear Creek 35.1 21.9 37.6%
Cache Creek at Rumsey 184 162.3 11.8%
Cache Creek at Yolo 199 177.3 10.9%
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The TMDL goal for Cache Creek is to keep averagéhgh@ercury concentrations
below 0.14 ng/l a majority of the time. The largestrce of methylmercury to Cache
Creek is Clear Lake; this source dominates duningation season, when Clear Lake
contributes approximately two thirds of the toaWf of Cache Creek. High rates of
methylation are suspected to occur in Anderson Maadjacent to the outlet of the
lake; this source must be addressed if methylmgroads in Cache Creek are to be
reduced (Cooke and Morris, 2005). Currently, metigyicury concentrations are
approximately 0.05 — 0.4 ng/l at Rumsey and 0.@58 ng/l at Yolo (Slotton et al.,
2004; Domalgalski et al., 2004). Mine remediatibwdd lower the concentration of
mercury in the sediments of Cache Creek, and atsluce methylation. This
reduction of mercury concentrations may take massry, and will require high flow
events to flush out the mercury enriched sedimafies the sources from the mines
have been reduced. As seen in Figure 42, mine liatred alone is not expected to

meet the TMDL goals, and it will be necessary tdrads the loads originating from

Clear Lake.
Methylmercury Concentration at
Yolo After Mine Remediation
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Figure 42: Methylmercury concentration at Yolo aftmine cleanup, using
precipitation data from 2003. Other methylmercsources, such as Clear Lake,
have not been reduced.
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Evaluation of Remediation Actionsin the Harley Gulch Water shed

The TMDL Report (Cooke et al., 2004) establisheal timethylmercury in Harley
Gulch should be below 0.09 ng/l a majority of thwe to be protective of the
beneficial uses of the stream, including habitattfophic level 2 and 3 fish, as well
as to protect the wildlife that consume fish andentebrates within Harley Guich.
The Abbott and Turkey Run Mines are upstream ofdyaGulch, and the majority of
this mining area was cleaned up in 2007 (LarsorQ720very little erosion is
expected to originate from the former tailings ptethe Abbott Mine. It is expected
that by cutting off this sediment source, mercurly slowly make its way out of the
sediments between the mining area and Cache Ciéefortunately, there is a
sizeable wetland that exists on the West Fork ofldyaGulch, in addition to a
number of wetland areas within Harley Gulch, whadntain sediments that have
elevated mercury concentrations. This increasedcumgrconcentration and the
stagnant conditions of Harley Gulch during the deason promote high rates of
methylation. The wetland on the West Fork is weljetated and shows no evidence
that it will erode in the future; it will continu® be a source of methylmercury until
restoration actions are taken. Previously in tlegort, the Harley Gulch Wetlands
case study analyzed technologies applicable foptiential cleanup of the wetland
area. Sediment concentrations may eventually ldevdyackground levels as future
high flows move the legacy mercury out of Harleyl¢iy although this process may
take many years. Sediment samples taken by ouy andithe BLM over the summer
of 2010 indicated that current sediment concemtnatin Harley Gulch average 4.0
mg/kg of total mercury, which is assumed to be mbaher than the natural
background concentration.

In personal communication between James WeigarideoBLM and James Rytuba
of the USGS, Mr. Rytuba indicated that methylmeycaoncentrations in upper
Harley Gulch are naturally elevated in the dry seaom the addition of saline

connate groundwater that emerges in Harley Gulébmbthe confluence of the East

149



and West Branches. Cold carbonate springs with hagals of mercury and other
minerals are also observed in the Bear Creek Vallegve the confluence with
Sulphur Creek, leading to naturally high methylnueycconcentrations (Slowey and
Rytuba, 2008). The water from this natural sour@y rbe the primary reason why
Harley Gulch has such high concentrations of metkytury, which range from 0.06
- 1.2 ng/l during the wet season and 0.64 - 18 awgyiing the dry season (Domagalski
et al., 2004; Slotton et al., 2004; Janis Cookesgeal communication). There has
not been a comprehensive sampling program in effeaate the mine cleanup;

therefore, current concentrations during diffet@nes of the year are yet unknown.

Although it is assumed that the reduction of meratmncentrations within Harley
Gulch will have a beneficial impact on methylmegcgoncentrations, it is possible
that the TMDL will not be met here because of ratyrhigh background levels of
mercury. The WARMF model predicts that methylmeycproduction in the stream
sediments will be directly proportional to mercuwgncentrations in those sediments.
This implies that methylmercury concentrations istev may also be proportional to
mercury concentration in stream sediments, althosgime methylmercury is
demethylated once it enters the water column.hdéé relationships hold, then they
could be used to estimate the expected methylmeommcentration in streams using

only the mercury concentrations in the sediments.

Slotton et al. (2004) took a number of water qyad&amples in Bear Creek far above
the confluence of Sulphur Creek and also aboverdiggon where Bear Creek is
receiving sediment from the Rathburn-Petray Minbe Tdata from these eleven
samples is shown in Table 46Table 46: Water quakiyples taken in Upper Bear
Creek, an area with low background mercury conadéiotrs (Slotton et al., 2004).
Methylmercury concentrations are higher during ssenmer and fall than in the
winter. This is to be expected, because the sunamerfall are low flow periods in

which the stream sediments become anoxic, and tna&thgury is produced. In the
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six samples taken from May to October, the avecayeentration of methylmercury
was 0.16 ng/l, and in the five samples taken froavé¥nber to March the average
concentration was 0.08 ng/l.

If the relationship between mercury concentratiorsédiments and methylmercury
concentration in water holds, then the natural gletarcury concentration can be
estimated if the mercury concentration of the siresediments is known. Water
samples indicate that the background mercury cdret@n in the East Fork of
Harley Gulch watershed range from 0.25 — 0.60 ppoe (@and Croyle, 1998; Cooke,
personal communication). The West Fork of HarleycBuwvatershed, which contains
the mines, most likely has a higher background orgrconcentration. If mercury
concentrations in the sediments of Upper Bear Cegekassumed to be 0.16 mg/kg,
and mercury concentrations in sediment in HarleycBare currently 4.0 mg/kg,
then Harley Gulch would have a dry season methyorgr concentration of
approximately 4.0 ng/l, and a wet season conceniraf approximately 2.0 ng/l. As
the mercury concentration of these sediments deeseaver time, the methylmercury
concentrations will decrease proportionally. Ifstmelationship does hold, then it is
most likely that the TMDL will be exceeded by sealdactors.

Table 46: Water quality samples taken in Upper BE€agek, an area with low
background mercury concentrations (Slotton ef&l04)

5 _ Temp, Flow, 'o@ Toal TotHg o0 MeHg  Tss
ate  Time T Tt Hooo Ho o TTSS ol Rt mgl
_ _ Raw  Filtered (PPM)

6/14/2000 1110 228 25 0.6 1.2 021 0085 3.44
10112000 1320 145 25 0.6 0.4 021 009 0024 107
172000 1210 13 2 08 07 0.05 0.051
127112000 1300 85 25 0.7 05 018 007 0028 1.2
111/2000 1320 6 10 38 09 014 018 0063 2099
2/13/2001 1445 8 4 17 1 015 005 0034 404
32202001 1245 216 14 08 028 007 0034 218
532001 1310 18 3 1 06 026 006 0036 156
6772000 1345 27 35 13 1 015 023 0084 2.06
71202000 1200 24 3 1 1 002 03 017 157
8232000 1130 22 3 08 07 004 009 0094 141
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Evaluation of Remediation Actionsin the Sulphur Creek Water shed

The TMDL goals for Sulphur Creek are to have tot@rcury concentrations during
low flow conditions (below three cubic feet per @ed) less than 1,800 ng/l, and to
have high flow total mercury to suspended sedimatinds less than 35 mg/kg (Cooke
and Stanish, 2007). These targets are 25 percdahediighest values ever sampled,
and represent a reduction in mercury loads in Sulgheek of 75 percent. As seen in
Table 45, our WARMF model has a similar level auetion in mercury if all of the
mines are fully remediated. Erosion from mines #redinput from thermal springs
cause Sulphur Creek to exceed these targets; thfemines are remediated, it is
expected that the TMDL goals will be met. Both v and high flow TMDL targets
for Sulphur Creek are relatively high, compareth® TMDL goals for Harley Guich,
Bear Creek, and Cache Creek (Cooke and Morris, )2@dphur Creek is already
meeting its TMDL targets in nearly all samples (laoel Croyle, 1998; Slotton et al.
2004; Domagalski et al. 2004; Suchanek et al., 002

In order to model a reduction of mining contribusp the model was run with all

mine point sources removed, and stream sedimeneslated mercury concentrations
(Figure 43). Winter storms cause the mercury/sedimegio to decrease as meteoric
water becomes more influential than the thermaingpwater. As the dry season
begins and water flow decreases, the thermal spriatgr inputs and in-stream

methylation raise the methylmercury concentratiorthie creek to around 18 ppm.
This analysis shows that if the mines can be cormlgieemoved as sources, it is

possible to meet the TMDL goal of staying below3&kg during high flows.

For the low flow goals to be met, it may be necessa prevent the water from the
Jones Fountain of Life from reaching Sulphur CreBkis geysering thermal spring
was measured to have a mercury concentration a2624- 39,700 ng/l, and
significantly raises the mercury concentrationsSodphur Creek (Suchanek et al.,
2002). Wilbur Springs, the largest thermal springhie watershed, also has elevated
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mercury levels, and has been measured at 3,46050 hg/l. Preventing this water

from reaching Sulphur Creek should also be consaier

Total Mercury / Sediment Ratio in
Sulphur Creek, After Mine Cleanup
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Figure 43: Modeled Sulphur Creek total mercury &mlisent ratios after mine
cleanup, using the precipitation data from the 20@ter year.

Evaluation of Remediation Actionsin the Bear Creek Water shed

According to the model, Sulphur Creek supplies daf of the total mercury to Bear
Creek. Mercury concentrations in Bear Creek sedimalso rise dramatically after
the confluence with Sulphur Creek. Sulphur Creekvpgles 41 percent of the
methylmercury load to Bear Creek (Cooke and Star®f7). It is therefore
necessary to reduce the mercury output from Sul@heek in order to meet the Bear
Creek TMDL. The TMDL goal of Bear Creek is to maiimt average methylmercury
concentrations below 0.06 ng/l (Cooke and Morri830%). As shown in Table 46,
background methylmercury concentrations in UppearBereek are 0.08 ng/l during
the wet season and 0.16 ng/l during the dry sea#ois. therefore unlikely that the
TMDL will be met. As seen in Figure 44, methylmanceoncentrations are naturally
high in Bear Creek because of the high natural mmgrimads coming from Sulphur
Creek and the cold carbonate springs just abovedh8uence with Sulphur Creek
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(Slowey and Rytuba, 2008). These sources of mercuegte naturally elevated

concentrations of methylmercury in Bear Creek, #rel TMDL goals are not met,

even in the wet season (Figure 44). Mine remediadiod other restoration efforts in

the Sulphur Creek watershed should significanttiuoe the total mercury loads from

Bear Creek.

Bear Creek Methylmercury
Concentration, Before and After Sulphur
Creek Mine Cleanup
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Figure 44: Modeled Bear Creek

methylmercury

conedion, before and after

Sulphur Creek Mine Cleanups, using the precipitatiata from the 2003 water-year

Discussion of Cache Creek Canyon

The Cache Creek Canyon from the confluence of ka&@elch to the confluence of

Bear Creek is a large source of both sediment amr@dumny to Cache Creek (Foe and
Croyle, 1998; Cooke et al. 2004). Cooke et al0@dound that for the years from
1996 to 2000, the canyon was the source of 260i@@@es/yr of sediment and 349

kg/yr of mercury, making the canyon the largestrsewf sediment and mercury in

the Cache Creek Basin by a large margin. The WARMbEel finds that this number
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may be too high, but even so, 112 kg out of 209fkgpercury from the entire Cache
Creek Basin originates from within the canyon ia thodel. By understanding where
exactly this source is located we may obtain aebethderstanding of how mercury
loads from the Cache Creek Basin will be reducedthe future, after mine

remediation.

There is only one road that accesses this 24 ketchtof creek, so taking water and
sediment samples during high flows is extremel¥ialift. Most of the sediment and

mercury transport happens during just a few latgarss per year, and it is necessary
to capture data from these precipitation eventsorder to accurately measure
sediment and mercury runoff. It has been hypotieelsby Cooke et al. (2004) that
the unknown source of mercury is either from ergliegacy mining sediment stored

within the canyon, from tributaries in the canyona combination of both.

In order to determine the extent of sediment ancturg deposits within the Canyon,
a mercury inventory was performed for the 24 relachfrom Harley Gulch to Bear
Creek (Foe and Bosworth, 2008). This study coltkctany sediment samples along
Cache Creek, as well samples of the sediment ih ehthe tributaries entering the
canyon. Using aerial photographs to delineate depoal areas, the quantity of
sediment and mercury was calculated within the canys well as the average
sediment mercury concentrations originating fromchedributary. The report
calculated that there are approximately 1,600,08@frsediment with 2,200 kg of
mercury within this stretch of Cache Creek. Thisaislower than the 9,000-500,000

kg previously estimated to reside within the can¢@aoke and Morris, 2005).

Since the Cache Creek Canyon sediments only co2t@@0 kg of mercury it is
unlikely that it can be the major unknown sourcenafrcury from within the canyon.
The depositional areas of the canyon are not vgtgnsive because of the steep

nature of the terrain, and there is not enough urgrim the canyon to contribute the
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high quantities of mercury that originate from tiegion during wet years Cooke et
al. (2004) calculated that 809 kg of mercury wasnfrunknown sources within the
canyon in 1998 (Table 1). Foe and Bosworth (2088umed that depositional areas
were four meters deep, and therefore, if this waréarge source of mercury,
considerable scouring of these depositional areasldvbe required. In a trip to
Rocky Creek and Harley Gulch during the summer 01® the stream banks
appeared to be stable, and there was no evidenceigoificant scouring.
Additionally, aerial photographs in Google Eartlowhthat many of the depositional
areas contain large riparian trees that would hlaeie roots undermined if significant

scouring was occurring.

Foe and Bosworth (2008) found that mercury conediotis increase sharply after
Harley Gulch, but also increase after Trout Cree#t Bavis Creek (Figure 45). For
the tributary measurements, Harley Gulch had exhgnhigh concentrations of

mercury. Judge Davis Canyon, Crack Canyon, and D@veek also had elevated
levels of mercury. Mercury concentrations in thelisent of Cache Creek are
particularly high after Davis Creek, with some meaments as high as 11 mg/kg for
both silt and gravel (Foe and Bosworth, 2008). Timerease in mercury

concentration is surprising because it was assuimadDavis Creek Reservoir has
been trapping much of the sediment coming fromrteing areas for the last 30
years. The silt particles may originate from theokville Mining District because

they can remain suspended as the water travelsghrhe reservoir, but the gravel is
either from local sources or is legacy mercury. Keoet al. (2004) identified elevated
mercury to total suspended solids ratios in JudgedCreek, Bushy Creek, Petrified
Canyon, Trout Creek, and Crack Canyon. The onlglcreithin Cache Creek Canyon
that did not have elevated levels of mercury waskigdCreek. Although there are
only two samples taken from each creek, theserfgeimay suggest that elevated

mercury levels are widespread in the region.
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Cache Creek Canyon
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Figure 45: Cache Creek Canyon and tributaries. grag regions within the canyon
are smaller tributaries or areas that drain diydotib Cache Creek.

A study released in 2009 quantified the amount efaury within the sediments of
Bear Creek from Sulphur Creek to Cache Creek (Baswand Morris 2009).
Researchers determined that Bear Creek sedimentsimed 91 kg of mercury,
which is also too low for legacy mining sedimentghim the channel to be a
significant source of mercury. Both Foe and Bostwq2008) and Bosworth and
Morris (2009) admit that they may be missing meycur smaller piles, but not
enough to account for the unknown mercury sourg¢é® evidence outlined here
indicates that scour of legacy mercury is mostlyiket the major source of mercury
from within the Cache Creek Canyon or Bear CreekyGa.
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In addition to the mercury that may originate frdegacy sediment within the
canyon, high erosion rates of soils naturally dretcin mercury, landsliding of soils
naturally enriched in mercury, and contributionsnirthe Knoxville Mining District
may also be large sources. Further measuremestsspended sediment from Cache
Creek and its tributaries are necessary to deterttia source of this mercury. It is
possible that landsliding within the Cache Creekyoa or its tributaries are a major
source, if the soils are enriched in mercury. Asns@ aerial photographs in Google
Earth, there is evidence of many areas where thgocawalls are actively eroding
into the channel, which may contribute an unapptedi amount of sediment during
high flow events (Mount, 1995). Holloway et al (®)0found that mineralized
ultramafic soils in the Upper Davis Creek watershedtain 34 — 290 mg/kg of
mercury. If these soils are more widespread inGhryon this may contribute to the

large unknown source of mercury.

Summary of Watershed Model

By creating a watershed model of the Cache CreedinBave were better able to
analyze the sources of mercury within the Basirallbwed for insights into how
sediment and mercury concentration change duriagiiing and falling limb of a
hydrograph that otherwise would not have been ptesdt also allowed us to analyze
how mine remediation will affect mercury concerit/as, both immediately
downstream of the mining lands, and in further heacof Cache Creek. It is our hope
that additional water quality samples will be inporated into this model, or a similar
model, to increase the accuracy of its predictions.
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RECOMMENDATIONS

To decrease mercury loads in the Cache Creek Basoh to meet TMDL

requirements, remediation and restoration actionstine taken, as well as additional
measures to reduce erosion in the Basin and thepoat of mercury. As stated in the
Basin Plan, it is the liability of the BLM and otheesponsible parties to reduce
mercury concentrations in Cache Creek and its taiies to background levels, even
if restoration actions may not meet water qualibjectives. The BLM goals also
include reducing human impact on the environmert egstoring the land to its
natural condition. Working together with the CVRWRBG@nd other responsible
parties, the BLM can achieve these goals and [fuligir responsibility within the

Basin in regards to management water quality.

As the largest land manager in the mining regitve BLM is in a position to
influence the overall administration of the areley can reduce mercury loads, while
improving the state of knowledge about mercury cesirand conditions that
contribute to high methylmercury concentrationsr @commendations for the BLM
can be grouped into four categories:

1) Actions to take: Remediation and restoration astiaas well as best
management practices in the region;

2) Additional data collection: More water quality sdegto understand mercury
sources, as well as continued water quality momidoibefore and after
remediation and restoration actions;

3) Further research: More research into methylatiorocgsses, better
understanding of mercury sources and concentratioasd better
understanding of remediation and restoration optiancluding emerging
technologies;

4) Partnerships: Collaborations that the BLM can erage with other agencies
and entities to help reduce mercury pollution withihe Basin and

downstream;
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Actionsto take

The BLM should continue the process of cleaninghg mines on their own land,
and encourage the cleanup of mines on adjacens.lafllis would address the
primary anthropogenic sources of mercury in theifBaand allow researchers to
better assess natural mercury loads and backgrsoindmercury concentrations
within each subwatershed. The goal of these rertiediaand restoration action
should be 95 percent reduction in mercury dischénge each site, as recommended
in the TMDL Report (Cooke et al., 2004). Concembrad of mercury in stream
sediments will remain high, but should reduce diree as the legacy mercury moves
downstream. After the mine sources have been retdndlie BLM should perform a
cost benefit analysis for the removal of streamrsedts with high concentrations of
mercury. By lowering the concentrations of mercwithin the stream sediments, the
rate of methylation within the sediments will alse reduced, possibly leading to

lower methylmercury concentrations overall.

The BLM can implement best management practicesR8Mn their land to reduce
erosion, and therefore reduce mercury loads. é&sgecially important to identify
regions of high mercury concentrations, and effsnsuld be made to reduce erosion
as much as possible from these regions. The TMDloR€Cooke and Morris, 2005)
defines mercury-enriched soils as having a conaBoir greater than 0.4 mg/kg. Our
watershed model, which uses values given in Chilrahd Clinkenbeard (2003) for
the mercury loads from each mine, estimates thatttal loads from all mines
averages 18.8 kg/yr. Our model calculated annuetage mercury loads from the
mines to be 21.66 kg/yr for the 1996 to 2004, repnéing only 11 percent of the total
mercury loads for the Basin, although there aratiathél anthropogenic sources of
mercury from the legacy mercury within the streaedisients. This shows that
erosion of soils with naturally high concentratiafsmercury may be a large source
of mercury from within the basin, and must be adsked.
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Erosion in the Basin is increased by anthropogentwities including: creation of
roads; construction projects; grazing; historicalgding; firewood collection;
recreational off-highway vehicle (OHV) use; and\giamining. Managing these
activities will reduce the amount of erosion anéréffiore reduce mercury loads from
within the Basin. OHV use is already prohibitedninch of the Basin; however, there
are some highly-erodible areas where off-highwayiale use is still permitted, such
as in and around the Rathburn and Petray minethdfdmitations on OHV use and
enforcement of these rules are necessary to reehosgon impacts of this activity.
Restrictions on uses of the Cache Creek Wilderinesisanthropogenic influences on
erosion in this area. Unfortunately, the Cache Ki€anyon, the largest source of
mercury in the Basin (Foe and Croyle, 1998; Codkal.e 2004), is located mostly
within the Wilderness; there may be little that d@ndone to reduce mercury loads

associated with natural erosion in the Canyon.

Historically, there was significant logging throwgh the Cache Creek Basin, which
may still be causing elevated rates of erosionti&nek et al., 2002b). Large amounts
of timber were needed to support mining tunnelsyel$ as to heat the furnaces used
to extract the mercury from the cinnabar ore (Wdt893). There was also significant

logging in the Basin in the 30century. According to Suchanek et al., (2002b):

By 1870 no fewer than five commercial sawmills weperating on
the lake; by 1905, there were eleven mills thatessed over 1.5 x
10° board feet of lumber annually, and in 1946 moenthl x 16
board feet was processed (Simoons 1952).

In addition to historical logging, a high occurrenof fires in the Basin also
contributes to erosion (Suchanek et al., 2002). fitte dry conditions experienced
during the summer, combined with the widespread idante of chamise
(Adenostoma fasciculatynm much of the watershed, make the region vublerto
large and destructive fires. There should be mesearch conducted on how much
current erosion rates are affected by prior log@ntivities and what can be done to
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establish forests or other vegetation that willuea erosion. If vegetation types that
grow well in the region are found to have lowersgona rates than chamise or other
vegetation currently occupying the region, a pléwowd be implemented to re-
vegetate regions with naturally high mercury comiaions to vegetation with lower
associated erosion rates. Another option thatldimeiconsidered is using vegetation
that is appropriate for phytoremediation which Idancrease the benefits of erosion
control through re-vegetation. Vetiver grad&efiveria zizanioidgsis one type of
plant that may be effective in the Cache Creek iBdsie to its ability to withstand
extreme climatic variation, tolerate high concetidress of mercury, and provide
erosion control (Truong, 2000). Use of this omailar plant could stabilize insoluble
forms of mercury, preventing further erosion of owey-enriched soils while

removing the soluble forms of mercury in the plaggue (Truong, 2000).

Additional Data Collection and Monitoring Plan

It is important that a comprehensive monitoring aachpling plan be implemented so
mercury loads can be analyzed before and afterdiat@n and restoration actions
are taken. Increased sampling will also help tauenhat all natural mercury sources
are identified. The BLM should work with other agess, such as the CVRWQCB, to
coordinate a plan among all groups that are caligahercury data in the region so
sampling efforts are not duplicated and informatien shared openly. The
management of this data should reside with the C\RB, as they produce the
TMDL reports and are responsible for ensuring teadficial uses of the Cache
Creek Basin are maintained. An organized sampliag will bridge knowledge gaps
and ensure better understanding about the effeetsgeof remediation and restoration
actions that take place in the Basin. This momipreffort will also benefit future
remediation and restoration actions, by informieglistic expectations of mercury
load reductions. Also, if the BLM mining areas ased as a testing ground for new
remediation and restorations options, a monitoplagn will provide feedback about

the effectiveness of these options.
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The monitoring plan must be strategic, collectimg tmost valuable information in the
most critical areas. All water quality samples meudtect stream flow and suspended
sediment data, as these are crucial factors inrstaeling mercury transport. It is

difficult to accurately estimate stream flow at mamcations; therefore, rating curves
must be made at all sampling locations, and cdbdraat least once per year.
Samples must be collected during high flows, pedfr from both the rising and

falling limbs of the hydrograph. It is these hidgbvis that transport the most mercury,
and are critical to the understanding of mercuryrees. Samples should also be
taken during the dry season, especially in the &atemer and early fall when

methylation rates are at their peak, and beforeadtadl a remediation or restoration

project to evaluate the effectiveness of the ptojec

Because sampling for mercury is very expensive, lamdbets are often constrained,
the sampling and monitoring plan must maximize akie of information obtained
while minimizing the number of samples taken. Tdllowing map (Figure 46) and
corresponding list are the minimum sampling logaidhat should be a part of the

monitoring plan.
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Figure 46: Minimum sampling locations in Cache ®rBasin for a monitoring plan.

1) Cache Creek at the outflow of Cache Creek Dam

2) Cache Creek before the confluence of Davis Creek

3) Cache Creek before the confluence of Bear Creek

4) Cache Creek at Rumsey

5) Cache Creek at Yolo

6) Cache Creek at the outflow of the settling basin

7) The North Fork of Cache Creek at the confluenc€axthe Creek
8) West Fork of Harley Gulch above the confluenceheftivo forks
9) Harley Gulch below the confluence of the two forks
10)Sulphur Creek above West End Mine

11)Sulphur Creek at the confluence of Bear Creek

12)Bear Creek above the confluence of Sulphur Creek

13)Bear Creek at the confluence of Cache Creek

14)Davis Creek at the inflow of Davis Creek Reservoir
15)Davis Creek at the outflow of Davis Creek Reservoir
16)Davis Creek at the confluence of Cache Creek
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In addition to these locations that will help resbars better understand mercury
loads throughout the Basin, there is a need to rgtatel the large mercury source
originating from within the Cache Creek Canyon.sli@gion has proven to be a large
contributor of mercury to Cache Creek during storamgl it is necessary to sample
this region when all of the tributary creeks to ta@yon are experiencing high flows.

Water flows, suspended sediment concentrationsperdury concentrations should

also be measured in Cache Creek upstream of ahe abnfluence with each of the

ten major tributaries (Figure 45). Because samjalken at the same time and place
may vary in mercury concentration (Foe and Cro¥@98), two samples should be
taken at each site in order to obtain a more ateurgasurement, if the sampling

budget allows.

The lack of accessibility in the canyon will requithat many of these tributaries be
reached by raft. Since access to the Canyon ivieatRedbud trailhead, just off
Highway 20 on the North Fork of Cache Creek, it Wdoallow for both the North

Fork and the South Fork to be sampled, in addit@®Grizzly Creek on the North

Fork, which may also be a large source of mercboge(and Croyle, 1998). Once the
data has been analyzed, if certain tributaries ortigns of Cache Creek are
discovered to be large sources of mercury, additi@amples should be taken in
these areas to gain a more accurate understanflex@ctly from where the mercury
is originating. Identifying the sources of mercumythe Basin and classifying them

as anthropogenic or natural will determine hownfercury loads can be reduced.

The large data set that will come from this momitgrand sampling program will
greatly improve the state of knowledge about the #nd transport of mercury in the
Basin, and can also be used to better calibratatarshed model. A more accurate
watershed model will be able predict the resulteofiediation and restoration actions,
as well as BMPs to reduce erosion from within thesiB with a higher level of

precision.
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Additional methods can be developed to identify beation of mercury sources
from within the Cache Creek Canyon. To determirsediment is being scoured from
depositional areas of the Canyon, cross-sectionsbeasurveyed to provide precise
data about the elevation of these cross sectioastome. These cross-sections would
have to be re-surveyed in years after high flowsictv may require this to be part of
an on-going monitoring process. The surveys woakkho be performed during low
flows in order to easily stand in and cross Cacheeki Cross-sections can also be
taken in Bear Creek, as it is an area of concegarding sediment scouring.

Another technology that can be used to determidersnt scour and erosion from a
more widespread region is LIDAR (Light Detection dAiRanging). LIDAR is a
technology in which an airplane flies over the ateabe surveyed, and collects
accurate information about the elevation of thefem&r of the Earth. A three-
dimensional surface can be created of the canyanyrareas of interest. After wet
years in which high erosion may have occurred,stee area can be assessed with
LIDAR again, and the difference between the twdaggs can be calculated to see if
scouring and landsliding is occurring. This, conglainvith a comprehensive mass
balance approach of water sampling, should proeiteugh data to determine from

where both the sediment and the mercury are otigma

Further Research

The BLM should continue to study the feasibility different remediation and

restoration actions. There are a number of emer¢gaynologies that have the
potential to be effective in the Basin and help mdwllenges of restoration and
remediation in the area; however, some of thesestdltaleveloping and cannot be
applied at this time since they have not been desk¢ensively in the field. It will be

important to find a technology that is highly etige, low in cost, and easily
implementable to make further progress, given thégbt and policy constraints in

the Cache Creek Basin.
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While the BLM may not conduct studies regardingsthéechnologies themselves,
they could facilitate testing in order to find néachnologies that can be applied to
BLM lands. The BLM can create partnerships withestists that are researching
remediation and restoration solutions. The CacheelCBasin can offer a natural
environment in which to test new technologies likenotechnology and

phytoremediation. The Cache Creek Basin would bddeal testing ground for

emerging technologies with its variety of differamvironments that are enriched in
mercury. While this is an opportunity to furtheretbbody of knowledge about

remediation technologies for mercury, care showdtdken when considering this
option since there is the potential for adverseaai to occur, such as accidental

introduction of an invasive species into the Basin.

In addition to further research about remediatienhhologies, the BLM should
perform a cost-benefit analysis of dredging mercaryiched sediments in Bear
Creek, Harley Gulch, Sulphur Creek, Cache CreehkjndeCapay Dam, and in the
settling basin. After mine remediation is perfodné is unknown how long legacy
mercury will remain in creek sediments. It is pbbsithat mercury enriched
sediments will persist for many years and continaecontribute to increased
methylation rates. The data that this group cad@dhdicates that sediment within
Harley Gulch averages 4.0 mg/kg, and should be idered for removal and
replacement with clean sediment. Sediments withilpl&ir Creek and Bear Creek
contain elevated mercury concentrations and shbeldconsidered for dredging.
Mercury concentrations are also elevated in CacheelC sediments (Foe and
Bosworth, 2008; Bosworth and Morris, 2009). Howekre to the inaccessibility of
a large portion of Cache Creek, it may not be f#asio remove these sediments.
Capay Dam is an inflatable dam that is installeduatly during irrigation season to
divert Cache Creek into the Winters and Adams sartaé sediment trapped behind
the dam may contain large concentrations of meramg should be considered for

annual removal.
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Partner ships

It is important that the BLM work will all other agcies, land managers and owners
in the Basin to coordinate remediation and restmmatfforts. A partnership should be
made with the California Department of Parks andr&ation to reduce methylation
at the Anderson Marsh State Historic Park (Figur@, 4vhich is an important
historical site, and also a large source of metkeytury to Cache Creek (Cooke and
Morris, 2005). Methylation in this area not onlygagéively affects the historic value
of the marsh, but also impacts methylmercury commagons downstream on BLM
land. The BLM should also create a partnership withArmy Corp of Engineers to
increase the settling efficiency of the Cache Cré&sttling Basin. Currently,
approximately half of the mercury that reachessitding basin is sequestered within
the basin (Foe and Croyle, 1998). If the efficierafythe setting basin could be
increased, presumably by dredging accumulated ssdgnenlarging the basin, or by
raising the weir, there would be less mercury fpan®d to the Sacramento/ San
Joaquin Delta. By increasing the capacity of tttling basin, the water will have a
longer residence time in the basin and more sedimvéhsettle out. In addition, a
larger settling basin will be able to hold more evaso less will spill into the Yolo
Bypass. The settling basin has very high ratesethyghation, and there should be an
effort to reduce the conditions in the settlingibdbat lead to methylation (Marvin-
DiPasquale, 2009). It may be possible to re-graaitigns of the settling basin to
reduce standing water and therefore reduce meibwylaDther agencies that manage
lands within the Cache Creek Basin include the USId#est Service, the California
Department of Fish and Game, and the State Landsv@ssion (Figure 47).
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Figure 47: Public land within the Cache Creek Basin
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CONCLUSION

Historical mercury mining has significantly impair¢he beneficial uses of many of
the water bodies within the Cache Creek Basin. CHRWQCB has issued TMDLs
for the impaired water bodies as well as cleanwersr for several abandoned mines.
These orders require the BLM and other groups doge the downstream impact of
mercury originating from the mining areas to neackground levels so that the
TMDLs are met and the beneficial uses maintaindgk purpose of this report is to
better understand the challenges associated withagnag mercury pollution by:
identifying applicable policies and regulations @ifurther complicate the issue;
recommending cleanup options; and modeling the &aig transport of both total

mercury and methylmercury within the Basin.

This report presents a systematic approach to menmtine remediation that the
BLM will be able to follow for the Cache Creek Basas well as other areas affected
by legacy mercury pollution. Through the use of dlecision trees, remediation
options can be selected based on site-specifiactarstics and the applicability of
individual technologies. The decision trees alde tento consideration cost and the
effectiveness of remediation options, as well &sl#ws and policies that govern the
implementation of remediation and restoration pige After the most applicable
options were chosen they were ranked based on sasses criteria of cost,
effectiveness, and timeframe. Our decision treewige a framework for quickly
determining remediation options; however, furtheadibility studies would be
required before implementing a particular strategyorder to show this process, we
presented six case studies with a variety of giped to illustrate the use of the

decision trees.
From a policy perspective, the decision trees take consideration the Wilderness

area and historical and archaeological sites. Thesdreated as the last areas to be
considered for cleanup, because the laws whiclegirdhese sites stipulate that they
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are not to be disturbed without significant jusgdfiion. In addition, data gathering and
monitoring in these areas have constrained bydun#ccess, both geographically and
politically, to the sites. However, the cleanupessdrequire mercury contamination to
be reduced to background levels or, if this is achievable, to the most stringent
level that is technologically and economically ibles As a responsible party, the
BLM may only be required to meet the latter staddérnit cannot meet the former

standard because of legal constraints. Neverthelesd acceptable strategies to
mitigate sources of mercury in these areas arerdeted, all other accessible areas

should take priority when developing a comprehem8iasin-wide cleanup plan.

The challenge of remediation and restoration intliderness area raises the need to
find low-footprint, low-cost technologies that dess invasive. However there is still
a need for further study of remediation technolsgi€urrently, there are a limited
number of technologies that are effective for mgraleanup and removal. Many of
the most effective technologies like excavationntammment caps, and chemical

treatments are very costly and invasive.

Phytoremediation is one emerging technology thattha potential to fit the need for
low-footprint, low-cost technologies that are apable to more natural settings. In
our case studies which focused on contaminatedarstreanks and sediments,
phytoremediation was the technology that was mosjuiently selected from the
perspective of a decision maker with a constraibedget. This is because of the
relatively low cost of the technology. While théshnology may take a longer period
of time to reduce mercury contamination, it wouldt rbe as invasive as other
management actions like excavation. Using plaras llyperaccumulate mercury to
re-vegetate areas within the Basin may also beod g@y to prevent erosion and the

transport of sediment.
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In addition to phytoremediation, nanotechnology rbayable to fit the need for low-
footprint, low-cost technologies. However, furthesting of the long-term impacts of
nanomaterials is necessary, especially in natetéihgs like the Cache Creek Basin.
Nanotechnologies to address mercury contaminatéels sare largely still in

developmental phases; this prevented us from re@mdimg their use at this time.
However, this is a promising field that holds aajreleal of potential for future

applications despite the uncertainties regarding #nvironmental impacts of

nanomaterials.

One way technologies can be developed further igslnyg the Cache Creek Basin as
a testing ground for emerging remediation stragegi&ven if this is not possible,
with the strategies provided in this report, BLMncstill make progress toward

improving water quality in the Cache Creek Basin.

Excavation of contaminated sites may be best glyate quickly and effectively
remove mercury. In our case studies, it was shohat this would be the
recommended strategy at a majority of the sitesftbe perspective of a decision
maker that is more concerned with health effectsnefcury. While this strategy is
highly effective, it may not be feasible due to tidespread nature of contamination
in the Basin.

Another interesting strategy is the use of settliagins in the Cache Creek Basin.
This option may be able to assist in restoratiommefas downstream from mercury
mines that have not been cleaned up. By placirtingebasins in strategic locations,
upstream sediments containing mercury can be captand removed from the
ecosystem. This would prevent contaminated sedsniom impacting ecological

functioning downstream.
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While these management strategies may more eféeatid take less time than low-
footprint strategies like phytoremediation, habi#dterations would be necessary.
Excavation and construction of settling basins wobk costly if implemented

throughout the entire Cache Creek Basin. In additibese strategies would not be

easily implemented in like the Wilderness area.

Another contribution of this project was to modbketCache Creek Basin using
WARMF. Our model allowed us to analyze the daibwf] sediment, and mercury for
each stream reach in the Basin from 1996 to 200#% model allowed us to analyze
the mercury contributions from the mines as welirgmits from soils that contain

naturally elevated background levels of mercury.rBgoving the mines from the

model to simulate that cleanup had occurred, it passible to analyze the effects of
the remedial actions. It was found that mercuryléoftom the Basin are reduced by
11% with the removal of all mines, indicating thesea significant amount of

mercury originating from natural sources, mostliikgithin the Cache Creek Canyon
area, and also from legacy mercury in stream sadsn@long Cache Creek and its

tributaries.

The TMDL for Harley Gulch (Cooke et al., 2004; Ceo&and Morris, 2005) is not
likely to be met, due to the naturally-elevated ecney concentrations in the region.
The TMDL for Sulphur Creek (Cooke and Stanish, 208 much lower standards
than the Harley Gulch TMDL, an acknowledgementhef high mercury contribution
from thermal springs during the dry season, antdmdist likely be met. The TMDL
for Bear Creek (Cooke et al., 2004; Cooke and Mp2D05) is unlikely to be met,
due to high mercury concentrations in the regiat jypstream of Sulphur Creek as
well as the high mercury concentrations from SutpgBbreek. It is unknown whether
the TMDL for Cache Creek (Cooke et al., 2004; Coekd Morris, 2005) will be
met, and depends to a large extent on whether ma@thy in Clear Lake can be

reduced.
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Mercury loads within the basin, particularly theusmes from within the Cache Creek
Canyon, may have been overestimated by a factowaf This has implications for

the Sacramento/ San Joaquin Delta Estuary TMDL @Vetoal., 2008) because the
Cache Creek may not be as large of a mercury s@agqaeviously assumed. This
may make it more difficult to reduce mercury in fDelta because remediation and
restoration actions completed in the Cache CreedinBaill not have as much of an
impact on mercury loads reaching the Delta from $laeramento River and Yolo

Bypass.

The BLM should work with other agencies, especitily CVRWQCB, to establish a
comprehensive data collection and monitoring plathinv the Basin to further the
understanding of mercury transport in the regidmer€ are large gaps in knowledge,
particularly regarding the origins of the greatestirce of mercury from within the
Basin. Improved knowledge and monitoring will aldtmw for a better understanding

of the effectiveness of remediation and restoradictions.

Given these limitations, our project focused onistisg with decision making
surrounding remediation and restoration efforts. UWéseloped decision trees and
matrices in order to provide a starting point toMBlstaff and others faced with
similar mercury management decisions. These taoigige a structured approach to
addressing a daunting pollution issue, and allosvuber to determine a remediation
or restoration method that best suits the environiadleand political parameters as
well as other key considerations, such as costcivgrpollution is not unique to the
Cache Creek Basin, and our methods are meant tgeheralized to allow for

application in other geographic locations with legenercury contamination.
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APPENDIX I: DECISION TREES
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Figure 49: Decision Tree |l
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APPENDIX II: WARMF MODEL SETUP

There are many steps to setup and calibrate a WARMNMIEel. This appendix
describes these steps in greater detail than thaépted in the body of the paper. As
mentioned in the Methods section, we chose to focusfforts on reaches of Cache
Creek downstream from Clear Lake and Indian VaR&gervoir, and modeled the
outputs from these water bodies as point sourBgsmodeling the basin this way, it
greatly reduces the complexity of the model, angb ahcreases its accuracy by
allowing us to specify the water quantity and dyadixiting these reservoirs. Indian
Valley Reservoir was completed in 1975, but wabtdormation was only available
from 1995 onwards, and even then, there are pendusn the gauge was not

functioning.

The other lake in the basin is Davis Creek Resenand this was not modeled
because WARMF would not run when the lake was oetuin the model. Instead,
the Upper Davis Creek stream reach is modeled masioing an impoundment that
serves the same hydrologic purpose as the reseiius impoundment will reduce
sediment concentration in the stream and increasthymation. Also, Davis Creek
Reservoir does not significantly affect the hydgyl@f Davis Creek since it is always

full, there are no summer releases, and thereadiversions.

We choose to model the Cache Creek all the waydlo,¥ince this is the boundary
of the USGS 8-digit hydrologic unit (HUC-8) for Gax Creek. We set up the model
using BASINS (Better Assessment Science Integraioigt & Non-point Sources), a
free program from the USEPA that includes manysdol downloading watershed
data. To set up the model, the first step was €0BASINS to select the two HUC-8
watersheds that comprise the Cache Creek BasinJpiper Cache Creek, and the
Lower Cache Creek. BASINS begins by downloading estmasic information to use
as a base map for the rest of the project. Thmamétion is in shapefile format, and

includes an outline of the basin, major streamsintoboundaries, and STATSGO
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(soil information from the USDA) information. BASBlalso accessed several other
datasets that were needed to set up a WARMF projeciuding data from the
National Elevation Dataset (NED), the National Hyghaphy Dataset (NHD), and the
National Land Cover Dataset 2001 (NLCD 2001). InBNS, it is also possible to
download meteorological data, water quality datal stream gage data, although we

already had this data from another source.

After all the necessary data was brought into BASINe needed to merge the two
HUC-8 units together in order for BASINS to cortgalivide up the Cache Creek
Basin into streams and subcatchments. The dathotbr HUC-8 units were merged
within ArcGIS, and a mask was applied to delinghtewatershed that is below the
two reservoirs. This mask was created by mergingetteer the HUC-12
subwatersheds that comprise the region from betmamréservoirs to Yolo. After the
NED and NHD data were merged in ArcGIS, they wenpdrted back into BASINS
along with the mask. We then performed an autondgimeation from this data,
using a 10 krhthreshold area, which gave us 55 subcatchmentsedah of the 55
subcatchments and their corresponding stream readBASINS calculates the
parameters that are needed to create a WARMF mbdelthe subcatchment, this
includes the catchment area and slope. For thenstreeach, this includes the
downstream reach, length, slope, depth, width, muumn elevation, and maximum

elevation.

In order to model Harley Gulch, Sulphur Creek, &aVis Creek in more detail, we
brought both the subcatchment and stream reacleflesgnto ArcGIS so they could
be subdivided further. The automatic BASINS deliiea created exactly one
subcatchment for each of these creeks. Using Aroii9d a package of hydrology
tools for ArcGIS, we were able to divide up Harl@ylch and Sulphur Creek each
into four catchments and Davis Creek into two cawehts. In order to do this with

ArcHydro 9, first it was necessary to calculatdavfdirection raster and a stream

180



grid, along with a shapefile of catchments pointgith these three files, ArcHydro 9
calculates the exact area that drains into eadhweant point. With these smaller
catchments delineated, we were able to edit thedxiginal shapefiles to add our
additional subcatchments. The attribute tables haf two shapefiles had to be
carefully edited in order to properly update theckment and stream reach

information that WARMF requires.

The next steps involved setting up the WARMF moddlich requires a significant
amount of time to format all the necessary inplesfiand set the necessary parameter
values. WARMF has several categories of time seniguts, including: meteorology,
air quality, observed hydrology, observed waterligyamanaged flow, and point
sources (Figure 51). Fortunately, much of thisdeds acquired in a formatted state
from another WARMF model from the Sacramento RivEhis imported data
included two meteorological files from ClearlakedaWoodland. It also included air
guality data, both wet and dry deposition, from ko and Davis. It also included a
number of observed hydrology files and observec®wnatiality files from most of the
gages in the basin. The only files that it did imfude were the ones from Sulphur
Creek, Harley Gulch, and Davis Creek Reservoir thatUSGS set up from 1999-
2004 in cooperation with the CVRWQCB'’s researchtba mercury problem. It
contained a number of managed flow files in thedpweaches of the watershed,
including the large diversion at Capay during itign season. It also included a
number of point source files, such as the flow frGhear Lake. Originally, Indian
Valley Reservoir was not a point source file, theé managed flow information from
the reservoir was converted into a point souree flodeling the outflow from the
two reservoirs as a point source allowed us toigp#we chemical fluxes from the

lake, including mercury.
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Figure 51: WARMF input data

The input data that required the most processing tva soil data. We decided to
download the much more accurate USDA SSURGO dataad of using the more
generalized STATSGO data. The USDA provides aniegipn that converts this
data into a Microsoft Access database. In ArcGI$, extracted the percentage of
each soil class that is in each subcatchment. BhRIATLAB script calculated the
soil properties of each subcatchment based ondihg@®perties of each soil class
and the area of each soil in that subcatchment.séheroperties that were imported
into WARMF include: the number of soil layers, ttleckness of each layer, the
initial moisture, the field capacity, the saturatimoisture, the horizontal hydraulic
conductivity, the vertical hydraulic conductiviignd the soil density.

Precipitation for each subcatchment was calculatgdg PRISM information from

Oregon State University. Precipitation in WARMFnedeled by assuming that a
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particular meteorological station has a factor dd0l and the precipitation in a
subcatchment that is using that meteorologicalostas a factor of this value. An
initial run indicated that modeled flow was mucleaper than measured flow, and that
precipitation and soil parameter values neededetcadyjusted. After trying some
manual adjustments, the auto-calibration algoriinfWARMF for hydrology was
used to adjust parameter values to best match edaeth observed hydrology. This
algorithm requires hundreds of runs to adjustladl trelevant parameters and usually
runs for several hours. We started by calibrating smaller watersheds such as
Harley Gulch and Sulphur Creek, and eventuallybcated the entire watershed. The
period of calibration was 1999 to 2004 when thelélaGulch, Sulphur Creek, and
Davis Creek stream gages were operational. Foo ¥otl Rumsey we calibrated the
model back to 1997 because 1997 and 1998 incluaglgg Istorms that our model
needed to get correct in order to accurately mquiods of high flow. The
precipitation factors before and after calibrateme shown in Figure 52 and Figure
53. The large difference between the PRISM andbredéd precipitation factors
could be due to a number of reasons, including phssibility that we are
underestimating evapotranspiration, water is emgethe groundwater, the soils are
able to hold more water than the model estimatetheosoils are thicker than what is
listed in the SSURGO database.
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APPENDIX IIl: ADDITIONAL WARMF RESULTS

Below are selected screen shots from the WARMF iinoefere mine remediation
(Figure 54 - Figure 64). The calibration was perfed by trying to match the
observed with the modeled values at each locatiogrevwater quality information
was available. As seen in the figures, the modeddaes match the observed values
better in areas such as Yolo and Rumsey whereréhieage area is larger, and not as
well in the smaller drainages such as Harley Golc8ulphur Creek. The blue lines

are the modeled results, and the black dots ameradxd flows.
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