a USGS

science for a changing world

Jointly funded by the U.S. Geological Survey and U.S. Bureau of Land Management

Mercury Release from the Rathburn Mine,
Petray Mine, and Bear Valley Saline Springs,
Colusa County, California 20042006

By Aaron J. Slowey and James J. Rytuba

Open-File Report 2008-1179

U.S. Department of the Interior
U.S. Geological Survey



U.S. Department of the Interior
DIRK KEMPTHORNE, Secretary

U.S. Geological Survey
Mark D. Myers, Director

U.S. Geological Survey, Reston, Virginia 2008

For product and ordering information:
World Wide Web: http://www.usgs.gov/pubprod
Telephone: 1-888-ASK-USGS

For more information on the USGS—the Federal source for science about the Earth,
its natural and living resources, natural hazards, and the environment:

World Wide Web: http://www.usgs.gov

Telephone: 1-888-ASK-USGS

Suggested citation:

Slowey, A.J., Rytuba, J. J., 2008, Mercury release from the Rathburn Mine, Petray Mine, and
Bear Valley saline springs, Colusa County, California 2004-2006: U.S. Geological Survey, Open-
File Report 2008-1179, 49 p. [http://pubs.usgs.gov/of/2008/1179/].

Any use of trade, product, or firm names is for descriptive purposes only and does not imply
endorsement by the U.S. Government.

Although this report is in the public domain, permission must be secured from the individual
copyright owners to reproduce any copyrighted material contained within this report.

1


http://www.usgs.gov/pubprod
http://www.usgs.gov/pubprod
http://pubs.usgs.gov/of/2008/1179/

Contents

FIUIS.. .ttt et ettt e st e et e teeeebe e aeeesbeesaeesbeesseeesbeenseeesbeenseeesseensaeenseensaeans il
TADICS ...ttt et e et e e e e be e e e e e e tbae e abeeeaaae e tbaeetbaeataeeanaaeesreeenaaeanes v
Abbreviations, definitions, and datum USE............uvviiiiiiiiieeieieieee et ee e e e e \%
L § T8 (016 1015 ) 4 FOR PSPPSRSO 1
1.1 Background and ODJECTIVES ........cecuieriieeiieiieeieeeiie ettt ete et seeeete et eesbeesaneesaessseenseeens 1
1.2 GROIOZY ..ttt ettt ettt sttt sae et 3
1.3 HYATOLOZY ..ottt ettt ettt et ettt et e et e et eesbe e aaeesbeessaeenseessseesseensseenseensseenseanns 3
1.4 Physicochemical and biogeochemical considerations for mercury in Bear Valley.............. 8
2. Sample locations and MEthOdS...........cciiiiiiiiiiiiieiie e 11
2.1 Sample locations and CONAILIONS........ccuieruieiiiiieiriieeiiee et e eiee e e e eeeaeeeaeeeenseeenans 11
2.2 Sample handling.........c.cooiieiiiiiieiee ettt be et e ae e enaeens 11
2.2.1 Rock, tailings, and stream SEAIMENt ...........ccveeeriiieeiiieeiieeeee et e 11
2.2.2 WALET .ttt et et ettt e ettt e ettt e et e e et e e st e e e bt e e e bt e e bt e e eabeeeeabeeenanes 14
2.3 Analytical MEhOAS .......eeieiiiieiie et 14
2.3.1 Sediment and tailingS ........cceecveerieiiiieieeie ettt ettt et enneens 14
2.3.2 WA ...ttt ettt e ettt e e et e e e et e e e e bt e e e e ab e e e e e abteeeeantaeeeennnaeaaenn 16
3. ReSults and diSCUSSION ......ieuiiiiieiieiiieiie ettt ettt et s e et e s e e eteesaaeenbeesnseesaesnseens 17
3.1 Tailings and dry sediment at the Rathburn and Petray Mines ..........ccccceecveevevienceeencnneennne. 20
3.2 Surface and saline ground Water SEEPALE ........eevueeruiieruieriieiieeieeiie et eiee e esieeebeeseeeeeeens 21
4, CONCIUSIONS....ceeiuiiieeiiieeeiee ettt ett e et e e et e e st e e tteeetaeeesaeesssaeeasseeenssaeesseeessaeesseesnsseesnseeens 36
4.1 General CONCIUSIONS ......cuiieiieiieiieeiie et esiie ettt e et esete et eestaeebeesseessseessaeenseesseesnseenseeenseans 36
4.2 Predicting the efficacy of a removal of Rathburn and Petray Mine waste ......................... 38
0. RETEICIICES ....cutieiieeii ettt et ettt e et et e e et e e bt e e sbeeseeenseenseesnseesaennseens 38
APPendix 1. PROtOZIAPRS. ....ccoiiiiiiiieciiiece ettt et e e ae e et e e e aae e e e e sbae e e 42
Figures
Figure 1. Location of Bear Valley, Colusa County, California. .........cccccooveiiiiiiiiiieiiieeiie e 2
Figure 2. Petray and Rathburn Mine and Bear Valley sample locations......................co............ 4-6|
Figure 3. Physicochemical model of mercury transport from Rathburn and Petray Mines and
WIthin BEAr VALICY. .....ccviiiiiiiiiiciieiece ettt ettt et ettt e et e eebeesee e 9

Figure 4. Biogeochemical model for processes putatively affecting the transport of mercury in
the Bear Creek basin. Sources of bicarbonate include dissolution of CO, gas evolved from
connate ground water seeps and travertine dissolution during acidic rainfall. ..................... 10

Figure 5. Acid titration curves for filtered (<0.45 um) Rathburn and Petray Mine drainage
sampled in May 2005 (a) and Bear Valley saline spring-influenced surface water sampled in

December 2000 (D). .oooveieeiieeeceiee e et e e e eae e e sreeeeans 25
Figure 6. Correlation between log; transforms of Na and Cl in filtered (<0.45 pum) spring, pore,
and surface water in streams draining the Petray Mine and Bear Valley. .........c..cccccecenee 26

Figure 7. (a) Excitation-emission matrix for Bear Valley ground water seepage location 06RP1.
(b) Fluorescence emission spectra at 370 nm excitation wavelength, as indicated by the
daShed 1IN 1 (@) .eeveeeiieiieiie ettt ettt ettt et e st e et e e s saeeebeesaseesseessseensaenseennns 33

Figure 8. Apparent correlation between DOC the fluorescence index and SUV Ajsy. ......c........... 34

i1


http://pubs.usgs.gov/of/2008/1179/of2008-1179_fig2.pdf

Figure 9. Correlation between log) transforms of filtered (<0.45 pm) and total Hg in surface

water in streams draining the Petray Mine and Bear Valley. .........cccoecvveviiiiieniicciienieeen. 34
Figure 10. Petray Mine, May 2005 (denoted as photo 10 in fig. 2).......cceceeviiniiinieniiinienieeen. 42
Figure 11. Near location M, looking eastward toward Bear Valley, May 2005 (denoted as photo

O 0 1 T TSSOSO SURRPROPRO 42
Figure 12. Location M, May 2005 (denoted as photo 12 in fig. 2)......ccccecvevierciienienciienieeieenen. 43
Figure 13. South fork of tributary 1, May 2005 (denoted as photo 13 in fig. 2). ...ccccceeveriennee. 43
Figure 14. Algal biomass in Dead Shot Creek, May 2005 (denoted as photo 14 in fig. 2).......... 44
Figure 15. Cinnabar ore in alterred serpentine at the Petray Mine, May 2005..........c..cccccevenne. 44

Figure 16. Alterred serpentine at the Rathburn Mine (a), ppen pit at the Petray Mine (b), Petray
fault zone (c), north Pit at the Petray Mine (d), waste rock at the Rathburn Mine (e), alterred
serpentine at the Petay Mine (f), silica-carbonate veins at the Petray Mine (g), and terraced

topography at the Petray Mine (h). (taken May 2005).......c.cooviiiiiimiiiniiiiieiieeieeeeee e 45
Figure 17. Travertine along tributary 1, December 2004. ..........c.ccoovieiieriienieeieecie e 46
Figure 18. Travertine “falls” along tributary 1, December 2004...........ccccceeiiiiiiieniiiiiiiieeeeeee, 46
Figure 19. Ground-level view of vegetated land along fault zone depicted in figure 2, December

2006ttt h bt h bt ettt e bbbt bbbt bt a e n et et et et enene 47
Figure 20. Large seep of connate ground water, including evolving gas (presumably CO,, based

on its lack of any detectable odor), December 2000.............ccoccuerriiiiiiiniiieiieieeeeeeeeee 47
Figure 21. Unsaturated carbonate-rich mud and grass coated with efflorescent salt, December

2006ttt h bbbt a et et et bbbt bt bt a st et et et et ne e 48

Figure 22. Carbonate and iron-rich ground water seepage. Note also faint regions of green
material and the nonuniformity of iron (orange) and green coloration, December 2006. .... 48
Figure 23. Tributary 1 on December 13, 2006 at dusk (photo levels enhanced). Note white

mineral coating along stream channel..............ccoooiiiiiiiiiiiiiii e 49
Figure 24. Ground water seepage and resulting drainage channel. Shiny object is an aluminum
foil-covered pore water sampling device, December 2006. ............cccceeviiieniiiiienieeieeneee 49
Tables
Table 1. Altered serpentinite, calcine and sediment sample locations at open pits at the Rathburn
ANA PEIray MINES.....ooiiiiiiiiieiiie ettt e et e st e et e e s taeessseeeenseeessseesnnseeenseeas 12
Table 2. Stream water and sediment sample locations, quantities, and dates...........c.ccccereeneeee. 13
Table 3. Elemental composition of tailings, waste rock, and sediment at the Rathburn and Petray
IMIIINIE STEES. .veeutieniieeitieiie ettt ettt et e sttt e st e bt e s it e e bt e e st e e bt e sateebeeenbeeseeenbeeeseeenseanseesnneans 18
Table 4. Hg and methyl Hg in surface water, sediment, and porewater and sulfide in pore water.
............................................................................................................................................... 23
Table 5. Predicted proportions of saline ground water in water samples based on ClI
concentration in spring, pore, and SUrface Waters. ..........ccceeveieriiriiiiiiieniieie e 28
Table 6. Temperature, pH, alkalinity, and concentrations of selected anions. ..........cccceeeenenee. 31
Table 7. Concentrations and properties of dissolved organic matter in saline ground water
seepage sampled in Bear Valley, December 2000. ...........cccccveriieiiienieeciienieeieenee e 32

v



Abbreviations, definitions, and datum used

Vertical and horizontal coordinate information is referenced to the North American Datum of
1927 (NAD 27 CONUS).

aq, dissolved aqueous species (operationally defined as the filtered water fraction).
DOC, dissolved organic carbon
DOM, dissolved organic matter

EE/CA, Engineering evaluation/cost analysis for “non-time-critical removal actions,” as defined
by the U.S. Environmental Protection Agency’s Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA).

EEM, Excitation-emission matrix of ultraviolet fluorescence of dissolved organic carbon.

FI, fluorescence index of dissolved organic carbon, computed by dividing the emission intensity
at 470 nm (I470) by that at 520 nm (Is0) at an excitation wavelength of 370 nm.

Hg, generic shorthand for mercury; does not denote speciation.

Hgr, total mercury (inorganic plus organic).

Hgr, total mercury (inorganic plus organic) in a filtered sample (either 0.1 um or 0.45 pm,
as specified in the text).

Hg(1II), compounds containing divalent inorganic mercury (Hg*") and anionic ligands (for
example, CI', S%).

meq/L, milliequivalents (10~ charge equivalents) per liter.

MMHg, monomethyl mercury, methylmercury, and monomethylmercury (CH;Hg")

ng/g, nanogram per gram, equivalent to one (1) part per trillion.

ng/L, nanogram per liter, approximately equivalent to one (1) part per trillion.

ppm, parts per million, equivalent to mg/kg or pg/g.

s, sample standard deviation

SC, specific (electrical) conductivity, reported in units of millisiemens per centimeter (mS/cm).

SUV Ays4, Specific ultraviolet absorbance, calculated by dividing the UV absorbance at a
wavelength of 254 nm by the DOC concentration and reported in the units of L'mg C' m™.

v/v, volume per volume



Mercury Release from the Rathburn Mine, Petray Mine, and Bear
Valley Saline Springs, Colusa County, California 2004-2006

Aaron J. Slowey and James J. Rytuba'

1. Introduction

1.1 Background and objectives

The Rathburn and Petray mercury (Hg) deposits are the northernmost and youngest Hg deposits
in the Coast Range Hg mineral belt and are located in the Bear Creek portion of the Cache Creek
watershed, Colusa County (fig. 1). The Rathburn Hg mine is relatively small, having produced
100 flasks of Hg, primarily in the period from 1892-1893. More recent mining in the late 1960s
and early 1970s recovered about 400 flasks of Hg from the Petray open pit mines located
immediately to the north of the Rathburn Mine. The Petray open pits caused considerable surface
disturbance and contributed mine waste material to the headwaters of several small tributaries to
Bear Creek located to the east. The mines are located on federal land managed by the U.S.
Bureau of Land Management (BLM). The BLM requested that the U.S. Geological Survey
(USGS) measure and characterize Hg and geochemical constituents in tailings, sediment, and
water at the Rathburn and Petray Mines, tributaries draining the mine area, and within Bear
Valley west of Bear Creek (fig. 2). This request was made in response to a California State
Water Board mandate that the BLM conduct an Engineering Evaluation/Cost Analysis (EE/CA)
of “non-time-critical removal actions.” The EE/CA applies to removal of Hg-contaminated mine
waste from the Rathburn and Petray Mines as a means of reducing Hg transport to Bear Creek.
The mandate presupposes that the Rathburn and/or Petray Mines are the primary sources of Hg
to Bear Creek, although we consider this assumption to be a question. We also consider the
question of how to directly evaluate the efficacy of eliminating the mines as Hg sources, should
they be remediated.

Accordingly, the following are the objectives of this study:

i. Determine all potential natural and anthropogenic sources of Hg to Bear Creek.

1. Evaluate the extent to which Hg is transported to Bear Creek from all sources.

iii. Identify physicochemical and biogeochemical processes affecting the transport of Hg based
on existing (preremediation) field conditions.

"us. Geological Survey, 345 Middlefield Rd, MS 901, Menlo Park, California 94025; aslowey@usgs.gov;
650 329-5474.
Yirytuba@usgs.gov; 650 329-5418.
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Figure 1. Location of Bear Valley, Colusa County, California.

This report summarizes data obtained from field sampling of mine tailings and waste rock at the
Rathburn and Petray Mines that was initiated in July 17, 2001 and water and sediment in
regional springs and tributaries that drain from the mine area into Bear Creek on December 14,
2004 and February 16 and May 27, 2005. Although it was initially assumed that the mines were
the cause of elevated levels of monomethyl Hg measured by the Central Regional Water Quality
Control Board in tributaries near their confluence with Bear Creek (Foe and others, unpublished
results), it became apparent during this study that ground water springs were also potential
sources of Hg. In addition to sampling of springs in May 2005, saline ground water seepage
along an unnamed fault on the west side of Bear Valley was sampled on December 13-14, 2006.
We did not sample water or sediment in Bear Creek itself during this study. Our results permit a
preliminary assessment of mining and natural sources of Hg and associated chemical constituents
that could elevate levels of monomethyl Hg in Bear Creek.

The Bear Creek drainage basin comprises the northeastern part of the much larger Cache Creek
basin, which has been the subject of several studies of mercury transport to the San Francisco
Bay Delta (Bloom, 2001; Domagalski and others, 2004a; Domagalski and others, 2004b; Slotton
and others, 2004; Cooke and Morris, 2005). We compare our results to some of the findings
recapitulated by Domagalski and others (2004b) but do not attempt to reconcile our findings with
these previous studies. Here, we attempt to develop a basis for incorporating biogeochemical and
hydrological processes into a future monitoring program. A more fully developed conceptual
model is the objective of a new California Bay Delta Authority-funded project that intends to
ensure that future monitoring improves our understanding of the ecology of Hg contamination in
the Cache Creek basin, on the basis of the evaluation of past work.



1.2 Geology

Mercury mines in the Bear Creek watershed are located near the major tectonic boundary that
separates the sedimentary rocks of the forearc Great Valley Sequence from varied lithologies of
the Franciscan accreted terrain. The Rathburn and Petray Hg deposits are localized along fault
zones in serpentinite that has been hydrothermally altered and cut by numerous quartz and
chalcedony veins. Cinnabar occurs as fine-grained masses on fractures and disseminated in low-
angle fault and shear zones. The Hg ores formed in a hot spring system in the steam-heated
environment present above the boiling paleo ground water table.

Cold saline springs and travertine terraces (sample locations M and MB, fig. 2) and drainages
with sediment cemented by carbonate minerals (sample locations C, K, and L; see fig. 2 and figs.
11, 17, and 18 in the appendix) are present to the east of the Petray Mine and represent the
waning stage of the hydrothermal system that formed the Hg deposits. Numerous saline springs,
such as Cain springs (sample location CS, fig. 2) are present in the Bear Creek watershed. A
previously unrecognized north-northwest-trending fault in Bear Valley, here termed the Bear
Fault, is located 2 kilometers east of the Petray Mine and about 1 kilometer west of Bear Creek
(fig. 2). Saline springs are localized along the length of the fault zone, exposed by areas of
vegetation and whitish-gray carbonate-rich material (figs. 19-21). The largest volume of spring
water is released from the central part of the fault and flows into tributaries 1 and 2 (fig. 2).
These spring waters are derived from connate fluids within the Great Valley sedimentary rocks
and consist of evolved Cretaceous seawater having high concentrations of CO,, methane, and as-
yet unknown hydrocarbons (referred to later as organic carbon). The fluids reach the surface
along fault zones located within the Bear Creek watershed and account for the unusually high
chloride, carbonate and sulfate concentrations of Bear Creek and several of its tributaries.

1.3 Hydrology

It is hypothesized that there are two sources of Hg to Bear Creek: surface water drainage from
the Petray and Rathburn Mines and saline ground water from Bear Valley. Each source may
differ in the speciation of mercury at the point of release. The aqueous geochemistry of each
source also differs. However, at Bear Creek, aqueous geochemistry will reflect mixing of
meteoric water and saline ground water to varying degrees, depending on rainfall intensity
(assuming saline springs dominate ground water flow). It is expected that the aqueous
geochemistry in Bear Creek will be dominated by that of saline ground water during the dry
season and by surface runoff during the wet season but transiently and to a limited extent. As a
result, it is expected that assessing the hydrological (and therefore geochemical) importance of
surface water drainage from the mined areas relative to saline ground water to the aqueous
geochemistry of Bear Creek and downstream water bodies (for example, Cache Creek) will be
difficult without extensive geochemical, geophysical, and hydrological investigation over a
multi-year period that captures appreciable hydrological variability (see also section 4).
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Figure 2. Petray and Rathburn Mine and Bear Valley sample locations
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Water inputs to Bear Creek consist of a combination of ground and surface water. Surface water
at the Petray Mine location is believed to arise from meteoric precipitation and is, therefore,
ephemeral. Surface water from the north pit of the Petray Mine drains primarily through one
incised channel, referred to here as the north fork of tributary 1 and shown in figure 2. On the
basis of topography, surface flow from the middle pit of the Petray Mine flows eastward to the
south fork of tributary 3 and northeastward into the south fork of tributary 1. A saline spring east
of the north pit actively releases carbonate-rich water, forming a carbonate terrace (travertine),
depositing carbonate minerals, and cementing the sediment throughout the downstream channel
of the south fork of tributary 1. It is unclear where surface drainage from the Rathburn Mine
location goes, but it may join drainage from the south pit of the Petray Mine and/or drain to
tributary 2 (fig. 2). Another drainage channel called Dead Shot Creek originates north of the
Petray Mine. As can be viewed in current aerial photographs of the area, Dead Shot Creek has
flowed parallel to tributary 1 before merging with it just upstream of the Bear Creek confluence.
In 2005, however, we observed Dead Shot Creek to merge with tributary 1 much further
upstream, just downstream of the confluence of the north and south forks of tributary 1. Recent
debris flow deposits have caused the active channel of Dead Shot Creek to move southward on
the alluvial fan such that it no longer is accurately represented on the topographic map.

As stated above, some surface flow in Bear Valley is due to upward percolation of ground water
originating from connate fluids, some of which are heated and thus geothermal, primarily in the
Sulphur Creek tributary to Bear Creek. Several 1- to 2-m depressions at the surface of Bear
Valley were observed in December 2006. Some of these depressions were dry or moist from
rainfall, but nearly all had narrow and shallow channel depressions leading towards Bear Creek
and indicative of past discharge (fig. 24). When meteoric input is minimal, surface water is likely
dominated by seepage of cold saline connate water.

Seepage of saline ground water appears to change in its spatial occurrence and extent over time.
Ground water was clearly observable in shallow pits dug for sampling location BF1. In several
pits dug in the vicinity of location BF2, a hard layer was encountered approximately one foot
below ground surface. This layer is presumed to be a travertine deposit formed from past spring
flow. Evidence of past ground water seepage was also observed north of Bear Creek Ranch Road
in December 2006, but soil in the vicinity of location BF3 (fig. 2) was not saturated at the time.
Vegetation varies appreciably, presumably depending on the stability of soil as affected by
ground water inundation. One location (BF4) supported growth of tall plants, most had short
grasses, and a few lacked vegetation. Several surface depressions were noted along the Bear
Fault, most of which were not actively seeping water.

In addition to surface water and runoff of seepage, it is hypothesized that Bear Creek receives a
substantial input of ground water via direct subsurface transport. Several brief investigations in
late-2004 (Aug. 5, Sept. 22, and Oct. 26") by Foe and others revealed that the specific electrical
conductivity (SC) of Bear Creek water increased by about 10% (roughly 800 to 900 puS/cm)
downstream of the Bear Valley segment that includes drainage from the Petray and Rathburn
Mines (Foe, pers. comm.; unpublished data).



These hydrological features influence the transport and biogeochemical transformations of Hg in
Bear Valley primarily through the physicochemistry' of carbonate-rich materials. For example,
carbonate minerals could be cementing mineral particles to which Hg is likely sorbed.
Dissolution of carbonate minerals would release particles. In addition, carbonate and other
constituents of saline ground water, such as dissolved organic carbon (DOC), likely influence
both geochemical and biological processes that affect the reactivity of inorganic Hg in the
vicinity of Bear Creek, thus affecting its potential to be methylated and taken up by resident
biota (Slotton and others, 2004).

1.4 Physicochemical and biogeochemical® considerations for mercury in Bear
Valley

Both the drainages from the Petray Mine area and Bear Valley tributaries (1 through 5, fig. 2) to
Bear Creek are supplied with carbonate from saline springs located throughout the drainage
basin. Sulfate is also present in both mine drainage and ground water. In addition, ground water
contains high levels (up to 20 mg/L, as discussed later) of dissolved organic carbon. These
constituents can strongly influence the environmental geochemistry of Hg (discussed in section
3.2). Figures 3 and 4 summarize physicochemical and biogeochemical processes that could affect
the transport and reactivity of mercury in the Bear Valley/Bear Creek system. The following
paragraphs briefly explain these processes.

Precipitation of carbonate minerals will cement sediment (including mine waste), such as in the
south fork of tributary 1, and therefore should retard physical transport of Hg from the Rathburn
and Petray Mines. However, periods of intense rainfall may sufficiently lower the pH of surface
water in Bear Creek tributaries to partially dissolve carbonate cements, and dissolve and release
Hg-bearing particles (fig. 3). As the wet season ends and meteoric input wanes, water seeping
from the western hills may mix with upwardly flowing saline ground water and provide a base
flow through the Bear Creek tributaries. This temporary hydrological state may reduce the
physical and chemical transport of Hg. However, lower flow and warmer temperatures likely
enhance a number of biologically mediated processes that affect the speciation of Hg and
formation of monomethyl Hg. Such processes will be related to geochemical conditions
dominated by carbonate, sulfate, dissolved organic carbon (DOC), and, on the basis of visual
observations (figs. 12 and 22), iron.

Figure 4 summarizes a number of biogeochemical processes that may influence the speciation
and transport of mercury in Bear Valley. Photosynthetic organisms such as algae consume
carbonate, which can change pH: the change is dependent on the assimilation of other ions
(Stumm and Morgan, 1996). For example, ammonia (NH,") assimilation as part of
photosynthesis generates acid, which could sufficiently lower the pH enough to dissolve
carbonate minerals. Dissolution of carbonate minerals may release Hg-bearing particles.
Ammonia is highly enriched in active mercury geothermal systems such as at the Sulphur Bank
mercury deposit where elevated concentrations of NH," are present in springs (King and Rytuba,
pers. communication). Sources of ammonia to the Bear Creek watershed are likely saline ground
water and urine excreted by cattle grazing in the area. The latter source implicates land-use as an

" n this report, physicochemistry refers to coupled chemical and physical processes (for example, precipitation,
dissolution, and colloid transport).

? In this report, the term biogeochemical refers to processes mediated by microorganisms as well as abiotic
geochemical constituents.



influence on the speciation and mobility of Hg in Bear Valley. The relatively high concentrations
of nitrate, up to 90 ppm in the most saline spring waters along the Bear Fault, are likely a result
of the oxidation of NH," in ground water when it mixes with more-oxygenated meteoric water.

from mine waste

Supersaturation,

precipitation Sorption of Hyg(ll),,
HCO,, /
Fe(lll)-hydroxide

Chloride Ha()q

HCO,", Hg(ll)aq, HgS(S)
“Acid” rain
(Ca, Mg)CO, < Cementing of HgS(s)

Oxygenation

CO,(9), Fe(ll)

Saline
groundwater

Figure 3. Physicochemical model of mercury transport from Rathburn and Petray Mines and within Bear
Valley.

Sulfur cycling is important to Hg speciation and transport due to the ubiquity of sulfate-reducing
microbial activity in subsurface and near-surface environments (Gibson, 1990; Rabus and others,
20006) and the strong chemical affinity between reduced sulfur species and Hg(II) (Hepler and
Olofsson, 1975; Paquette and Helz, 1997; Jay and others, 2000; Brandon and others, 2001). As
shown in figure 4, reduction of sulfate to form bisulfide is only one of several potentially
important reactions. In particular, oxidation of sulfide [S(-II)] by microorganisms such as
Beggiatoa and Thioploca spp. (Teske and Nelson, 2006) and abiotic oxidation of S(-II) by Fe(III)
and Mn(IV) (hydr)oxides to elemental sulfur [S(0)] (Thamdrup and others, 1994; Poulton and
others, 2004) introduces reaction mechanisms that can release mercury from species such as
cinnabar (a-HgS(s)) or authigenic metacinnabar (3-HgSs)) (Slowey and Brown Jr., 2007). The
roles of organic carbon—an abundant constituent in saline ground water within Bear Valley—
may include dissolution of o— and B—HgS) (Ravichandran and others, 1998; Waples and others,
2005), which may be photochemically influenced. Organic carbon can also limit the nucleation
and crystal growth of B-HgS) in the presence of sulfide (Ravichandran and others, 1999).

The mining sources of mercury are small in spatial extent compared to the transport pathways in
Bear Valley. As a result, Hg from the mines is expected to be widely dispersed. Saline ground
water may also contribute Hg to Bear Creek via seepage/surface runoff and subsurface flow.



Understanding the net transport of Hg from the mines to Bear Creek is addressed to a limited
extent by this brief field investigation. To understand whether there is a net flux of Hg to Bear
Creek, seasonal, multi-year monitoring of Hg in water and sediment in the Bear Creek tributaries
and in Bear Creek downstream of the confluences of these tributaries is required. These
considerations for Hg transport to Bear Creek are developed in light of the results of this study
and are recapitulated in section 4.

Subsurface flow, seepage, and runoff of ground water throughout Bear Valley are expected to
strongly influence the aqueous chemistry of Bear Creek. Since Bear Creek is a small part of the
Cache Creek watershed, the spatial extent to which ground water influences the geochemistry of
downstream waterways is unclear. However, the larger Cache Creek basin includes several other
sources of saline ground water that, to our knowledge, have yet to be characterized or
enumerated.

HS
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\ SO)
o P SOZ NHs

Algae “
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Figure 4. Biogeochemical model for processes putatively affecting the transport of mercury in the Bear
Creek basin. Sources of bicarbonate include dissolution of CO, gas evolved from connate ground water
seeps and travertine dissolution during acidic rainfall.
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2. Sample locations and methods

2.1 Sample locations and conditions

Samples were collected to assess the concentration of Hg and biogeochemically relevant
constituents in rocks within the open pits at the mine (altered serpentinite) and in tailings in
waste rock piles at the Rathburn and Petray mines (figs. 10, 15, 16). Water, soil, and sediment
were sampled along Dead Shot Creek (fig. 13), stream channels (referred to as tributaries 1
through 5) originating near the Petray open-pit mine and coursing through Bear Valley toward
Bear Creek (fig. 23), and along an inferred fault zone in Bear Valley marked by numerous
saline springs. Tables 1 and 2 detail the various types of samples collected, locations, and
collection dates during the Winter 2004, February 2005, May 2005, and December 2006 periods.
Field locations are shown on figure 2. During the December 2004 period, stream flow was low
with no precipitation; in February 2005, sampling occurred during a storm that resulted in higher
stream flow; the weather was stable and no precipitation occurred in May 2005; and while
rainfall did occur over days prior to the December 2006 sampling period, precipitation while
sampling was negligible and surface runoff was minimal

2.2 Sample handling

2.2.1 Rock, tailings, and stream sediment

Samples consisting of from 100 to 500 g of altered serpentinite and mine tailings were collected
from exposures and waste rock piles in the Rathburn and Petray Mine pits. 125 mL jars were
nearly filled with wet stream sediment. Rock and tailings samples were stored and shipped in
zip-lock bags at ambient temperature. Wet sediment for total Hg (Hg,) and methyl Hg (MMHg)
analysis were stored on dry ice within approximately one hour after collection and kept frozen in
the laboratory until shipped on dry or wet ice overnight to analytical laboratories, where upon
receipt they were kept frozen until analysis. The temperature of samples arriving at the analytical
facilities ranged from 1 to 4°C, which is within the limits specified in EPA Method 1631E.
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Table 1. Altered serpentinite, calcine and sediment sample locations at open pits at the Rathburn and
Petray Mines.

[See fig. 2 for a map of these locations. Geographic coordinates are referenced to the NAD 27 CONUS]

Location Latitude Longitude Description

Rathburn calcine, sediment, and altered rock

1 39.07507 -122.44825 Brick retort and soil

2 39.07607 -122.43822 Sand and silt in open cut

9 39.07677 -122.44838 Waste rock of altered serpentinite
10 39.07677 -122.44838 Altered serpentinite

Petray Open Pit sediment

3 39.07677 -122.44492 Silt and clay sediment in middle pit

4 39.07677 -122.44825 Silt and clay sediment in middle pit

5 39.08605 -122.45140 Silt and fine sand from north-middle pit drainage

6 39.08578 -122.45098 Clay in north-middle pit

Petray ore and altered rock

7 39.08178 -122.44933 Argillic alteration in shear zone

8 39.07680 -122.44490 Opal veins in silicified serpentinite

11 39.08608 -122.45155 Cinnabar on fractures in south trench

12 39.08876 -122.45208 North pit quartz-chalcedony vein in shear zone

13 39.08879 -122.45210 North pit opal veins in altered serpentinite

14 39.08606 -122.45140 Quartz-chalcedony vein in silica-carbonate rock alteration

15 39.08880 -122.45015 Waste rock east end, north open pit

R 39,0889 122.4493 tl\r/igiizg-tlo-coarse sand below Petray north pit, north fork of
S 39 0885 _122.4486 \I?V};Af}(;iiri