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ABSTRACT 
 
 

SHALLOW SUBSURFACE GROUNDWATER FLOW PATHS AND 
 

METAL CONTAMINATION IN THE MALAKOFF DIGGINS 
 

HYDRAULIC GOLD MINE PIT 
 

by 
 

© Travis Moore 2019 
 

Master of Science in Geosciences 
 

Hydrology/Hydrogeology Option 
 

California State University, Chico 
 

Summer 2019 
 
 

Malakoff Diggins, in Nevada County, was once the largest hydraulic gold 

mine in California. Mine drainage still discharges mercury, sediment, and metals to 

Humbug Creek, degrading downstream habitat. The goals of this study were to (1) 

characterize the shallow groundwater levels and flow paths in the hydraulically excavated 

mine pit, (2) compare the distribution of nonfiltered mercury, filtered mercury, and 

nonfiltered methylmercury in shallow groundwater and surface water drainage from the 

Pit between saturated and unsaturated conditions, and (3) compare dissolved organic 

carbon concentrations between saturated and unsaturated conditions in shallow 

groundwater and surface water drainage from the Pit in water year 2016. Groundwater 

levels were measured in eight piezometers from November 7, 2015 to October 28, 2016. 

Mercury samples were collected in piezometers, a pond, and Hiller Tunnel during 



xv 

saturated conditions on May 4, 2016 and unsaturated conditions on July 22, 2016. 

Dissolved organic carbon samples were collected monthly at all locations from April 25 

to October 17, 2016. During saturated and unsaturated conditions, groundwater flow was 

in two directions, from east to west and north to south towards Hiller Tunnel. During 

saturated conditions, the nonfiltered mercury concentrations in piezometer P-1, the Pond, 

and Hiller Tunnel outlet were higher than concentrations measured during unsaturated 

conditions. Methylmercury concentrations in P-1 and Hiller Tunnel outlet were higher 

during saturated conditions but higher in the Pond, P-6 and P-7 during unsaturated 

conditions. Between saturated and unsaturated conditions, the dissolved organic carbon 

concentrations increased in the piezometers and the Pond but decreased in Hiller Tunnel 

outlet. The findings presented here suggest that hydrologic condition and dissolved 

organic carbon concentrations affect the distribution of mercury at Malakoff Diggins. 
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CHAPTER I 
 
 

INTRODUCTION 
 
 

Background 

Throughout California, there are over 45,000 abandoned mines of which about 

11%, or approximately 5,000, pose environmental hazards such as increased 

sedimentation to streams and mercury contamination of water, soil, and air (Department of 

Conservation [DOC], 2000). The widespread mercury contamination throughout the Sierra 

Nevada Mountains from historic gold mining has led to elevated mercury concentrations 

in aquatic food webs with the potential to impact human health via consumption of 

mercury contaminated fish (Alpers et al., 2005a; CalEPA, 2018).  

At Malakoff Diggins, a hydraulic gold mine in Nevada County, CA, the 

Paleozoic metamorphosed igneous and sedimentary bedrock provided a base on which 

auriferous gold bearing gravels were deposited (Schweickert and Cowan, 1975; Whitney, 

1880). This type of deposit, known as a placer deposit, was typically mined with 

hydraulic monitors to wash the auriferous gravels into flumes and sluice boxes, whereas 

hard rock mining was an underground process (Alpers et al., 2005a). In the hydraulic 

mining process, gravels were conveyed into sluice boxes and the gold particles settled out 

in mercury-lined riffles (Alpers et al., 2005a). The chemical attraction between gold and 

mercury formed an amalgam that increased the efficiency of gold recovery (Alpers et al., 

2005a). Mercury was commonly lost from the sluice boxes due to turbulent flow 

dislodging and transporting fine gold and mercury particles (Alpers et al., 2005a). A 

modification known as an undercurrent, in which gold particles were diverted to 
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mercury-lined copper plates, did reduce the loss of mercury but did not eliminate it 

(Alpers et al., 2005a). According to historic records, mercury loss to the environment 

during the California Gold Rush was about 10–30 % during the peak of gold production 

and mercury loss at hydraulic mines was significantly higher (Alpers et al., 2005a; 

Bowie, 1905). With this rate of mercury loss, an average sluice could have lost hundreds 

of pounds of mercury in a single operating season (Hunerlach et al., 1999) and an esti-

mated 10,000,000 lbs. of mercury was lost to the environment in California from placer 

deposits that were mined hydraulically (Churchill, 2000). The massive volume of 

mercury that entered the environment through gold mining has led to contamination 

issues that are still presented today. 

While the release of mercury to the environment from gold mining in 

California was widespread (Churchill, 2000), the problem is worldwide, and highly 

concentrated industrial releases of mercury have caused severe damage to wildlife and 

humans in the past. In Minamata Bay, Japan, in 1956, mercury contaminated industrial 

waste poisoned the marine life in the bay and humans who consumed contaminated fish 

(Harada, 1995). Following the mercury release, symptoms such as spasms were first 

noticed in cats consuming local fish and Minamata disease was officially diagnosed as 

methylmercury (MeHg) poisoning. 

The legacy of gold mining in the Sierra Nevada Mountains is the cause of 

widespread mercury contamination in many rivers, lakes, and reservoirs throughout 

California (Alpers et al., 2005a). Mercury contamination has been documented in fish in 

many of the foothill reservoirs downstream of historic gold mines (Saiki et al., 2010), and 
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the highest documented concentrations occur in the Bear and South Yuba River 

watersheds (Slotton et al., 1997). Mercury contamination in many of California’s water 

bodies from historic gold and mercury mining has led to statewide fish consumption 

recommendations and some site-specific recommendations (CalEPA, 2018). Currently, 

there are site-specific fish consumption advisories for 19 lakes and reservoirs in the 

Sierra Nevada Mountains and foothills (CalEPA, 2018). A Statewide Mercury Control 

Program for Reservoirs is currently under review, that when implemented, will address 

131 reservoirs impaired with mercury contamination (CalEPA, 2018). Englebright Lake, 

downstream of Malakoff Diggins, is included in this program. The watershed upstream of 

the reservoir was heavily impacted by hydraulic gold mines, including Malakoff Diggins, 

which operated during the late 19th century (Gilbert, 1917; James, 2005). Malakoff 

Diggins continues to discharge particulate-bound mercury to downstream aquatic habitat 

where the potential for methylmercury formation is high (CalEPA, 2018; Fleck et al., 

2011; Monohan et al., 2014). 

Malakoff Diggins, acquired by the state in 1965, contains a large hydraulic 

mine pit (the Pit) that was excavated during the period of hydraulic mining from about 

1874 to 1884 (Deukmejian and Abbott, 1980; Jackson, 1967). The Pit is about 1 mile 

(mi) long, 0.5 mi wide, and about 300 feet (ft) deep (Cahill, 1979). Two tunnels located 

at the mine were used as sluices during the processing of hydraulic mine sediments or to 

aid in drainage of the Pit (Bean, 1867; Jackson, 1967). The approximate locations of both 

tunnels as well as their points of discharge to Diggins Creek and Humbug Creek are 

shown in Figure 1. Hiller Tunnel was the first tunnel built at the mine and was  
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originally used as a sluice for a claim owned by Dr. Hillershedits (Bean, 1867). Then 

between 1872 and 1874, the North Bloomfield tunnel was constructed through bedrock 

about 200 ft below ground surface (bgs) extending almost 8,000 ft along the course of 

Humbug Creek (Brown, 1987; Wyckoff, 1964). Eight access shafts were created to aid in 

the construction of the North Bloomfield tunnel approximately 1,000 ft apart and the 

tunnel outlets into Humbug Creek upstream of the confluence with the S. Yuba River 

(Brown, 1987; Jackson, 1967). In addition to drainage relief, the tunnel also functioned as 

a sluice, and mercury was added to the floor of the tunnel for gold recovery (Jackson, 

1967). The hydraulically-mined sediments were discharged through the tunnel from 1874 

to 1884, when the discharge of hydraulic mine debris was banned (Jackson 1967). 

In 1882, a lawsuit was filed by Edwards Woodruff, a landowner in 

Marysville, against the North Bloomfield Gravel Mining Company. The case, Woodruff 

v. North Bloomfield Gravel Mining Company, et al. was presided over by Judge Lorenzo 

Sawyer in the Ninth United States Circuit Court in San Francisco. The decision known as 

the Sawyer Decision ended the discharge of debris from hydraulic mines in 1884 

(Jackson, 1967; Deukmejian and Abbott, 1980). In 1893, the Caminetti Act was passed 

through U.S. Congress to allow the resumption of hydraulic mining as long as the 

resulting debris was contained. Shortly thereafter, the California Debris Commission was 

formed to permit debris control dams constructed by the mines so that hydraulic mining 

could resume (Jackson, 1967). 

In the 1920s, subsurface drift mining occurred at Malakoff Diggins, and 

dragline dredging, with a crane and bucket began in 1941 (Jackson, 1967). Although both 
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of these processes did not discharge sediments from the Pit, they could have further 

distributed mercury within the Pit. Then, in 1942, the War Production Board issued an 

order shutting down most of the gold mining in the country as “non-essential” for the war 

effort (Lindström, 1990). Since this time, the North Bloomfield tunnel has become 

partially plugged with sediment and debris and the main point of present-day discharge of 

sediment, mercury and other heavy metals is through Hiller Tunnel (Monohan et al., 

2014). 

Remediation techniques such as surface water diversions and a retention basin 

to attenuate sediment-bound mercury have been proposed for Malakoff Diggins 

(Peterson, 1976; NCRCD, 1978; Monohan et al., 2014). A retention basin could improve 

the quality of downstream aquatic habitat, but could also cause increased MeHg 

concentrations in the Pit. If a retention basin is constructed in the Pit, it could increase the 

extent and duration of impounded water creating an artificial seasonal wetland. 

Previous work has shown that wetlands are important sites of MeHg 

production, bioaccumulation, and export (Fitzgerald and Lamborg, 2007; Zillioux et al., 

1993; St. Louis et al., 1996; Bradley et al., 2011; Rudd, 1995). Watersheds with greater 

percentages of wetlands export more MeHg compared to watersheds with lower 

percentages of wetland coverage (Guentzel, 2009). In an experimental lake area in 

Ontario, Canada, watersheds dominated by wetlands contributed on average 2 to 7 times 

more MeHg than watersheds dominated by lakes and riparian habitat (St. Louis et al., 

1996). A similar study conducted by Rudd (1995) found nonfiltered MeHg 

concentrations ranging from 0.1 to 1.9 ng/L in a catchment with a large headwater 
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wetland compared to <0.1 ng/L in an upland catchment with no wetlands. In California, 

seasonal agricultural rice fields provide a unique opportunity to study methylmercury 

export from artificial wetlands. A study conducted by Alpers et al. (2013) showed that 

MeHg/THg ratios in effluent from flooded rice fields increased about 20 fold during the 

growing season compared to permanently flooded wetlands that showed little to no 

change in this metric. 

When mercury is introduced to water bodies, such as wetlands and reservoirs, it 

can be converted to a bioavailable neurotoxin, MeHg, through microbial processes. The 

MeHg can biomagnify in the food web and bioaccumulate in fish tissue posing a threat to 

wildlife and humans who consume contaminated fish (Wiener et al., 2003; Zillioux et al., 

1993; Driscoll, 2013; Alpers et al., 2005a). 

The conversion of Hg to MeHg is not fully understood but the presence of 

sulfur reducing bacteria (SRB) and iron-reducing bacteria (FeRB) has been correlated 

with methylation of Hg (Gilmour et al., 1992; Compeau and Bartha, 1985; Fleming et al., 

2006). Research on the biological process of mercury methylation has focused primarily 

on the SRB strain Desulfovibrio desulfuricans LS and a protein containing corrinoid plays 

a key role in mercury methylation capacity (Choi et al., 1994). Choi et al. (1994) 

concluded that this protein is part of the acetyl-coenzyme A (CoA) pathway. The other 

biochemical pathway that has been proposed for mercury methylation takes place in an 

aerobic fungus Neurospora crassa (Lander, 1971). This fungus can use the methionine 

synthase pathway to produce methylmercury but it is not known to produce much in 

nature. 
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Statement of the Problem 

The historic hydraulic gold mining at Malakoff Diggins State Historic Park 

resulted in physical and environmental hazards that remain today (Peterson, 1976; 

Monohan et al., 2014). Physical hazards range from open mine shafts and tunnels to 

eroding cliff walls, while environmental hazards include the discharge of sediment, 

mercury and other heavy metals to Diggins Creek and Humbug Creek via Hiller Tunnel 

(Peterson, 1976; Demaree, 2013; Nepal, 2013; Monohan et al., 2014). The National 

Pollution Discharge Elimination System (NPDES) provides permits to regulated point 

sources of pollution to water bodies in the United States (USEPA, 2010). The program 

was created in 1972 as part of the Clean Water Act (CWA) to help address water 

pollution across the nation. Under the CWA, the states have the primary responsibility to 

protect and restore their surface water quality. States that administer the CWA must 

review, make necessary changes, and submit the CWA section 303(d) list to the U.S. 

Environmental Protection Agency (USEPA) bi-annually. In addition, the CWA Section 

305(b) mandates states to report on the condition of their surface water quality. In 

California, this combined report is known as the California 303(d)/305(b) Integrated 

Report (California State Water Resources Control Board [SWRCB], 2018). State and 

Regional Water Boards analyze water quality data from the state’s surface waters and 

determine if pollutant levels exceed protective water quality standards, and select the 

bodies of water to be placed on the 303(d) List (SWRCB, 2018). 

Monitoring (2011–2014) showed elevated concentrations of particulate-bound 

mercury down stream of Diggins Creek and Humbug Creek confluence (Monohan et al., 
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2014). Regressions between turbidity and total suspended solids (TSS) in Humbug Creek 

(R2 = 0.82 p<0.0001, n = 25) and between turbidity and particulate-bound mercury (R2 = 

0.80 p<0.001, n = 15) were created by The Sierra Fund, showing that particulate-bound 

mercury were higher during storm events and associated with TSS (Monohan et al., 

2014). It was also established that dissolved mercury, copper, nickel, and zinc were low 

in the 8 streams entering the Pit from the undisturbed upslope area. This indicated that the 

contamination in discharge from Hiller Tunnel was due to water flowing through the Pit 

and entraining particulate-bound mercury (Monohan et al., 2014). Shallow groundwater 

quality in four piezometers located in the Pit were studied in 2013 and total nonfiltered 

mercury concentrations ranged from 189 – 574 ng/L (Demaree, 2013). The particulate-

bound mercury load in Humbug Creek during water year 2013, which was a dry year, 

was approximately 100 grams/year (g/yr) (Monohan et al., 2014).  

Mercury contamination has been documented in downstream sediments at the 

Humbug Creek-South Yuba River confluence and hydraulic mine debris from Malakoff 

Diggins and other hydraulic mines in the Yuba River watershed are stored behind 

Englebright dam (Monohan et al., 2014; Fleck et al., 2011; James, 2005; Alpers et al., 

2005a). Although mercury contamination of surface water and sediment in the Pit has 

been recently documented, there is limited information regarding how the creation of a 

retention basin would affect the production of MeHg at Malakoff Diggins. 

Concentrations of nonfiltered mercury and MeHg have been strongly correlated with 

dissolved organic carbon (DOC) and suspended sediment concentrations in streams 

across the nation (Brigham et al., 2009). Wetlands have also been shown to produce high 
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concentrations of MeHg (Zillioux et al., 1993). Considering that increased MeHg 

concentrations have been associated with wetland environments partly due to the 

interaction with organic matter, an understanding of the DOC dynamics at Malakoff 

Diggins is needed to understand the potential impacts of constructing a retention basin. 

 

Purpose of the Study 

The goals of this study are to monitor changes in groundwater levels and flow 

directions in the Pit, and characterize the spatial distribution of mercury and DOC under 

different hydrologic conditions. Secondarily, this study may provide background data to 

help in planning the proposed retention basin at Malakoff Diggins. Groundwater contour 

maps were created to determine if groundwater flow was directed towards Hiller Tunnel. 

Aggregate water quality parameters such as temperature, pH, dissolved oxygen (DO 

mg/L), and electrical conductivity (EC) were measured to identify areas with conditions 

that could lead to the production of MeHg. Finally, mercury and DOC concentrations in 

the Pit were compared during saturated and unsaturated conditions. 

 

Research Objectives  

The objectives of this study are to (1) characterize the shallow groundwater 

levels over time to identify if groundwater flow in the Pit is directed towards Hiller 

Tunnel inlet; (2) compare the distribution of nonfiltered mercury, filtered mercury, and 

nonfiltered MeHg concentrations in shallow groundwater and surface water of the Pit 

between saturated and unsaturated hydrologic conditions; and (3) compare DOC 

concentrations between saturated and unsaturated conditions, to better understand the 

relationship between DOC and mercury species at Malakoff Diggins. 
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CHAPTER II 
 
 

LITERATURE REVIEW 
 
 

Hydraulic mining in the Yuba River watershed produced approximately 

452,690,000 yd3 of sediments and some remains stored behind debris control dams built 

after the Sawyer Decision in 1884 (Gilbert, 1917). During the 20th century, small debris 

control structures throughout the upper Yuba River watershed and large dams such as 

Englebright, were built for the explicit purpose of retaining hydraulic mining sediments 

(Gilbert, 1917). The feasibility of Englebright Dam removal is currently being studied by 

federal, state, and local organizations to improve salmonid habitat (James, 2005). One of 

the potential benefits of removing Englebright Dam is improved salmonid access to 

habitat in the upper watershed, but there is still ongoing transport of mercury-

contaminated sediments to downstream reaches from hydraulic mine sites and debris 

control structures in the upper watershed (James, 2005). The major watersheds in the 

Sierra Nevada affected by mining remain sources of mercury contamination to the 

Sacramento River (Alpers et al., 2005a) and San Francisco Bay (Wood et al., 2010). In 

fact, about 90% of the total mercury flux through the delta was contributed from the 

Sacramento Basin during water years 1984 to 2003 (Wood et al., 2010).    

Some of the historic hydraulic mines throughout the Yuba River watershed 

have debris control dams, which allowed for storage of tailings from hydraulic mines, 

and in some cases artificial wetlands have since been created where MeHg production 

may be more likely to occur (James, 2005). At the Manzanita Mine, a hydraulic gold 

mine in Nevada County that discharged to the North Yuba River, at least 679,000 m3 or 
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888,098 yds3 of tailings are stored on the floor of the mine that now holds a large pond–

wetland complex (James, 2005). Mines such as this need to be assessed for mercury 

contamination and potential export of methylmercury. Studies in South Carolina, 

Wisconsin, and California have shown that watersheds with significantly higher 

percentages of wetlands had increased MeHg export by as much as 78 – 477%, and the 

amount of MeHg conveyed through a watershed contributes largely to high 

concentrations of MeHg in fish (Guentzel, 2009; Hurley et al., 1995; St. Louis et al., 

1996; Krabbenhoft et al., 1995; Back et al., 2002; Alpers et al., 2013). It was suggested 

by Hurley et al. (1995) that Hg is highly transferable in Wisconsin wetland/forest 

environments as the more reactive forms (filtered THg and MeHg). Consequently, 

aquatic organisms downstream are in contact with these forms of Hg. Also, areas where 

riparian wetlands and lakes are hydrologically connected may be more affected by Hg 

transfer and methylation. The results presented by Hurley et al. (1995) agree with St. 

Louis et al. (1994), suggesting that, production of MeHg in wetlands might be a key 

element of mass-balance models.  

 
Groundwater Levels and Flow Direction 

Groundwater flow direction is controlled by three outside forces: gravity, 

pressure, and molecular attraction (Fetter, 2001). When flowing through a porous 

medium, groundwater encounters resisting forces such as shear stress (perpendicular to 

surface), normal stress (parallel to surface), and shearing resistance based on the fluid 

viscosity. Experiments conducted by Henry Darcy in the mid-1800s were part of the first 

study of the flow of water through a porous medium (Darcy, 1856). He determined that 
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the quantity of flow was proportional to a coefficient K (hydraulic conductivity) with 

units of length per time (Fetter, 2001). Hydraulic conductivity values and groundwater 

gradients control the rate and direction of groundwater flow and visual representation of 

flow direction is typically done with groundwater contour maps (Fetter, 2001). To make 

groundwater contour maps, water-level readings must be made over a short time span in a 

number of wells that are screened in the zone of interest. A reference point on the wells, 

typically the top of casing, is surveyed to a common datum so that all the water level 

measurements have the same reference point (Fetter, 2001). Lakes, rivers, and springs 

can all interact with the water table, and often times the water table is a reflection of the 

topography. Groundwater contour maps can also indicate where a stream is losing or 

gaining groundwater based on the direction the contours bend when crossing a stream. If 

the stream is losing to groundwater, the contours will form a ‘V’ shape pointed upstream, 

whereas the ‘V’ shape in the contours will point downstream when the stream is gaining 

groundwater (Fetter, 2001). In terms of groundwater gradients, a shorter spacing of 

contours represents a steeper gradient, while longer spacing between contours means a 

shallower gradient is present (Fetter, 2001). Groundwater contour maps were created in 

this study to examine the direction of groundwater flow in the Pit at Malakoff Diggins 

Groundwater can provide solutes such as DOC, inorganic Hg, and sulfate that 

are essential for many biogeochemical processes operating near the sediment-water 

interface including mercury methylation (Krabbenhoft et al., 1995). The direction of 

groundwater flow determines the source or sink function of the sediment–water interface, 
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which can indicate a source or sink of contaminants traveling in the water (Krabbenhoft 

et al., 1998). 

For example, an investigation of mercury contamination in groundwater and 

pore water near Pallette Lake, Wisconsin showed this effect. Krabbenhoft and Babiarz 

(1992) collected sediment samples and pore water samples from the littoral zone around 

the lake. Mercury in groundwater samples from the wells and piezometers averaged 

about 2.8 ng/L and 95% of all the groundwater samples ranged from 2 to 4 ng/L. Except 

for previously known points of contamination and naturally occurring mercury, dissolved 

mercury concentrations in surface water and groundwater generally did not exceed 10 

ng/L (Krabbenhoft and Babiarz, 1992). In this area of Wisconsin, the mercury 

concentrations in groundwater averaged about 10 ng/L and were presumably derived 

from atmospheric deposition (Krabbenhoft and Babiarz, 1992). Much of the mercury 

deposited on land was retained by soils, but the highly reactive character of dissolved 

mercury indicated that it did move through soils and was likely bound to DOC 

(Krabbenhoft and Babiarz, 1992). The porewater mercury concentrations at inflow and 

outflow areas of the lake averaged 12 and 58 ng/L, respectively. The high porewater 

mercury concentrations compared to lake water and ambient groundwater emphasized the 

need to consider the chemical reactions that occur in the sediment water interface 

(Krabbenhoft and Babiarz, 1992). In areas where groundwater inflow occurred, mercury-

rich pore waters were discharged into the lake. In groundwater outflow areas, mercury 

was transported away from the system and pore water profiles from outflow areas 

indicated that dissolved mercury may have also been precipitated, adsorbed, or 
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volatilized deeper within the sediments. This study showed that groundwater inflow at 

the littoral zone contributes mercury to Pallette Lake and highlighted the need for 

considering mercury in groundwater as a potential contributor to surface water levels.   

Prior to this current study, the mercury concentrations in shallow groundwater 

at Malakoff Diggins were studied by Demaree, (2013). Four piezometers were installed 

within the Pit and screened from 1.22 to 1.83 m or 4 to 6 ft bgs. Water samples were 

collected in March 2013 and analyzed for nonfiltered and filtered mercury. The 

concentrations of nonfiltered mercury in the piezometers ranged from 189 to 574 ng/L 

while the concentrations of filtered mercury ranged from 0.15 to 1.26 ng/L. On the same 

date, nonfiltered and filtered mercury concentrations in water samples from Hiller Tunnel 

outlet were 56.7 and 2.49 ng/L respectively (Demaree, 2013). This study demonstrated 

that mercury concentrations are present at elevated levels in the shallow groundwater in 

the Pit and highlighted the need to collect more data on mercury concentrations in the 

groundwater under the range of conditions.  

The present study is intended to improve the understanding of groundwater 

flow directions, groundwater levels, and groundwater mercury concentrations at 

Malakoff Diggins. This will help determine if groundwater is flowing towards Hiller 

Tunnel and potentially contributing nonfiltered Hg, filtered Hg, and MeHg to discharge 

from the Pit via Hiller Tunnel. 

 
Mercury Contamination 

Mercury (Hg) is considered a global pollutant because it can be transported far 

from its source; it is pervasive in aquatic ecosystems, and presents a risk to human and 
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environmental health (Fitzgerald and Clarkson, 1991). MeHg is the form of Hg that poses 

the largest risk to environmental and human health because it is toxic and can 

bioaccumulate and biomagnify in food chains (Morel, 1998). It is important to understand 

the forms of mercury to inform remediation of hydraulic mines and other mercury-

contaminated environments. The mineralized form of Hg known as cinnabar (HgS), has 

very low solubility (log Ksp = −36.8, Fitzgerald and Lamborg, 2004; Martell et al., 

1998). Mercury is the only metal to exist as a liquid at room temperature and because of 

its low melting point (−38.8 °C) and high vapor pressure (0.18 Pa) elemental Hg is able 

to exist as a gas under natural conditions (Lauretta et al., 2001).The oxidation states of 

mercury are Hg(0), (I), and (II), but Hg(I) is rarely found in the nature (Lauretta et al., 

2001). The reduction potential for the Hg(0)/Hg(II) redox pair (E0 = 0.851 V) falls within 

the range of common environmental redox conditions (Vanysek, 2007). This results in 

complex reduction and oxidation cycling in all environments (Lehnherr, 2014). Hg also 

forms strong bonds and complexes with thiols, sulfides, and other ligands that contain 

reduced sulfur (Lehnherr, 2014).  

Mercury cations have a ‘‘soft sphere’’ of extremely polarizable electrons in 

theirouter shells. In natural waters, Hg typically occurs in the forms of elemental mercury 

(Hg(0)) orionic mercury (Hg(I), Hg(II)) but can form potent neurotoxins such as 

methylmercury (CH3Hg+) and dimethylmercury (DMeHg) [(CH3)2Hg] (Halbach, 1995). 

MeHg has an affinity for fatty acids and more than 95% of all mercury found in fish is in 

the methylated form (Porcella, 1994). Organic Hg compounds, such as MeHg and 

DMeHg, are defined by at least one Hg–carbon covalent bond. Soft metals including 
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mercury tend to have a penchant for ligands of sulfur, nitrogen, and the less 

electronegative halides while they are less attracted to ligands containing oxygen (Stumm 

and Morgan, 1995). Hg (II) conversion to MeHg can lead to bioaccumulation of MeHg in 

fish and consumption of contaminated fish is toxic to humans because of the high affinity 

of mercury for sulfur-containing (Halbach, 1995). When MeHg interacts with organic 

ligands it forms large complexes with dissolved organic matter (DOM) and the 

characteristics of the ligand dictates whether MeHg compound will be hydrophobic or 

hydrophilic (Hintelmann, 2010). MeHg production rates are controlled by sulfate and 

iron reducing bacteria, anoxic conditions, and Hg(II) bioavailability, and MeHg 

concentrations tend to have nonlinear relationships with temperature, redox potential, 

organic carbon and sulfate concentrations (King et al., 2001; Fleming et al., 2006; 

Lehnherr, 2014). The net production of MeHg in reducing zones of freshwater, terrestrial, 

coastal, and subsurface ocean environments is an important link between inorganic Hg 

(II) and wildlife and human exposure (Gilmour and Riedel, 1995; Hollweg et al., 2009; 

Macalady et al., 2000; Lehnherr et al., 2012; Driscoll et al., 2013). In southern Florida, 

MeHg was found to be the cause of death for great white herons that had liver mercury 

levels of 6 mg/kg (Spalding et al., 1994). MeHg poising in humans is primarily through 

the consumption of estuarine, marine, and freshwater fish (Driscoll et al., 2013). Health 

issues caused by MeHg poisoning can include developmental neurological issues as well 

as increased risk of heart disease in humans (Rice et al., 2010). 

Abandoned mines that are rich in clay and have mercury contamination can 

discharge particulate-bound Hg that may travel to downstream environments where 
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methylmercury production can occur (Fleck et al., 2011; Marvin-DiPasquale et al., 2011). 

Malakoff Diggins discharges mercury, sediment and other heavy metals to Humbug 

Creek via Hiller Tunnel (Monohan et al., 2014) Also, hydraulic mining sediments from 

Malakoff Diggins are still thought to be stored in downstream areas such as the 

confluence of the South Yuba River and Humbug Creek (Fleck et al., 2011) and 

Englebright Reservoir (James, 2005). Particulate-bound mercury has been detected at 

elevated concentrations in surface water (8.39 – 956.00 ng/L) and in groundwater (188.84 

– 572.74 ng/L) that were collected from the Pit and Hiller Tunnel (Nepal, 2013; Monohan 

et al., 2014; Demaree, 2013). Two soil samples, from the old Malakoff Village Site on 

the south edge of the Pit, had 4,160 ng/g (4.16 ppm) and 6,330 ng/g (6.33 ppm) of total 

mercury (Monohan et al., 2014). The discharge of mercury in Humbug Creek, 

downstream of Malakoff Diggins, was estimated to be 100 g/yr during the drought years 

of 2012 and 2013, based on regression of turbidity and particulate-bound mercury 

(Monohan et al., 2014). Methylmercury was also detected in water striders (Gerridae) in 

Humbug creek, at concentrations of 154 – 219 ng/g (wet weight), indicating the 

incorporation of MeHg into the food web (Monohan et al., 2014). In the context of 

remediation at Malakoff Diggins, the elevated mercury concentrations in sediment and 

water, coupled with changes in seasonal wetting and drying that may occur in the Pond 

already or with the construction of a retention basin, may contribute to increased MeHg 

discharge from the Pit. 

A two-part study that included field investigations downstream of Malakoff 

Diggins at the South Yuba River-Humbug Creek confluence and laboratory analysis of 
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sediments was conducted by Fleck et al. (2011) and Marvin-DiPasquale et al. (2011). The 

goals of the field investigation conducted by Fleck et al. (2011) were to characterize Hg 

concentrations and speciation in various sediment size fractions, describe Hg and MeHg 

concentrations in local biota, and assess the effects of using suction dredging to remove 

mercury-contaminated sediments from the South Yuba-Humbug Creek confluence. The 

purposes of the laboratory experiments performed by Marvin-DiPasquale et al. (2011) 

were to investigate how simulated sediment mobilization could affect Hg speciation, 

especially with reactive mercury (Hg(II)R), a methologically defined term used to 

quantify the fraction of THg that is most easily converted to MeHg. The mobilization 

experiments helped answer two questions. First, will the disturbed sediment lead to 

increased MeHg production in downstream environments, and second is suction-dredging 

a viable approach for the removal of mercury from previously contaminated areas. The 

highest concentrations of Hg in sediment (up to 11,100 ng/g) were in a pit excavated at 

the mouth of Humbug Creek. The sediment mineralogy, and major-element chemistry at 

the South Yuba-Humbug Creek confluence confirmed that the Hg contaminated sediment 

deposits were mainly derived from historic hydraulic mining (Fleck et al., 2011). The 

results presented by Marvin-DiPasquale et al. (2011) demonstrated that abiotic MeHg 

formation can be rapid when sediment and Hg(II)R is mobilized. It was concluded from 

the field investigation and laboratory experiments that the method of suction-dredging as 

a technique for removal of Hg-rich sediments in the South Yuba River, could result in 

higher loads of THg and Hg(II)R in the fine-sediment fraction (Fleck et al., 2011; 

Marvin-DiPasquale et al., 2011). 
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During the field investigation phase of the study, Hg concentrations  in 

riverbed sediments and suspended sediment during dredge tests and storm events were 

similar to Hg concentrations in other sediments throughout the Yuba River watershed and 

other Sierra Nevada watersheds impacted by past gold mining (Fleck et al., 2011). 

Concentrations of Hg(II)R and THg in deeper sediments were about 500-fold and 100-

fold higher than the surficial sediments observed by Fleck et al. (2011). Sediment 

samples were also collected from the outlet of the North Bloomfield Tunnel and one of 

the access shafts to the tunnel access shafts and analyzed for total mercury (Fleck et al., 

2011). Total mercury in the access shaft sediments was roughly 3,000 ng/g while 

mercury in the tunnel sediments ranged from 100-500 ng/g (Fleck et al., 2011). 

A circulating tank experiment using a venturi pump was conducted to analyze 

the time in suspension of silt and clay particulates. River water and sediment from the 

South Yuba River were pumped into the tank and allowed to settle. Water samples were 

collected and analyzed for nonfiltered mercury (THg) and total suspended solids (TSS) at 

the start of pumping. The pump was then shut off and TSS and THg samples were 

collected again 16 and 40 hours later. This experiment caused the fine-grained suspended 

sediment to remain in suspension for more than 40 hours. Although the Hg 

concentrations in the water column decreased as particles settled, the concentrations of 

THg and Hg(II)R on suspended particles increased due to the preferential settling of 

coarser particles lower in Hg (Fleck et al., 2011). This demonstrates that fine particulate-

bound mercury disturbed during suction dredging has the potential to remain in water for 

at least 40 hours and could possibly be transported long distances. 
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The laboratory experiments consisted of simulated sediment mobilization 

experiments (slurry experiments) and sediment mixing experiments. The slurry 

experiments were conducted to detect changes in Hg(II)R in reduced sediment that 

becomes resuspended in oxygenated water. The sediment mixing experiments examined 

whether mobilized Hg-contaminated sediment could stimulate the production of MeHg in 

downstream environments such as streambed sediments, reservoirs, and (or) wetlands. 

The results from the experiments performed by Marvin- DiPasquale et al. (2011) are 

consistent with the hypothesis that Hg(II)R concentrations would increase in oxic 

conditions. Hg(II)R concentrations in both oxic and anoxic slurries were similar in all the 

experiments and across all four materials. Additionally, the %Hg(II)R at the end of all 

slurry experiments, was higher in the solid-phase material from the oxic treatments 

versus the anoxic treatment, with the exception of hydraulic mine debris from an eroding 

cliff face in which there was no notable difference. The experiments performed by 

Marvin- DiPasquale et al. (2011) also suggested that most of the Hg(II)R was particulate-

bound Hg(II). This means there is a potential for abiotic MeHg formation if Hg(II)R is 

mobilized, especially when the sediment is rich in organics (Marvin-DiPasquale et al., 

2011). It was concluded from the field investigation and laboratory experiments that 

suction-dredging as a technique for removal of Hg-rich sediments in the South Yuba 

River, could result in elevated loads of THg and Hg(II)R being mobilized to downstream 

environments in fine-sediment (Fleck et al., 2011; Marvin-DiPasquale et al., 2011). The 

potential to redistribute mercury-contaminated sediments with suction-dredge removal is 

high, and may not be a viable long term solution if past hydraulic mine sites such as 



22 

Malakoff Diggins continue to discharge sediment to downstream environments. This 

highlights the importance of remediation of past hydraulic mine sites in the upper 

watersheds of the Sierra Nevada that continue to discharge mercury and heavy metals to 

downstream areas such as the South Yuba River. 

The Bear River watershed was also heavily impacted by historic hydraulic 

gold mining (Hunerlach et al., 1999; Alpers and Hunerlach, 2000; Hunerlach and Alpers, 

2003; Alpers et al., 2005a) and many of the historic mines in the watershed were assessed 

for mercury contamination from 1999 to 2001 by Alpers et al. (2005b). In order to 

compare the relative degree of mercury contamination between sampling stations, the 

concentration data were normalized using medians for each constituent. The median for 

each analyte in the study (referred to as the “study median”) was computed for each 

station and a ranking system of five categories was then established around the median 

(Alpers et al., 2005b). The very low category included values less than half the median. 

The low category were values greater than or equal to half of the median and less than the 

median. The moderately high class included values greater than or equal to the median 

and less than twice the median. The high range of values were greater than or equal to 

twice the median and less than 10 times the median and values more than 10 times the 

median were classified as extremely high. Two areas in need of remediation in the Bear 

River watershed are the Boston mine and the Sailor Flat mine located in the Greenhorn 

Creek drainage. 

The Boston Mine, primarily on Bureau of Land Management (BLM) lands, is 

the site of a historical hydraulic gold mine with a partially blocked sluice tunnel and 
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seasonal lake in the excavated pit. This tunnel had a section of deteriorating sluice box 

that contained mining debris and mercury contaminated sediments with the highest 

concentrations being at or near the bedrock contact (Alpers et al., 2005b). The inlet of the 

tunnel was caved or blocked, but water stored in the hydraulic pit above the tunnel 

ultimately flowed through it, allowing water to make contact with mercury-contaminated 

sediments. Measured discharge at the tunnel outlet ranged from 5.8 x 10-3 to 3.5 x 10-2 

cubic feet per second (cfs) from 1999 to 2001 (Alpers et al., 2005b). Sediment sampled 

from the fractured bedrock below the tunnel had the highest mercury concentration 

within the study area (45,000 mg/kg, equivalent to 4.5 % by weight). Surface water 

accumulated in the approximately 40-acre south pit area, mostly drained to a system of 

ponds and wetlands. The lower most pond discharged to a historic ground sluice that 

flowed directly to the partially plugged sluice tunnel inlet shaft. During the winter, 

surface waters overflowed the inlet area and discharged to Greenhorn Creek. Water 

samples taken from the ponded wetlands upstream of the tunnel had moderately high to 

high levels of nonfiltered MeHg (0.04 – 0.63 ng/L) compared to the tunnel outlet (<0.04 

– 0.13 ng/L) and somewhat lower levels of nonfiltered THg (2.0 – 254 ng/L) compared to 

the tunnel outlet (7.6 – 121 ng/L). One sample from a wetland at the Boston Mine had a 

[MeHg/THg] percentage as high as 30 %. The BLM chose the Boston Mine tunnel as a 

test remediation project that was carried out in September and October 2005 (Young, 

2008). The remedial action consisted of physical removal of sediment from the sluice 

tunnel, sealing the base of the tunnel with concrete, washing and sorting the sediment, 

and extracting the mercury and gold from the fine particle size fraction (Young, 2008). 
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Wash water and sediment from the infiltration basin were remediated to mercury 

concentrations below 2.03 µg/L and 8 mg/kg respectively (Young, 2008). 

The Buckeye Flat complex has extensive ground sluices leading to a blocked 

tunnel that created a ponded wetland complex (Alpers et al., 2005b). The six locations 

sampled in the Buckeye Flat area had some of the highest levels of MeHg and THg in 

water (9.11 ng/L MeHg and 188,000 ng/L THg), sediment (0.0019 µg/g dry MeHg and 

0.0030 µg/g dry THg), and water striders (Gerridae) (0.55 µg/g wet MeHg and 0.52 µg/g 

wet THg) in the study (Alpers et al., 2005b). The Buckeye south location ranked among 

the five most contaminated locations in terms of water and invertebrates. Water samples 

collected below the southern drain tunnel during August of 1999 and August of 2000, had 

extremely elevated levels of nonfiltered THg (31,200 – 188,000 ng/L), filtered Hg (6,000 

– 8,000 ng/L), and nonfiltered MeHg (9.11 ng/L). The concentrations here were greater 

than samples from most locations at the Buckeye Flat complex by several orders of 

magnitude (Alpers et al., 2005b). MeHg in two invertebrate taxa sampled during 2000 

were as low as 0.0012 to 0.048 µg/g wet for banana slugs (Arionidae) and 0.027 to 0.39 

µg/g wet for Dobson flies [Corydalidae]) and the acidic water at this location (pH 3.7 – 

4.2) may have altered the rates of Hg bioaccumulation and methylation (Alpers et al., 

2005b). The elevated levels of THg and MeHg in ponded wetlands and drainage tunnels 

at the Buckeye Flat complex provide examples of the importance for prioritizing 

remediation of historical hydraulic mines. At Malakoff Diggins remediation is needed 

because mercury contaminated sediments continue to discharge to Humbug Creek where 

they can be remobilized or converted to methylmercury. 
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Dissolved Organic Matter 

In most aquatic environments, Dissolved Organic Matter (DOM) is important 

for the cycling and transformation of mercury and a strong association between organic 

matter and Hg has been documented in many surface waters (Lindberg and Harriss 1974; 

Mierle and Ingram 1991). Elevated DOM and Hg concentrations in the Sacramento-San 

Joaquin Delta are an ongoing regulatory issue and restoration efforts that create wetlands 

are not ideal in terms of mercury contamination, because wetlands are known to enhance 

mercury methylation rates (Fujii et al., 1998; Kraus et al., 2008; Conaway et al., 2008).  

DOM is a heterogeneous mixture of decomposed plants and animals 

composed of roughly 20% hydrocarbons, carbohydrates, amino acids, and carboxylic 

acids while the remaining 80% is composed of humic substances (Aiken et al., 1985; 

Thurman, 1985; Leenheer, 1994). DOM can be a determining factor in the bioavailability 

of mercury in aquatic environments because mercury and other metals bind to organic 

matter (Ravichandran, 2004). In freshwater, DOM is comprised primarily of organic 

acids such as fulvic acid, which is the most abundant portion of DOM (Thurman, 1985). 

Fulvic and humic acids are DOM fractions operationally defined based on their chemical 

characteristics including pH-dependent solubility and hydrophobicity (Aiken et al., 

1992). Sulfur is a minor component of DOM, making up about 0.5 to 2.0% by weight, 

but mercury binds with the sulfur in organic matter. Sulfur in DOM can be either reduced 

(e.g., sulfide, thiol) or oxidized (e.g., sulfonate, sulfate), ranging in oxidation states from -

2 to +6 and only the reduced sulfur sites are thought to play a role in mercury binding 

(Morra et al., 1997). A study of sulfur in fulvic and humic  acids using X-ray absorption 
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near-edge structure (XANES) spectroscopy found that most hydrophobic acids in DOM 

(including fulvic and humic acids) had considerably higher reduced sulfur content 

compared to the hydrophilic acid fractions (Morra et al., 1997). The results of this study 

are agreeable to the observations of Mierle and Ingram (1991) that described an 

association between mercury and dissolved humic substances in aquatic environments.  

The formation of MeHg is affected by many environmental factors such as 

redox potential, pH, temperature, bacterial communities, and complexing agents 

(Ravichandran, 2004). Bacteria integrate mercury through diffusion of neutral species 

(Barkay et al., 1997) and by uptake of charged mercury (Kelly et al., 2003). The process 

of Hg complexation with DOM is limited by the amount of inorganic mercury available 

for uptake by methylating bacteria because DOM molecules are usually too big to cross 

the bacteria’s cell membranes (Winfrey and Rudd, 1990; Gilmour and Henry, 1991; 

Gilmour et al., 1992; Miskimmin et al., 1992; Choi and Bartha, 1993, 1994; Barkay et al., 

1997; Kelly et al., 2003). Under acidic conditions, DOM becomes less negatively charged 

and is less likely to form complexes with Hg, which makes more Hg available for 

methylating bacteria (Miskimmin et al., 1992; Barkay et al., 1997). Although DOM and 

Hg binding is controlled by a small proportion of DOM molecules, most natural aquatic 

systems have a surplus of organic matter binding sites compared to the amount of 

available mercury in the system (Haitzer et al., 2002). Given that only a small portion of 

DOM is involved in mercury binding and carbon sources vary, a strong correlation does 

not always exist between DOM and Hg concentrations (Ravichandran, 2004). 
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Several studies have correlated Hg with DOM through regression analysis 

(Lindqvist et al., 1991; Mierle and Ingram, 1991; Driscoll et al., 1994; Lee and Iverfeldt, 

1991). Lee and Iverfeldt, (1991) used water color to indicate organic matter content and 

found a robust positive correlation between total Hg and MeHg concentrations and water 

color in surface runoff and lake waters in Sweden. In Wisconsin rivers, a strong 

correlation (R2 =0.61) between filtered Hg and DOM was found during fall baseflow 

conditions (Hurley et al., 1995) but a similar study carried out in the Everglades did not 

find a strong relationship between filtered Hg and DOM (Hurley et al., 1998). Numerous 

other studies of Hg and organic matter interactions in the northern hemisphere have also 

found robust correlations between filtered Hg and DOM concentrations and between 

particulate Hg concentrations and particulate organic carbon concentrations (POC) 

(Driscoll et al., 1995; Grigal 2002; Yin and Balogh 2002; Dennis et al. 2005; Brigham et 

al. 2009; Riscassi and Scanlon 2011). The correlation between Hg and organic matter is 

strong enough in many aquatic systems that DOM concentration and or absorbance at 

254 nm (UV254) have been used as proxy measurements of Hg concentrations (Dittman et 

al. 2009). In general, a positive relationship between Hg and DOM concentrations is 

anticipated in cases where organic matter is derived mostly from soils and wetlands. In 

such cases, Hg can be released and transported with organic matter (Wallschlager et al., 

1996). This suggests that export of MeHg and other Hg fractions from soil via surface 

water runoff may be paired with the transport of organic substances. 

In a study of 16 Adirondack lakes, Driscoll et al., (1995) found that DOM 

played a complex role in the bioavailability and transport of Hg in these lakes. The 
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transport of nonfiltered THg and MeHg to these lakes appeared to be related to the 

influence of dissolved organic carbon (DOC) from wetlands in the basin. The lakes 

assessed in this study had pH values from below 5 to circumneutral and DOC 

concentrations ranged from 2.0 to 20 mg/L on average. The DOC concentrations of the 

lakes were thought to be influenced by the near-shore wetlands in the basin (Driscoll et 

al., 1995). The average concentrations of nonfiltered THg in drainage lakes were from 

less than 1 ng/L to greater than 6 ng/L and dissolved Hg made up 61.0% of the total Hg 

on average. MeHg concentrations in the lakes ranged from 0.03 to 0.70 ng/L on average 

and were relatively higher in lakes that experienced summer stratification and anoxic 

conditions in the hypolimnion (Driscoll et al., 1995). The percentage of MeHg to 

nonfiltered THg averaged about 10% in most of the lakes in this study except for lakes 

that had anoxic hypolimnia in which this statistic was about 20% on average. There were 

also strong relationships between nonfiltered THg and DOC (R2 = 0.79) and between 

total MeHg and DOC (R2 = 0.89) excluding the lakes with anoxic hypolimnia. This study 

also found a positive correlation between nonfiltered THg and MeHg concentrations in 

lakes with more near-shore wetlands in the drainage basin. To further investigate the role 

of wetlands on mercury production, water samples were collected from above and below 

a beaver pond upstream of the lakes. After water had passed through the wetland system, 

the average nonfiltered THg concentrations had increased from 1.9 to 2.7 ng/L, average 

MeHg concentrations increased from 0.09 to 0.16 ng/L, and average DOC concentrations 

increased from 4.0 to 7.6 mg/L. Using a mass balance model, Cirmo and Driscoll (1993) 

demonstrated that the creek running through the wetlands functioned as a source of DOC 
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and a sink for SO4
2-, especially in the summer months. This is consistent with the 

observation that the wetlands increased the supply of nonfiltered THg and MeHg to the 

lake downstream.    

The Yolo Bypass area in California is contaminated with Hg (Heim et al., 

2007) from historic Hg mines in the Coast Ranges  (Domagalski et al., 2004; Rytuba, 

2003) and historic gold mines in the Sierra Nevada, where Hg was used widely to help 

extract gold from placer and hardrock mines (Alpers et al., 2005a). A study of managed 

and agricultural wetlands near the Yolo Bypass detected some of the highest MeHg 

concentrations ever recorded in a wetland (Alpers et al., 2013). Nonfiltered MeHg 

concentrations varied widely in the surface water but were measured as high as 37 ng/L, 

while filtered MeHg ranged from 0.04 to 7.3 ng/L (Alpers et al., 2013). The average 

nonfiltered THg concentrations were 27.8 ± 20.8 ng/L for agricultural wetlands (rice 

fields) and 10.2 ± 8.1 ng/L for non-agricultural wetlands. The average filtered THg 

concentrations were 7.9 ± 6.9 ng/L for the agricultural wetlands and 2.05 ± 1.57 ng/L for 

the non-agricultural wetlands. This study demonstrated that artificial wetlands previously 

contaminated with mercury can produce and release high concentrations of MeHg to 

downstream environments.   
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CHAPTER III 
 
 

METHODS 
 
 

Study Area 

The monitoring and sampling locations used during this study are shown in 

Figure 2. Malakoff Diggins is situated in the foothills of the Sierra Nevada of California 

approximately 14 miles northeast of Nevada City (Cahill, 1979). The park, which 

encompasses almost 3,000 acres of western Nevada County, was classified as a State 

Historic Park in 1965 (Cahill, 1979). 

The oldest geologic unit in the area is the bedrock composed of metamorphosed 

sedimentary and igneous rocks likely of Paleozoic age (Schweickert and Cowan, 1975; 

Peterson, 1976). Fluvial sedimentary rocks termed auriferous gravels and Miocene - 

Pliocene aged volcanic breccia and conglomerate unconformably overlay the 

metamorphosed bedrock (Whitney, 1880; Piper et al., 1939; Yeend, 1974; Peterson, 

1976). Within the Diggins, the maximum exposure of auriferous gravel is about 145 m 

(475 ft) thick, although an additional 30 m (100 ft) may be obscured by colluvial deposits 

at the base of San Juan Ridge to the north of the Diggins (NCRCD, 1978). 

The vegetation at Malakoff Diggins is typical of the ponderosa pine forest, found 

through the western slopes of the Sierra Nevada (NCRCD, 1978). Ponderosa pine is the 

dominant species with mixed incense cedar, douglas fir, white fir, sugar pine, stands of 

black and live oak, manzanita, and open meadows (NCRCD, 1978; Yuan, 1979). The Pit 

floor east of the Pond is composed of riparian species such as willow, rushes, and sedges 

(NCRCD, 1978). 
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Figure 2. Locations monitored and sampled at Malakoff Diggins between October 
31, 2015, and October 28, 2016. The World Imagery basemap provides one meter or 
better satellite and aerial imagery in many parts of the world and lower resolution 
satellite imagery worldwide. Source: Esri, DigitalGlobe, GeoEye, Earthstar 
Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User 
Community. 

 
 

The climate is characterized by warm, dry summers 10 to 30°C (50 to 80°F) 

and cool wet winters -6 to 2°C (20 to 40°F) with an average rainfall of 135 cm (53 in) 

and 1 to 2 m (3 to 4 ft) of snow each year (Yuan, 1979; DWR, 2017). The study area 

occurs within the Humbug Creek watershed which drains an area approximately 27.11 

km2, or 6,700 acres. Elevations within the basin range from about 670 m (2,200 ft) at the 

mouth of Humbug Creek, to about 1,500 m (5,000 ft) at the headwaters of the basin 

(Cahill, 1979). 
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Groundwater Monitoring Piezometers 

In order to better characterize shallow groundwater levels and water quality in 

the Pit, four piezometers were installed in addition to the four existing piezometers 

installed by Demaree (2013). The four new piezometers P-5, P-6, P-7, and P-8 were 

installed according to the Handbook of Suggested Practices for the Design and 

Installation of Groundwater Monitoring Wells (Aller, 1991). The boreholes for the 

piezometers were made with a 3-inch diameter hand auger to depths ranging from 6.5 ft 

(~2 m) to 8.6 ft (~2.6 m) at locations P-5 through P-8 (Figure 2). During the advancement 

of each borehole, the moisture content, color, texture and organic matter content were 

documented and are listed in Appendix A, Tables A1-A4. 

The piezometer casings are constructed of 2 in Schedule 40 PVC pipe, and the 

bottom 2 ft (0.6 m) of casings are screened with 0.02 inch slots (Figure 3). The 

piezometers were artificially filter packed across the entire screened interval with a Lapis 

Luster #2/12 sand produced by Cemex USA. The size class of the sand is 0.0331 to 

0.0937 inches and therefore does not pass the 0.02-inch screens and acts as a filter for 

suspended sediment. Above the artificial filter pack, native material was backfilled and 

compacted around the casing of the piezometer and a 6-inch layer of bentonite clay was 

added at the ground surface. The bentonite clay served to seal the annular space and 

prevent surface water from flowing preferentially down the well casing and mixing with 

groundwater samples. Average daily rainfall measured at the White Cloud rain gage in 

Nevada County (Latitude 39.6167, Longitude -120.8375) operated by Cal Fire was 

graphed along with groundwater levels in the piezometers in the Pit. Data from the White  
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Figure 3. Monitoring well construction specifications. Brown – native sediment, Tan 
– #2/12 sand filter, Grey – bentonite clay seal.   

 
 
Cloud rain gage was retrieved from the California Data Exchange Center (CDEC) on 

November 4, 2017 (DWR, 2017). 

 
Exploratory Borings and Soils Analysis 

Exploratory borings, sieve analysis, and laboratory permeability tests were 

performed by Holdrege and Kull, a geology and engineering consulting firm, based in 

Nevada City, CA in the fall of 2015 (Figure 4). The exploratory borings, conducted 

mostly to the west of the piezometers, were hand dug with a 3-inch diameter hand auger 

on October 12, 2015, and November 6, 2015. Soil samples from the borings were 

collected for sieve analysis and laboratory permeability tests from depths varying from 

0.00 to 7.00 ft bgs with a USACE 4 in diameter hammer sampler. Sieve analysis and 

laboratory permeability tests were performed on October 16, 21, 24, and December 3, 
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2015. The Standard Test Method for Particle-Size Analysis of Soils (ASTM D422-63e2), 

and the Standard Test Methods for Measurement of Hydraulic Conductivity of Saturated 

Porous Materials Using a Flexible Wall Permeameter (ASTM D5084-00) were used in 

the laboratory to determine sample particle size distributions and hydraulic conductivities 

(ASTM D5084-00; ASTM D422-63e2). Based on these results, the soil samples were 

classified using ASTM D2487, the Standard Practice for Classification of Soils for 

Engineering Purposes (Unified Soil Classification System). 

Estimates of hydraulic conductivity were calculated based on slug tests and 

bail down tests performed in duplicate on each of the eight piezometers, in addition to the 

data provided by Holdrege and Kull (2015). A Model WL 15-015 pressure transducer and 

the Global Water software were used to continuously record the drawn down or rise over 

time in each piezometer. The draw down curves and piezometer dimensions were used to 

calculate hydraulic conductivities for each piezometer with AQTESOLV 4.5 Advanced 

Aquifer Test Analysis, and the Bouwer and Rice equation (1) (Bouwer and Rice, 1976; 

Bouwer, 1989). 

 
                                              (1) 

Where: 

K is hydraulic conductivity (L/T; ft/d, m/d, or cm/s) 
rc is the radius of the well casting (L; ft, m, or cm) 
R is the radius of the gravel envelope (L; ft, m, or cm) 
Re us the effective radial distance over which head is dissipated (L; ft, m, or cm) 
Le is the length of the screen or open section of the well through which water can 

enter (L; ft, m, or cm) 
H0 is the drawdown at time t = 0 (L; ft, m, or cm) 
Ht is the drawdown at time t = t (L; ft, m, or cm) 
t is the time since H = H0 (T; d or s) 
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Water Level Measurements 

Model WL 15-015 pressure transducers manufactured by Global Water 

Instrumentation were used to measure groundwater levels in five of the eight 

piezometers. This model of pressure transducer was equip with an atmospheric 

ventilation tube that allowed for direct reading of water level without the need to correct 

for varying atmospheric pressures.  

The five pressure transducers were placed in P-1, P-2, P-5, P-7, and P-8 and 

were arranged this way to record groundwater flow from the north, west, and east of 

Hiller Tunnel. Measurements of groundwater levels were logged every 15 minutes from 

October 31, 2015, to October 28, 2016. The pressure transducers were calibrated 

according to the manufacturer’s recommendations. This required setting the zero point in 

the air and submerging the transducer under 15 feet of water to cover the entire range of 

the instrument. Calibration was completed before deployment and as necessary if the 

transducer malfunctioned. The data loggers for the pressure transducers used 9 V Lithium 

Ion batteries and the data loggers were downloaded monthly throughout the study. Plastic 

bags were taped around the data loggers that were mounted in nearby trees or directly to 

the piezometer casing. Data recorded by pressure transducers were also used to calculate 

a drain rate in piezometers P-1, P-2, and P-7, over 93 days from June 20, 2016, to 

September 21, 2016.  

The depth to groundwater was measured by hand in all eight piezometers with 

a Water Level Meter manufactured by Solinst Canada Ltd. every two weeks from 

November 11, 2015, to October 28, 2016. The casing above ground surface was 
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subtracted from the depth to water to find the depth bgs. This representation of the 

groundwater surface from physical measurements allowed for visualization of the 

groundwater flow directions under different hydrologic conditions (Fetter, 2001). 

 
Groundwater Contour Maps 

In order to create contour maps of the groundwater surface, a level circuit was 

surveyed to find the relative vertical distances between all piezometers and Hiller Tunnel 

inlet. Local benchmarks were not able to be located on the ground by sight or metal 

detector so the level loop used a BLM section corner near the Pit. Since the section 

corner did not have vertical data associated with it, an arbitrary elevation of 3000 ft was 

assigned. The top of casing (TOC) on all piezometers were surveyed along with Hiller 

Tunnel inlet. The depth bgs was then subtracted from the surveyed elevations to relate the 

groundwater levels in each piezometer.  

The fluctuation in groundwater levels were compared to the inlet elevation of 

Hiller Tunnel in order to determine if groundwater was contributing to Hiller Tunnel 

discharge during the study. This relied on the assumption that when groundwater levels in 

up gradient wells were above the inlet elevation of Hiller Tunnel, discharge from 

groundwater to surface water occurs.  

ArcGIS 10.3.1 was used to create groundwater contour maps from the 

observed depths. A shapefile of all eight piezometers was created from coordinates 

collected with a Garmin GPS and the groundwater observations from each site visit were 

entered as Z-coordinates in the attributes of each well in the shapefile. The Spatial 

Analyst and 3D Analyst tools in ArcGIS, were used for the contouring of groundwater 
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data and generation of flow lines. First, an interpolation boundary was delineated around 

the network of piezometers. Then a “spline with barriers” interpolation was run on the 

groundwater Z-coordinates to create a raster surface from which contours could be 

drawn. Spline interpolation was chosen for the creation of the contour maps because it 

honors the groundwater observations and creates the smoothest transitions between 

observed data (Childs, 2004). The “contour with barriers” tool in Spatial Analyst was 

used to create 0.2 ft contours of the groundwater surface within the interpolation 

boundary. The “create steepest path” function in the 3D Analyst tools was used to 

generate flow lines across the contours at right angles. Contour maps with groundwater 

flow lines were used to compare changes in groundwater flow paths during saturated and 

unsaturated conditions.  

The unsaturated conditions in the Pit on July 22, 2016, resulted in piezometer 

P-5 being dry. Since no water was detected in P-5 on July 22, 2016, the groundwater 

level used for generating the contours was set equal to the maximum depth of the 

piezometer. In reality, the groundwater could have been deeper and therefore the actual 

gradient approaching P-5 could be steeper than represented. There were also large 

differences in groundwater levels measured in P-4, P-7, and P-8 on April 25, May 4, and 

May 15, 2016, which were not observed in any other piezometers.  

The measurements taken from these three piezometers on May 4, 2016, were 

not consistent with the previous and follow data. These measurements were considered 

erroneous and the values used for P-4, P-7, and P-8 to generate the May 4, 2016, contour 

map were averages of the April 25 and May 15, 2016, data.   
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Physical and Chemical Water Quality  
Characteristics 

Temperature (T), dissolved oxygen (DO), electrical conductivity (EC), and pH 

were monitored in all eight piezometers, Hiller Tunnel, and the Pond. These parameters 

were monitored to identify anoxic and reduced areas in the subsurface where conversion 

of Hg(II) to MeHg by sulfate and iron reducing bacteria may be more likely to occur. 

Temperature, DO and pH can all affect the rates of Hg(II) conversion to MeHg and EC 

was monitored to better understand the amount of total dissolved ions. Water quality 

measurements were taken with a YSI 556 Multi-probe System (MPS), every 1-2 weeks, 

from October 31, 2015, to October 28, 2016. The pH and DO probes were calibrated 

prior to each field visit as recommended by the manufacturer. The EC probe was 

calibrated once a month using 1 mS/cm conductivity standard.  

 
Mercury, Nickel, Copper, Lead,  

and Zinc Analyses 

Bailers were used to collect water samples from piezometers and samples 

from Hiller Tunnel inlet, outlet, and the Pond were collected as grab samples. Water 

samples were collected to represent saturated conditions, when the water table was 

highest, on May 4, 2016, and unsaturated conditions, when the water table was lowest, on 

July 22, 2016. Collection methods followed the Representative Sampling of Groundwater 

for Hazardous Substances Guidance Manual for Groundwater Investigations (CalEPA, 

1995), and EPA Method 1669 Sampling Ambient Water for Trace Metals at EPA Water 

Quality Criteria Levels (USEPA, 1996b) which included EPA Method 1669, also known 

as the Clean Hands Dirty Hands method. The samples analyzed for nonfiltered THg, 
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filtered THg, and MeHg were collected in Fluorinated Polyethylene (FTPE) bottles while 

samples analyzed for nonfiltered copper (TCu), nickel (TNi), lead (TPb), zinc (TZn) and 

filtered copper (FCu), nickel (FNi), lead (FPb), zinc (FZn) and total suspended solids 

(TSS) were collected in High Density Polyethylene (HDPE) bottles. Upon collection, the 

samples were cold preserved and shipped over night to Brooks Applied Labs in Seattle, 

Washington. 

The samples collected on May 4, 2016, were analyzed for TSS, nonfiltered 

MeHg, nonfiltered and filtered Hg, Ni, Cu, Pb, and Zn. All metals were analyzed in both 

nonfiltered and filtered samples, representing the total and dissolved fractions of each 

metal. Nickel, copper, lead, and zinc were sampled only on May 4, 2016, and were not 

re-sampled on July 22, 2016. Nonfiltered THg and THg filtered with a 0.45-µm capsule 

filter were analyzed by oxidation, purge and trap, and cold vapor atomic fluorescence 

spectrometry (CVAF) (EPA Method 1631 E) (USEPA, 2002). Nonfiltered MeHg was 

analyzed by distillation, aqueous ethylation, purge and trap, and CVAF (EPA Method 

1630) (USEPA, 1998). TSS was analyzed by gravimetric methods according to EPA 

Method 160.2 (USEPA, 1999). The remaining metals, Pb, Cu, Ni, and Zn were analyzed 

by inductively coupled plasma — mass spectrometry (ICPMS) (EPA Method 1638) 

(USEPA, 1996a). The quality assurance and quality control (QA/QC) results including 

duplicates, matrix spikes, method detection limits and reporting limits for all analysis 

performed by Brooks Applied Labs are provided in Appendix B (Tables B1-B4). 

Particulate-bound mercury concentrations (PHg) were calculated in this study by 

subtracting the FHg concentrations from the THg concentrations. Then the PHg data 
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were normalized by dividing PHg by TSS (Hgss) which represents the total mercury 

associated with suspended sediment (ppm). 

 
Dissolved Organic Carbon 

Water samples from all eight piezometers, the Pond and Hiller Tunnel were 

analyzed for dissolved organic carbon (DOC) once a month from April 25, 2016, to 

October 17, 2016. Bailers were used to collect samples from the piezometers while the 

samples from the Pond and Hiller Tunnel were collected as hand grab samples. All DOC 

samples were collected in pre-combusted (460 ºC for 5 h) amber glass jars using the 

Clean Hands Dirty Hands method to reduce the risk of sample contamination. Following 

collection, the samples were cold preserved and transported to the laboratory of Dr. 

Sandrine Matiasek with the CSU Chico department of Geological and Environmental 

Sciences. The samples were then filtered through pre-combusted 0.45 µm fiberglass 

filters with a vacuum pump to remove particulate organic matter according to EPA 

Method 415.3 Measurement of Total Organic Carbon, Dissolved Organic Carbon and 

Specific UV Absorbance at 254 nm in Source Water and Drinking Water (USEPA, 

2005b). The samples were then acidified with HCl to pH ~2 and refrigerated in order to 

stop the microbial breakdown of organic carbon in the sample. The acidified samples had 

a maximum hold time of 30 days before being analyzed for DOC with a Shimadzu TOC-

L high temperature catalytic oxidation analyzer.  

Operation of the Shimadzu TOC-L was conducted according the 

manufacturer’s instructions, using potassium hydrogen phthalate standard with standard 

curves ranging from 0 to 10 ppm were built to cover the expected range of DOC in the 
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samples. After analysis, the standard was checked again at 10 ppm to ascertain any 

instrument drift. The % error for the 10 mg/L check standards ranged from 0.4 to 20%. 

DOC concentrations were then calculated by averaging three injection aliquots of sample 

and corrected by subtracting the average of four of the seven blank samples. 

 
Data Analysis 

Spatial and temporal differences in measured water quality parameters and 

metal concentrations between sample locations and sample dates were analyzed by 

graphical representation. Temporal variation in water quality parameters, T, DO, EC, and 

pH were represented by time series graphs of each parameter. THg, PHg, Hgss, FHg, and 

MeHg concentrations were compared between saturated and unsaturated conditions in 

piezometers, the Pond, and Hiller Tunnel inlet and outlet with bar graphs. 
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CHAPTER IV 
 
 

RESULTS 
 
 

Groundwater Monitoring Piezometers 

During the installation of the four new piezometers in the Pit, the moisture 

content, color, texture and organic matter content of subsurface samples were 

documented, and can be found in Appendix A (Tables A1-A4). The sediments 

encountered during the installation of piezometers contained mostly silt and clay with 

some preserved organics. Fine to coarse sand layers were observed in piezometers P-6 

and P-7 at depths ranging from 1.6 to 2.3 ft bgs and 2.1 to 2.6 ft bgs respectively. During 

borehole advancement, the water table was encountered at depths of 6.3 ft, 5.5 ft, and 5.0 

ft bgs in P-6, P-7, and P-8 respectively but was not encountered in P-5. The subsurface 

sediments observed during the installation of the P-5 piezometer for this study were 

mostly silt and silty clay with some preserved organics. The piezometers P-1, P-2, and P-

4, installed by Demaree (2013), were described as high in clay content. The results of the 

exploratory borings, particle size distributions, and laboratory permeability tests 

conducted by Holdrege and Kull (2015) are summarized in Appendix B (Table B5), and 

the boring locations are shown in Figure 4. Slug tests and (or) bail down tests were 

performed in duplicate on all piezometers monitored in this study. The estimated 

hydraulic conductivity values from slug tests and the rates of water level decline in 

piezometers are reported in Table 1. The lowest hydraulic conductivity was in P-3 

(7.55E-06 in/sec), while the highest was in P-7 (2.16E-03 in/sec). The drain rate in P-7 
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TABLE 1. HYDRAULIC CONDUCTIVITY VALUES IN PIEZOMETERS FROM 
SLUG TESTS AND BOUWER AND RICE ANALYSIS WITH AQTESOLV 4.5 

(BOUWER AND RICE, 1976; BOUWER, 1989) AND DRAIN RATES  
CALCULATED BETWEEN JUNE 20, 2016, AND  

SEPTEMBER 21, 2016 
Location K (in/sec) Drain Rate (ft/day) Date 
P-1 5.00E-04 0.032 7/15/2016 
P-2 4.39E-04 0.029 7/15/2016 
P-3 7.55E-06 - 7/15/2016 
P-4 5.65E-04 - 7/15/2016 
P-5 2.63E-05 - 7/15/2016 
P-6 4.66E-04 - 7/15/2016 
P-7 2.16E-03 0.051 7/15/2016 
P-8 4.66E-04 - 7/15/2016 

 
 

was 0.019 ft/day faster than P-1 and 0.022 ft/day faster than P-2. The hydraulic 

conductivities calculated from slug tests were generally higher than the values found by 

Holdrege and Kull (2015) and both values are compared to published hydraulic 

conductivity values for various materials in Appendix B (Table B6). 

 
Water Level Measurements 

In order to find the relative elevations of the piezometers and Hiller Tunnel 

inlet, a level circuit was performed from a section corner that was arbitrarily assigned a 

datum of 3000 ft. The error of closure defined as the difference between the original 3000 

ft datum and the final reading of the datum level was ±0.19 ft. In order to simplify the 

data, the leading two digits were dropped because there was no change in the hundreds or 

thousands place of the surveyed elevations (i.e., P-1 was corrected from 2889.97 ft to 

89.97 ft). The truncated results of the level circuit are shown in Table 2. The survey data 

allowed for the comparison of groundwater levels to create contour maps with the 

relative depths bgs. 
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TABLE 2. RESULTS OF LEVEL CIRCUIT FOR THE PIEZOMETERS TOP OF 
CASING (TOC) AND GROUND SURFACE ELEVATION (GSE)  

OF HILLER TUNNEL INLET  
Location TOC (ft) GSE (ft) 
Hiller Tunnel NA 74.79 
P-1 89.97 86.42 
P-2 89.01 85.57 
P-3 91.07 87.28 
P-4 93.62 89.74 
P-5 88.73 85.73 
P-6 91.33 88.18 
P-7 93.88 90.88 
P-8 94.21 91.11 
error of closure   0.19   0.19 

 
 
Groundwater level measurements taken by hand every two weeks with an 

electronic depth sounder are shown in Figure 5. Generally, all piezometers exhibited 

similar trends over the course of the study, with levels rising during November 2015 and 

plateauing by the end of December 2015. The rise in groundwater levels appears to be in 

response to multiple storms in November that provided precipitation input to the shallow 

groundwater system (Figure 5). Then the recurrence of storms from December 2015 to 

June 2016 allowed the groundwater levels to remain relatively constant during this time. 

After June 2016 groundwater levels began to decrease as precipitation was negligible 

during the summer of 2016 (Figures 5 and 6). The majority of precipitation recorded at 

the White Cloud rain gage occurred from November 2015 to the end of May 2016 

totaling 61.47 inches (Figure 6) and the months of January and March 2016 had the most 

rainfall, totaling 17.31 and 18.27 inches respectively.  

There were large differences in groundwater levels measured in P-4, P-7, and 

P-8 on April 25, May 4, and May 15, 2016, that were not observed in any other 
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Figure 5. Shallow groundwater fluctuations over the monitoring period November 
7, 2015, to October 28, 2016. Mercury samples collected on May 4, 2016, and July 
22, 2016, represented by vertical red lines. 

 
 

piezometers. The groundwater levels in P-7 and P-8 were lower on May 4, 2016, 

compared to April 25, 2016, by 1.02 and 2.07 ft respectively and the groundwater level in 

P-4 was higher by 0.90 ft. On May 15, 2016, the groundwater levels in P-7, and P-8 were 

1.01 and 2.17 ft higher than on May 4, 2016, and P-4 was lower by 0.90 ft. The 

measurements taken from these three piezometers on May 4, 2016, were not consistent 

with the previous and follow data. Therefore, these measurements were considered 

erroneous and the values used in Figures 5 and 10 for P-4, P-7, and P-8 on May 4, 2016, 

are averages of the April 25 and May 15, 2016, data. 

The water levels in all piezometers began decreasing on June 24, 2016, and 

were at minimum levels by October 1, 2016. During this period of decreasing water 
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Figure 6. Hourly and accumulated precipitation measured at the White Cloud rain 
gage (from October 1, 2015, to October 31, 2016) operated by CalFire in Nevada 
County (Latitude 39.6167, Longitude -120.8375) (DWR, 2017). 
 
 
levels, only 0.04 inches of precipitation accumulated at the White Cloud rain gage 

(Figure 6). The water levels remained low for a few weeks, and rose again at the end of 

October 2016 following increased precipitation. Throughout the entire monitoring period, 

the water levels in all piezometers except P-3 and P-5 remained above the relative 

elevation of Hiller Tunnel inlet (74.79 ft). 

The water level meters that recorded the most complete 15-minute data (P-1, 

P-2, and P-7) are graphed as average daily water level above the pressure transducers 

along with daily accumulated precipitation from the White Cloud rain gage (Figures 7 – 

9). Following the initial wet up, average daily water levels remained high in the shallow 

groundwater of the Pit. There were small-scale fluctuations in water levels in response to 

late winter and spring storms. The water level above the pressure transducer in P-1 rose  
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Figure 7. Average daily water level above the pressure transducer in P-1 recorded 
from November 16, 2015, to October 28, 2016. Daily accumulated precipitation 
calculated from hourly precipitation recorded at the White Cloud rain gage 
operated by CalFire in Nevada County (Latitude 39.6167, Longitude -120.8375) 
(DWR, 2017). 

 
in November 2015 with two peaks during the second half of January and the first half of 

March 2016 (Figure 7). 

Water levels fluctuated throughout April and May 2016 as spring storms 

provided an additional 5.64 inches of precipitation during these months. From June to 

September 2016 there was only 0.04 inches of precipitation and the water level in P-1 

declined until precipitation began again in October 2016. After a data download on July 

15, 2016, the water level above the pressure transducer in P-1 was inconsistent with the 

previously recorded data. A correction was applied to the water level data for P-1 prior to 

July 15, 2016, based on the average difference between hand measurements and the 

automatic data recorder.  
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The water level meter in P-2 malfunctioned and did not capture the entire wet 

up period from November 2015 to March 2016 (Figure 8). When the logger started 

functioning properly on March 11, 2016, the water level in P-2 was near its highest point. 

Three days later the water level began to decline until reaching its lowest point on 

October 1, 2016. The meter in P-2 also recorded the beginning of the wet up that started 

in October of 2016 that was observed in all piezometers. 

 

 
 

Figure 8. Average daily water level above the pressure transducer in P-2 recorded 
from October 31, 2015, to October 28, 2016. No data were acquired from December 
6, 2015, to March 12, 2016, due to malfunction of the data logger. Daily accumulated 
precipitation calculated from hourly precipitation recorded at the White Cloud rain 
gage operated by CalFire in Nevada County (Latitude 39.6167, Longitude -
120.8375) (DWR, 2017). 
 
 

Although the pressure transducer in P-7 experienced loss of data from January 

30, 2016, to March 15, 2016, the wet up and draining periods were recorded (Figure 9). 

The water level above the pressure transducer in P-7 from October 2015 to November  
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Figure 9. Average daily water level above the pressure transducer in P-7 recorded 
from October 31, 2015, to October 28, 2016. No data were acquired from January 
30, 2016, to March 15, 2016, due to malfunction of the data logger. Daily 
accumulated precipitation calculated from hourly precipitation recorded at the 
White Cloud rain gage operated by CalFire in Nevada County (Latitude 39.6167, 
Longitude -120.8375) (DWR, 2017). 

 
 
2016 showed a similar trend to the hand measured water levels taken bi-weekly over the 

same time period. On June 24, 2016, a slight increase in water level was recorded by the 

pressure transducer in P-7 in response to precipitation. This was the last groundwater 

response to precipitation in the piezometers until October 2016 when the water levels 

rose again rapidly in response to precipitation. 

 
Groundwater Contour Maps 

Groundwater contour maps were created from the observed groundwater 

levels representing saturated conditions on May 4, 2016, and unsaturated conditions on 
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July 22, 2016, when mercury and metals samples were collected (Figures 10 and 11). The 

groundwater levels measured in P-4, P-7, and P-8 on May 4, 2016, were determined to be 

erroneous due to the large differences between the previous and following measurements.  

Therefore, the groundwater elevation values used in Figure 10 for P-4, P-7, and P-8 were 

averages of the previous and following data from April 25 and May 15, 2016.  

 

 

Figure 10. Saturated shallow groundwater elevation contours and flow lines on May 
4, 2016. 
 
 

There were similar subsurface flow paths and slightly different groundwater 

gradients on the two dates. On May 4, 2016, (Figure 10) the groundwater flow along the 

northern side of the Pit exhibited east to west flow while the southern portion of the Pit 

exhibited north to south flow towards Hiller Tunnel inlet. During this time, the 
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groundwater levels were at or near ground surface and represented fully saturated 

conditions. The area of highest groundwater levels on May 4, 2016, was the eastern 

portion of the Pit and the overall groundwater gradient from east to west was 0.011 ft/ft. 

The flow lines in the area to the north of Hiller Tunnel between P-1, P-2, and P-4 

indicated subsurface flow towards Hiller Tunnel inlet. The gradient between P-4 and 

Hiller Tunnel inlet had the steepest groundwater gradient of 0.06 ft/ft on May 4, 2016. 

The second set of mercury samples were collected on July 22, 2016, and 

groundwater levels in the Pit were lower by as much as 6.0 ft in the western end of the Pit 

(Figure 11). The groundwater flow direction along the northern edge of the Pit exhibited 

east to west flow at a gradient of 0.018 ft/ft. The groundwater flow direction in the 

southern portion of the Pit, near P-2, P-1, and P-4 exhibited north to south flow towards 

Hiller Tunnel. The groundwater gradient from P-4 to the tunnel inlet was 0.06 ft/ft, the 

same as it was on May 4, 2016. For the remainder of WY 2016 the groundwater levels 

continued to decline, but remained above the elevation of Hiller Tunnel inlet (74.79 ft) 

for the entire study period in all piezometers except in P-3 and P-5 during the summer 

months. 

 
Physical and Chemical Water Quality  

Characteristics 

Water quality parameters, including Dissolved Oxygen (DO mg/L), 

Temperature (°C), EC (mS/cm), and pH, were measured in the eight piezometers, the 

Pond, and Hiller Tunnel inlet and outlet, on a weekly or bi-weekly basis from October 31, 

2015, to October 28, 2016, with a YSI 556 MPS water quality meter. The average 
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Figure 11. Unsaturated shallow groundwater elevation contours and flow lines on 
July 22, 2016. 
 
 
measurements for each parameter over the entire observation period are reported in Table 

3. The sample size for measurements of EC in P-3 was n=19 and was 20 for all other 

parameters. One questionable EC measurement on June 11, 2016, of 0.01 mS/cm was 

omitted because it was considered a sensor error. The location with the highest average 

DO was Hiller Tunnel outlet at 10.43 ± 1.49 mg/L (n = 15) while the averages in Hiller 

Tunnel inlet and the Pond were lower at 4.87 ± 4.23 mg/L (n = 15) and 5.63 ± 2.91 mg/L 

(n = 12) respectively. Average DO in the piezometers were generally lower than 1 mg/L, 

ranging from 0.82 ± 0.33 mg/L in P-2 (n = 28) to 1.06 ± 0.42 mg/L in P-1 (n = 28). The  



54 

TABLE 3. WATER QUALITY CONSTITUENTS AVERAGED FROM OCTOBER 31, 
2015, TO OCTOBER 28, 2016 

P-3 had a sample size of n=19 for EC but n=20 for all other parameters due to the omission of a questionable 
measurement on June 11, 2016 

Average Temperatures and Dissolved Oxygen concentrations 

Location Temperature (°C) 
Standard 
Deviation 

Dissolved 
Oxygen 
(mg/L) 

Standard 
Deviation 

Sample 
Size 
(n) 

P-1 10.09 2.32 1.06 0.42 28 
P-2 10.94 0.87 0.82 0.33 28 
P-3   9.76 2.13 3.10 0.99 20 
P-4 10.21 2.46 1.01 0.39 29 
P-5   9.95 1.76 1.96 1.84 18 
P-6 10.39 1.93 0.84 0.60 29 
P-7 10.44 2.53 0.94 0.39 29 
P-8   9.99 2.29 0.96 0.42 29 
Hiller Inlet 12.45 0.89 4.87 4.23 15 
Hiller Outlet  12.16 0.94    10.43 1.49 15 
Pond 17.25 3.57 5.63 2.91 12 

Average EC, pH and Eh values 

Location 
Conductivity 

(mS/cm) 
Standard 
Deviation 

pH 
Standard 
Deviation 

Sample Size 
(n) 

P-1 0.400 0.059 6.37 0.54 28 
P-2 0.257 0.020 6.07 0.54 28 
P-3 1.331 0.281 6.74 0.17 20/19* 
P-4 0.230 0.037 6.08 0.49 29 
P-5 1.080 0.257 6.21 0.22 18 
P-6 0.530 0.063 6.74 0.55 29 
P-7 0.481 0.081 6.57 0.48 29 
P-8 0.394 0.086 6.58 0.54 29 
Hiller Inlet 0.257 0.162 6.32 0.73 15 
Hiller Outlet  0.197 0.059 7.30 0.80 15 
Pond 0.080 0.064 6.52 0.52 12 

 
 
two piezometers with the highest DO concentrations were P-3 and P-5 which averaged 

3.10 ± 0.99 mg/L (n = 20) and 1.96 ± 1.84 mg/L; (n = 18) respectively. 

Over the entire monitoring period, temperature in the piezometers ranged on 

average from 9.76 ± 2.13 °C to 10.94 ± 0.87 °C  in P-3 (n = 20) and P-2 (n = 28) 
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respectively. The pond was the warmest source of water sampled, averaging 17.25 ± 3.57 

°C (n = 12), while Hiller Tunnel inlet and outlet averaged 12.45 ± 0.89 °C (n = 15) and 

12.16 ± 0.94 °C (n = 15) respectively (Table 3).  

Over the course of this study, the EC of shallow groundwater was consistently 

highest in P-3 and P-5, averaging 1.331 ± 0.281 mS/cm (n = 19) and 1.080 ± 0.257 

mS/cm (n = 18) respectively. The lowest average EC values in the shallow groundwater 

were 0.230 ± 0.020 mS/cm (n = 28) and 0.257 ± 0.037 mS/cm (n = 29) measured in P-2 

and P-4 respectively. The average EC in the Pond was the lowest of all locations (0.080 ± 

0.064 mS/cm; n = 12), while Hiller Tunnel inlet and outlet had slightly higher EC values 

on average, 0.257 ± 0.037 mS/cm (n = 15) and 0.197 ± 0.059 mS/cm (n = 15) 

respectively.   

The pH values at Malakoff Diggins were circumneutral. The average pH of 

shallow groundwater piezometers ranged from 6.07 ± 0.54 (n = 8) in P-2 to 6.74 ± 0.17 

(n = 8) in P-3. Hiller Tunnel inlet and outlet averaged 6.32 ± 0.73 (n = 15) and 7.30 ± 

0.80 (n = 15) respectively and the average pH of the Pond was 6.52 ± 0.52 (n = 12). 

The DO measurements taken throughout the monitoring period in 

piezometers, the Pond and Hiller Tunnel inlet and outlet are shown in Figure 12. The DO 

measurements made in  the Pit indicated that some of the shallow groundwater 

piezometers exhibited anoxic conditions over the entire monitoring period with average 

DO of less than 2 mg/L except P-3 which averaged 3.10 ± 0.99 mg/L (n = 20) (Table 3; 

Figure 12). The DO measurements at Hiller Tunnel outlet averaged 10.43 ± 1.49 mg/L (n 

= 15) and ranged from 6.77 to 13.22 mg/L over the entire monitoring period. The DO 
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Figure 12. DO (mg/L) in piezometers, the Pond and Hiller Tunnel inlet and outlet 
measured from October 31, 2015, to October 28, 2016.  

 
 

values measured in Hiller Tunnel inlet were similar to the outlet in April and May 2016 

but from June 24, 2016, to August 19, 2016, the DO concentrations in Hiller Tunnel inlet 

decreased (Figure 12). Anoxic conditions persisted in the shallow groundwater and Hiller 

Tunnel inlet and DO concentrations averaged less than 2 mg/L from June 24, 2016, to 

August 19, 2016. Over this time period DO concentrations in Hiller Tunnel inlet 

averaged 1.05 ± 0.28 mg/L (n = 5) and all the piezometers averaged 1.25 ± 0.67 mg/L (n 

= 36). The concentrations of MeHg may be affected by the anoxic conditions of the 

shallow groundwater and surface water in the Pit. The average DO concentration of the 

Pond was 5.63 ± 2.91 mg/L (n = 12) and the measurements ranged from 1.40 to 10.02 

mg/L. This range in the Pond could be partially due to the measurements being taken at 

different locations at different times and stratification of the Pond. DO measurements on 
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May 4, 2016, (6.90 mg/L) and July 22, 2016, (7.74 mg/L) were taken from a boat three 

feet below the water surface in the center of the Pond. On all other dates, the 

measurements were taken from the shoreline of the Pond and averaged 5.29 ± 3.07 mg/L.  

Temperature affects the capacity of water to retain DO and cold water can 

hold more DO than warm water (USGS, 2017). This affect can be seen on both a seasonal 

and daily time scale. Seasonal climatic conditions affect DO concentrations and daily or 

diurnal fluctuations in DO concentrations are caused by changes in temperature and 

activity of aquatic organisms that either use or produce DO (USGS, 2017). The average 

temperature in all piezometers was graphed along with the Hiller Tunnel and Pond data to 

show the overall trend in temperature through the study (Figure 13). The lowest DO  

 

 

Figure 13. Average temperature (°C) in all piezometers, compared to the Pond, and 
Hiller Tunnel inlet and outlet measured from October 31, 2015, to October 28, 2016.  
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concentrations were in the groundwater despite the colder average temperatures in the 

groundwater compared to Hiller Tunnel and the Pond. The lowest average groundwater 

temperature of 6.90 ± 0.33 °C (n = 6) was on January 30, 2016, and the warmest average 

groundwater temperature of 13.13 ± 2.90 °C (n = 6) occurred on August 19, 2016. The 

coldest water temperatures measured in Hiller Tunnel inlet and outlet were 10.82 °C and 

9.67 °C on October 17, 2016, and the warmest temperatures were 14.33 °C and 13.54 °C 

on May 27, 2016 (Figure 13). From April to June of 2016, the average temperatures in 

Hiller Tunnel inlet (13.03 ± 0.75 °C; n = 6) and outlet (12.49 ± 0.62 °C; n = 6) were 

higher than the piezometers which averaged 10.27 ± 0.29 °C (n = 40). From July to 

October 2016 the temperatures measured in Hiller Tunnel inlet and outlet averaged 12.06 

± 0.75 °C (n = 8) and 11.94 ± 1.04 °C (n = 8) while the piezometers averaged 12.48 ± 

0.32 °C (n = 62). On August 19, 2016, the average temperature of the shallow 

groundwater (13.13 ± 0.58 °C) was similar to the temperatures measured at Hiller Tunnel 

inlet (12.96 °C) and outlet (13.26 °C). From June 24, 2016, to September 2, 2016, the 

temperatures of Hiller Tunnel inlet and outlet were similar to the average temperature of 

groundwater. DO measurements in Hiller Tunnel inlet and groundwater were also similar 

during this time period averaging 1.02 ± 0.26 mg/L (n = 6) and 1.27 ± 0.69 mg/L (n = 42) 

respectively. The average temperature of 17.25 ± 3.57 °C (n = 12) in the Pond was 

warmer than shallow groundwater over the entire monitoring period but still had higher 

DO concentrations on average 5.63 ± 2.91 mg/L (n = 12) compared to 1.22 ± 0.99 mg/L 

(n = 209) in the groundwater. 
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The electrical conductivity (EC) of shallow groundwater in the Pit showed 

strong spatial and temporal variability while the surface water exhibited some temporal 

variability (Figure 14). There was a noticeable trend through time in the EC measured in 

P-3 and P-5. Monitoring of P-3 and P-5 began on December 18, 2015, because, until this 

point in the study, these two piezometers were dry. From December 18, 2015, to April 

25, 2016, the EC gradually increased from 0.893 to 1.667 mS/cm in P-3 and from 0.960 

to 1.279 mS/cm in P-5. The remaining six piezometers were relatively constant in terms 

of EC with standard deviations ranging from 0.020 mS/cm in P-2 to 0.086 mS/cm in P-8 

(Table 3). The EC measured at Hiller Tunnel outlet was relatively constant over the 

monitoring period ranging from 0.069 to 0.297 mS/cm, while the EC concentrations 

fluctuated more at Hiller Tunnel inlet the summer of 2016 (Figure 14). 

 

 

Figure 14: Electrical conductivity (mS/cm) in piezometers, the Pond and Hiller 
Tunnel inlet and outlet measured from October 31, 2015, to October 28, 2016.  
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The pH of all piezometers was averaged to examine the overall trend of pH in 

the shallow groundwater compared to the trends in the Pond, and Hiller Tunnel inlet and 

outlet. While the pH values were mostly in the neutral range, Hiller Tunnel outlet had the 

largest range of variability with an average pH of 7.30 ± 0.80 (n = 15) (Figure 15; Table 

3). The lowest average pH in the piezometers, the Pond, and Hiller Tunnel inlet were on 

September 2, 2016. The lowest pH measured was 3.45 in P-2 while the average pH of all 

piezometers on September 2, 2016, was 4.12 ± 0.85 (n = 8). The pH at Hiller Tunnel inlet 

on September 2, 2016, (4.28) was within one standard deviation of the average pH of all 

piezometers. In contrast, the pH measured at Hiller Tunnel outlet and the Pond were, 6.49 

and 5.21 respectively and the lowest pH in Hiller Tunnel outlet (5.13) was on October 17, 

2016 (Figure 15). 

 

 

Figure 15: Average pH in all piezometers, compared to the Pond and Hiller  
Tunnel inlet and outlet measured from October 31, 2015, to October 28, 2016.  
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Mercury, Nickel, Copper, Lead, and Zinc 

Water samples collected from the piezometers, the Pond and Hiller Tunnel 

were generally higher in nonfiltered Hg (THg) and particulate Hg (PHg) compared to 

Filtered Hg (FHg) and nonfiltered methylmercury (MeHg). The highest concentrations of 

THg and PHg were detected in P-1. On May 4, 2016, THg and PHg concentrations in P-1 

were nearly equal (1,010.00 and 1,009.89 ng/L) because FHg was below the method 

detection limit (MDL) of 0.11 ng/L. The FHg concentration in P-1 on July 22, 2016, was 

slightly above the MDL at 0.13 ng/L and the THg and PHg concentrations on July 22, 

2016, were 515.00 and 514.87 ng/L respectively (Table 4).  

Nonfiltered Hg in P-1, P-3, P-4, P-6 and P-7 on May 4, 2016, exceeded the 

limit of 50 ng/L for consumption of water and organisms (expressed as total recoverable 

mercury: including organic forms) set by the California Toxic Rule (CTR) (USEPA, 

2000b) (Figure 16). On July 22, 2016, the level of THg exceeded the CTR limit of 50 

ng/L in all piezometers sampled except for P-8 (Table 4). The THg concentration in P-1 

was 495.00 ng/L higher on May 4, 2016, compared to July 22, 2016, while P-2, P-4, P-6 

and P-7 had higher THg concentrations on July 22, 2016, compared to May 4, 2016, by 

27.30, 365.30, 14.00, and 7.00 ng/L respectively (Table 4; Figure 16). 

Samples of discharge from Hiller Tunnel outlet were below the CTR with 

THg concentrations of 3.71 ng/L on May 4, 2016, and 0.91 ng/L on July 22, 2016 (Table 

4; Figure 16).  

The particulate Hg concentration (ng/L) was divided by TSS (mg/L) resulting 

in Hgss (ppm) (Table 4). The measure of Hgss represents the concentration of mercury 
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TABLE 4. TSS AND MERCURY CONCENTRATIONS SAMPLED AT MALAKOFF 
DIGGINS ON MAY 4, 2016, AND JULY 22, 2016, WITH AVERAGES OF ALL 

LOCATIONS  
The particulate-bound Hg concentration (ng/L) was divided by TSS (mg/L) resulting in Hgss (ppm). The 
measure of Hgss represents the concentration of mercury (ppm) on the fine suspended particles that did not pass 
through a 0.45 µm filter. Values in parenthesis were detected by the instrument below the method reporting 
limit (MRL) and the result is considered an estimate. Bracketed values were below the method detection limit 
[MDL] and reported as the MDL. 

TSS and Forms of Mercury at Malakoff Diggins on 5/4/2016 

Location 
Nonfiltered 
Hg (ng/L) 

Filtered Hg 
(ng/L) 

Particulate Hg 
(ng/L) 

MeHg 
(ng/L) 

TSS 
(mg/L) 

Hgss 
(ppm) 

Hiller Inlet 3.45 1.50 1.95 0.71 10.60 0.18 

Hiller Outlet 3.71 1.56 2.15 0.67 9.20 0.23 

Pond 15.40 1.44 13.96 0.53 41.00 0.34 

P-1 1010.00 [0.11] 1009.89 2.49 1060.00 0.95 

P-2 39.80 0.49 39.31 0.19 465.00 0.08 

P-3 137.00 1.22 135.78 1.68 624.00 0.22 

P-4 55.70 0.72 54.98 0.51 2840.00 0.02 

P-5 34.80 2.18 32.62 [0.02] 142.00 0.23 

P-6 290.00 [0.11] 289.89 0.36 4400.00 0.07 

P-7 78.00 [0.11] 77.89 [0.02] 1470.00 0.05 

P-8 39.30 [0.11] 39.19 0.55 687.00 0.06 

Average 155.20 0.87 154.33 0.70 1068.07 0.22 

SD 281.52 0.71 281.84 0.71 1323.26 0.25 

TSS and Forms of Mercury at Malakoff Diggins on 7/22/2016 

Location 
Nonfiltered 
Hg (ng/L) 

Filtered Hg 
(ng/L) 

Particulate Hg 
(ng/L) 

MeHg 
(ng/L) 

TSS 
(mg/L) 

Hgss 
(ppm) 

Hiller Inlet 0.83 (0.22) 0.61 0.12 18.50 0.03 

Hiller Outlet 0.91 0.83 0.08 [0.02] 2.20 0.04 

Pond 5.33 1.38 3.95 1.04 36.30 0.11 

P-1 515.00 (0.13) 514.87 [0.02]  2380.00 0.22 

P-2 67.10 [0.11] 66.99 0.12 467.00 0.14 

P-3 - - - 1.32 - - 

P-4 421.00 0.57 420.43 0.37 1280.00 0.33 

P-5 - - - - - - 

P-6 304.00 [0.11] 303.89 0.79 861.00 0.35 

P-7 85.00 [0.11] 84.89 0.40 499.00 0.17 

P-8 27.10 (0.19) 26.91 0.29 484.00 0.06 

Average 158.47 0.41 158.07 0.45 669.78 0.16 

SD 188.96 0.42 189.08 0.43 723.40 0.11 
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Figure 16. Total nonfiltered mercury (ng/L) in piezometers, the Pond and Hiller 
Tunnel inlet and outlet measured on May 4, 2016, and July 22, 2016. Hiller Tunnel 
and the Pond concentrations are shown on the primary axis from 0 – 40 (ng/L) and 
the concentrations in piezometers are shown on the secondary axis from 0 – 1,200 
(ng/L). The orange line is the CTR limit of 50 ng/L (USEPA, 2000b). 

 
 

(ppm) on the fine suspended particles that did not pass through a 0.45 µm filter. The 

highest concentration of Hgss was in P-1 on May 4, 2016, at 0.95 ppm (Figure 17). On 

July 22, 2016, the mercury content of the suspended sediment was lower in P-1 at 0.22 

ppm Hgss (Figure 17). In all piezometers on July 22, 2016, Hgss concentrations were 

higher compared to the May 4, 2016, samples, except P-1 which was lower by 0.73 ppm 

and P-8, which was about the same on both dates (Figure 17). The Hgss concentrations 

measured at Hiller Tunnel inlet and outlet on May 4, 2016, were 0.18 and 0.23 ppm 

respectively. The Hgss values for Hiller Tunnel inlet and outlet were lower on July 22,  
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Figure 17. Mercury concentration in the suspended sediment (Hgss) calculated by 
dividing the particulate Hg (PHg) concentrations by total suspended solids (TSS), in 
units of ng/mg or ppm. 
 
 
2016, at 0.03 and 0.04 ppm respectively. The average Hgss for all piezometers was 0.21 

± 0.29 ppm (n = 8) on May 4, 2016, and 0.21 ± 0.10 ppm (n = 6) on July 22, 2016.   

Filtered Hg, which represents the dissolved fraction of Hg, was spatially 

variable within the Pit and temporally variable between the two collections. On May 4, 

2016, FHg concentrations were below the MDL of 0.11 ng/L in P-1, P-6, P-7, and P-8 

while the highest concentrations were 2.18 ng/L and 1.22 ng/L in P-5 and P-3 

respectively (Table 4; Figure 18). On May 4, 2016, the FHg concentrations in Hiller 

Tunnel inlet, outlet and the Pond were similar at 1.50 ng/L, 1.56 ng/L, and 1.44 ng/L  
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Figure 18. Filtered mercury (ng/L) in piezometers, the Pond and Hiller Tunnel inlet 
and outlet sampled on May 4, 2016, and July 22, 2016. P-5 was dry and P-3 was 
nearly dry after purging and only enough sample was recovered for MeHg analysis. 
 
 
respectively (Table 4; Figure 18). On July 22, 2016, the FHg concentrations at Hiller 

Tunnel inlet and outlet were lower than on May 4, 2016, by 0.22 and 0.83 ng/L, while the 

concentration in the Pond (1.38 ng/L) was similar to the May 4, 2016, sample. On July 

22, 2016, P-5 was dry and P-3 had only enough water to collect one sample for MeHg. 

Filtered Hg concentrations on July 22, 2016, were below the MDL of 0.11 ng/L in P-2, P-

6, and P-7 and were detected at concentrations of 0.13, 0.19, and 0.22 ng/L in P-1, P-8, 

and Hiller Tunnel inlet respectively (Table 4). On July 22, 2016, the Pond had the highest 

concentration of FHg, followed by Hiller Tunnel outlet (1.38 and 0.83 ng/L respectively) 

(Table 4; Figure 18). The piezometers with the highest concentrations of THg such as P-1 

on May 4, 2016, (1,010 ng/L), and P-6 (304 ng/L) and P-4 (421 ng/L) on July 22, 2016, 
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also had low concentrations of FHg. Filtered Hg concentrations on both sampling dates 

were below the MDL of 0.11 ng/L in P-1 and P-6 but FHg was detected at 0.57 ng/L in 

P-4. On July 22, 2016, the concentration of FHg was 0.83 ng/L at Hiller Tunnel outlet 

and 0.22 ng/L at Hiller Tunnel inlet. The average concentrations of FHg in the 

piezometers on May 4, 2016, and July 22, 2016, were 0.63 ± 0.69 ng/L (n = 8) and 0.20 ± 

0.16 ng/L (n = 6) respectively. 

The highest concentrations of nonfiltered MeHg on May 4, 2016, were in P-1 

and P-3 (2.49 and 1.68 ng/L respectively) (Table 4; Figure 19). The concentration of 

nonfiltered MeHg in discharge from Hiller Tunnel outlet on May 4, 2016, was 0.672 

 

 

Figure 19: Nonfiltered MeHg (ng/L) in piezometers, the Pond and Hiller Tunnel 
inlet and outlet sampled on May 4, 2016, and July 22, 2016. The blue line is the 
MeHg goal of 0.06 ng/L proposed by the Central Valley Regional Water Quality 
Control Board (CVRWQCB) to limit MeHg concentrations in fish throughout the 
Sacramento – San Joaquin Delta (SSJD) (Wood, 2010). 
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ng/L, an order of magnitude higher than the goal for the Sacramento-San Joaquin Delta 

(SSJD) of 0.06 ng/L. Nonfiltered MeHg on May 4, 2016, exceeded the SSJD goal at all 

locations except P-5 and P-7 in which MeHg concentrations were below the MDL of 0.02 

ng/L (Table 4; Figure 19). On average, the groundwater levels in all piezometers were 

two feet lower in July than in May 2016. On July 22, 2016, P-5 was dry and P-3 

recharged very slowly after purging and only one sample was collected for MeHg 

analysis. Under this low water condition, MeHg concentrations were below the MDL of 

0.02 ng/L in P-1 and Hiller Tunnel outlet and the MeHg concentration at Hiller Tunnel 

inlet was 0.12 ng/L (Table 4). The highest MeHg concentrations on July 22, 2016, were 

in P-3 and the Pond (1.32 and 1.04 ng/L respectively) and the SSJD goal was exceeded in 

all samples except Hiller Tunnel outlet and P-1 (Figure 19). On July 22, 2016, MeHg 

concentrations in the Pond, P-6, and P-7 were higher by 0.51, 0.43, and 0.36 ng/L 

respectively compared to concentrations on May 4, 2016. The average MeHg 

concentrations in piezometers were 0.72 ± 0.83 ng/L (n = 8) and 0.47 ± 0.42 ng/L (n = 7) 

for the May 4, 2016, and July 22, 2016, data sets respectively. 

The percentages of nonfiltered methylmercury to nonfiltered mercury 

[MeHg]/[THg], and filtered mercury to nonfiltered mercury [FHg]/[THg] are shown in 

Table 5. The percentages of [MeHg]/[THg] on May 4, 2016, were highest in Hiller 

Tunnel inlet, outlet, and the Pond at 20.7%, 18.1%, and 3.44% respectively. On July 22, 

2016, the [MeHg]/[THg] percentages in Hiller Tunnel inlet and outlet were, 14.70% and 

2.20% respectively, while the Pond sample was 19.51% [MeHg]/[THg]. In the 

groundwater samples, the percentages of [MeHg]/[THg] ranged from 0.03 to 1.40% on 
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TABLE 5. MeHg PERCENTAGES OF NONFILTERED MERCURY,  
 AND PERCENTAGES OF FILTERED TO TOTAL MERCURY ON  

MAY 4, 2016, AND JULY 22, 2016, AT MALAKOFF DIGGINS 
Values in brackets had at least one form of Hg below the MDL and values in parenthesis had at least one form 
below the MRL. 

Sampled on 5/4/2016 Sampled on 7/22/2016 
Location 

MeHg/THg FHg/THg MeHg/THg FHg/THg 
Hiller Inlet 20.7 43.5 14.7 (26.5) 
Hiller Outlet 18.1 42.0 [2.19] 91.2 
Pond 3.44 9.35 19.5 25.8 
P-1 0.247 [0.01] [0.003] (0.025) 
P-2 0.467 1.23 0.172 [0.164] 
P-3 1.23 0.891 - - 
P-4 0.919 1.29 0.087 0.14 
P-5 [0.057] 6.26 - - 
P-6 0.123 [0.037] 0.258 [0.036] 
P-7 [0.025] [0.141] 0.464 [0.129] 
P-8 1.40 [0.279] 1.06 (0.700) 

 
 

May 4, 2016, and 0.00 to 1.06% on July 22, 2016. The percentage of filtered Hg to 

nonfiltered Hg ([FHg]/[THg]) was highest in water samples from Hiller Tunnel and the 

Pond on both sample dates. On May 4, 2016, the [FHg]/[THg] percentages in Hiller 

Tunnel inlet, outlet, and the Pond were 43.5%, 42.0%, and 9.35% respectively while the 

piezometers ranged from 0.01% to 6.26% [FHg]/[THg]. On July 22, 2016, the percentage 

of [FHg]/[THg] in Hiller Tunnel outlet (91.2%) was at least two times higher than on 

May 4, 2016, and Hiller Tunnel inlet and the Pond had 26.5%, and 25.8% [FHg]/[THg] 

respectively. The piezometer samples on July 22, 2016, had lower percentages of 

[FHg]/[THg] compared to May 4, 2016, and ranged from 0.03% to 0.14%. 

On May 4, 2016, samples were collected for analysis of nonfiltered copper 

(TCu), nickel (TNi), lead (TPb), and zinc (TZn) and filtered copper (FCu), nickel (FNi), 

lead (FPb), and zinc (FZn) that passed through a 0.45 µm filter (Table 6). P-6 had the  
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TABLE 6. NONFILTERED COPPER (TCu), NICKEL (TNi), LEAD (TPb), AND ZINC 
(TZn) AND FILTERED COPPER (FCu), NICKEL (FNi), LEAD (FPb),  

AND ZINC (FZn) IN PIEZOMETERS, THE POND AND HILLER  
TUNNEL INLET AND OUTLET ON MAY 4, 2016 

Bracketed values were below the MDL limits of 0.45, 0.10, and 2.45 µg/L for Cu, Pb, and Zn respectively. 
Values in parenthesis were detected below the MRLs of 1.35, 1.41, 0.306, and 8.16 µg/L for FCu, FNi, FPb, 
and FZn, respectively. 

Nonfiltered (T) Metals at Malakoff Diggins on 5/4/2016 
Location TCu (µg/L) TNi (µg/L) TPb (µg/L) TZn (µg/L) 
Hiller Inlet 2.23 45.10 (0.12) (7.76) 
Hiller Outlet 1.40 45.90 (0.16) 9.98 
Pond 2.67 2.70 0.63 (3.04) 
P-1 27.20 30.50 8.06 29.70 
P-2 18.80 28.20 6.06 34.00 
P-3 28.80 39.80 9.81 36.30 
P-4 37.60 57.20 11.60 56.70 
P-5 9.74 34.30 2.31 15.20 
P-6 364.00 267.00 133.00 362.00 
P-7 80.20 70.70 25.10 83.20 
P-8 28.40 23.00 7.72 42.70 
Average 54.64 58.58 18.60 61.87 
SD 100.15 68.07 36.82 97.54 

Filtered (F) Metals at Malakoff Diggins on 5/4/2016 
Location FCu (µg/L)  FNi (µg/L) FPb (µg/L) FZn (µg/L) 
Hiller Inlet (0.83) 42.4 [0.10] (6.04) 
Hiller Outlet (0.79) 43.2 [0.10] (5.53) 
Pond (0.68) 1.48 (0.11) [2.45] 
P-1 [0.45] 13.8 [0.10] [2.45] 
P-2 [0.45] 10.0 [0.10] (4.96) 
P-3 1.66 23.3 [0.10] (3.75) 
P-4 (0.74) 37.5 (0.19) (4.85) 
P-5 (0.69) 25.5 [0.10] (6.70) 
P-6 [0.45] 5.75 [0.10] [2.45] 
P-7 (0.48) 10.2 (0.11) (3.26) 
P-8 (0.46) 6.04 [0.10] (7.68) 
Average 0.70 19.9 0.11 4.55 
SD 0.34 14.7 0.02 1.74 

 
 
highest concentrations of TCu, TNi, TPb, and TZn, which were detected at 364.00, 

267.00, 133.00, and 362.00 µg/L respectively for each metal. FCu was generally low and 
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was only above the method reporting limit (MRL) in P-3 (1.66 µg/L). The FCu 

concentrations in P-1, P-2, and P-6 were below the MDL of 0.45 µg/L. The remaining 

locations were below the MRL and ranged from 0.46 µg/L in P-8 to 0.83 µg/L in Hiller 

Tunnel inlet. TNi was detected above the MRL in all samples and ranged from 2.70 µg/L 

in the Pond to 267.00 µg/L in P-6. FNi was also detected above the MRL at all locations 

and ranged from 1.48 µg/L in the Pond to 43.20 µg/L in Hiller Tunnel outlet. TPb in 

Hiller Tunnel inlet and outlet was detected below the MRL at concentrations of 0.12 and 

0.16 µg/L respectively. The highest concentrations of TPb were in the piezometers which 

ranged from 2.31 µg/L in P-5 to 133.00 µg/L in P-6. FPb was below the MDL of 0.10 

µg/L at all locations except the Pond (0.11 µg/L), P-4 (0.19 µg/L), and P-7 (0.11 µg/L) 

which were below the MRL. TZn concentrations in Hiller Tunnel inlet (7.76 µg/L) and 

the Pond (3.04 µg/L) were below the MRL but were detected at all other locations 

ranging from 9.98 µg/L to 362 µg/L (Table 6). The FZn concentrations were below the 

MDL of 2.45 µg/L in the Pond, P-1 and P-6 and all other locations ranged from 3.26 to 

7.68 µg/L but were still below the MRL.  

TCu concentrations were below the Public Health Goal (PHG) of 300 µg/L 

(CalEPA, 2008) in samples from May 4, 2016, except in P-6 (364 µg/L) (Figure 20). TCu 

concentrations in Hiller Tunnel inlet, outlet, and the Pond were 2.23, 1.40, and 2.67 µg/L. 

Concentrations of TCu in groundwater, excluding P-6, ranged from 9.74 µg/L to 80.2 

µg/L (Table 6; Figure 20). FCu concentrations were low in all samples ranging from 0.45 

– 1.66 µg/L (Figure 21). Concentrations of FCu in P-1, P-2, and P-6 were below the  
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Figure 20. Nonfiltered copper (TCu) and filtered copper (FCu) concentrations at 
Malakoff Diggins on May 4, 2016, compared to the California PHG of 300 µg/L 
(CalEPA, OEHHA 2019).   
 
 
MDL, while Hiller Tunnel inlet, outlet, the Pond, P-4, P-5, P-7 and P-8 were detected 

below the MRL. 

TNi and FNi concentrations for all sample locations are, compared to the 

California PHG of 12 µg/L (Cal/EPA, OEHHA 2019) (Figure 21). TNi concentrations 

exceeded the PHG at every location except the Pond on May 4, 2016, and was highest in 

P-6 (267 µg/L). The remaining piezometers ranged from 23 µg/L in P-8 to 70.7 µg/L in 

P-7. The Pond had the lowest concentration of TNi (2.7 µg/L), while discharge from 

Hiller Tunnel outlet measured 45.90 µg/L. The concentrations of FNi in groundwater 

samples ranged from 5.75 µg/L in P-6 to 37.50 µg/L in P-4 (Figure 21). It is notable that 

P-6 had both the highest concentration of TNi (267.00 µg/L), and the lowest  
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Figure 21. Nonfiltered nickel (TNi) and filtered nickel (FNi) concentrations at 
Malakoff Diggins on May 4, 2016, compared to the California PHG of 12 µg/L 
(Cal/EPA, OEHHA 2019). 
 
 
concentration of FNi (5.75 µg/L). FNi in discharge from Hiller Tunnel outlet was higher 

than any groundwater samples measuring 43.20 µg/L while the Pond had a much lower 

concentration of FNi (1.48 µg/L). 

TPb and FPb concentrations for all sample locations are shown, with respect 

to the California PHG of 0.2 µg/L (CalEPA, OEHHA 2019) (Figure 22). TPb 

concentrations were above the California PHG in all samples except for Hiller Tunnel 

inlet and outlet in which TPb concentrations were below the MRL of 0.3 µg/L (Figure 

22; Table 6). The two samples with highest concentrations of TPb were P-6 (133 µg/L) 

and P-7 (25.1 µg/L), while the remaining piezometers ranged from 2.31 to 11.6 µg/L and  
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Figure 22. Nonfiltered lead (TPb) and filtered lead (FPb) concentrations at Malakoff 
Diggins on May 4, 2016, compared to the California PHG of 0.2 µg/L (CalEPA, 
OEHHA 2019).  
 
 
the Pond measured 0.63 µg/L. The average concentrations of TPb in groundwater 

samples were higher than surface water (25.45 µg/L; n = 8 and 0.30 µg/L; n = 3 

respectively). FPb concentrations were low in all samples, only being detected in the 

Pond, P-4, and P-7 at concentrations below the MRL. 

TZn and FZn concentrations at all sample locations are shown in Figure 23. 

The IRIS Reference Dose (RfD) for TZn in drinking water of 2,100 µg/L is 

recommended based on toxicity to human health and applies to groundwater and inland 

surface waters (USEPA, 2005a). This threshold was not approached by any of the 

samples collected at Malakoff Diggins on May 4, 2016, and therefore the threshold is not  
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Figure 23: Nonfiltered zinc (TZn) and filtered zinc (FZn) concentrations at 
Malakoff Diggins on May 4, 2016, compared to the California PHG of 2,100 µg/L 
(USEPA, 2005a).  
 
 
shown on Figure 23. Surface water concentrations of TZn ranged from 3.04 to 9.98 µg/L 

in the Pond and Hiller Tunnel outlet respectively. TZn concentrations in the shallow 

groundwater samples were relatively low with the exception of P-6 in which 350.00 µg/L 

of TZn was measured. The TZn concentrations in the remaining groundwater samples 

ranged from 15.20 to 56.70 µg/L in P-5 and P-4 respectively. 

 
Dissolved Organic Carbon 

DOC concentrations measured in piezometers, the Pond and Hiller Tunnel 

inlet and outlet are shown in Table 7. The samples from P-3 on April 25, 2016, and May 

27, 2016, are considered outliers and were not included in the calculation of averages or  
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TABLE 7. BLANK CORRECTED DOC SAMPLES FROM APRIL 25, 2016, TO 
OCTOBER 17, 2016 

Data for P-3 on April 25 and May 27, 2016, were excluded as anomalous high values. Samples indicated DRY 
were not collected because no water was present in the piezometer and samples indicated NS were not collected 
due to access or equipment constraints. 

Blank Corrected Non-purgeable Organic Carbon (NPOC ) Concentrations (mg/L) 

Sample Date 4/25/2016 5/27/2016 6/24/2016 7/22/2016 8/19/2016 9/19/2016 10/17/2016 

Analysis Date 5/12/2016 6/4/2016 7/17/2016 8/12/2016 9/4/2016 9/24/2016 10/17/2016 

Hiller Inlet 3.76 2.62 1.68 0.86 0.80 0.87 6.39 

Hiller Outlet 3.69 2.73 1.18 0.79 0.66 1.43 6.18 

Pond     NS 2.99 3.29 9.25 9.95      NS       NS 

P-1 2.91 1.70 1.76 2.08 2.26 1.78 2.62 

P-2 2.25 0.99 0.97 1.14 1.45 1.34 1.43 

P-3 - - 2.71 3.69 DRY DRY 6.33 

P-4 3.90 1.78 2.04 4.00 2.50 1.75 1.65 

P-5     NS 1.81 1.31 DRY DRY DRY 4.31 

P-6 3.67 1.69 2.08 2.38 3.32 2.62 2.37 

P-7 2.75 1.47 1.56 1.69 2.21 2.87 1.84 

P-8 4.39 2.81 1.95 2.59 1.96 2.08 2.44 

Average 3.42 2.06 1.87 2.85 2.79 1.84 3.55 

SD 0.66 0.64 0.64 2.37 2.65 0.62 1.94 
 

 

subsequent analysis. There was a decrease in monthly DOC concentrations in Hiller 

Tunnel inlet from 3.76 to 0.80 mg/L and in Hiller Tunnel outlet from 3.69 to 0.66 mg/L 

over the time period from April 25, 2016, to August 19, 2016 (Figure 24). 

On October 17, 2016, the DOC concentrations increased and were the highest 

observed in Hiller Tunnel inlet and outlet, 6.39 mg/L and 6.18 mg/L respectively (Figure 

24; Table 7). Only four samples were recovered from the Pond but a trend of increasing 

DOC concentration was observed over a range of 2.99 to 9.95 mg/L from June to July 

2016 (Table 7). The observed DOC concentrations in most of the piezometers were high 

on April 25, 2016, followed by a decrease on May 27, 2016, and an overall trend of 

increasing DOC concentrations in the summer months with the peak occurring at 

different times (Figure 25). 
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Figure 24. DOC concentrations in Hiller Tunnel inlet and outlet from April 25, 
2016, to October 17, 2016. 
 
 

Although the data for P-3 and P-5 are limited and less useful for discerning 

trends over time, the samples collected on October 17, 2016, had the highest 

concentrations of DOC in P-3 and P-5 (6.33 and 4.31 mg/L) respectively (Table 7). The 

DOC concentrations in P-4 (4.00 mg/L) and P-7 (2.87 mg/L) were the highest on July 22, 

2016, and September 19, 2016, respectively. The trend of increasing DOC in the summer 

months is expressed most clearly in P-6 and P-7. On May 27, 2016, the DOC 

concentrations in P-6 and P-7 were 1.69 and 1.47 mg/L respectively whereas the samples 

collected from P-6 and P-7 on August 19, 2016, were 3.32 and 2.87 mg/L respectively. 
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FIGURE 25. DOC CONCENTRATIONS IN PIEZOMETERS (EXCLUDING P-3 AND P-5) FROM APRIL 25, 2016,  
TO OCTOBER 17, 2016.  
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CHAPTER V 
 
 

DISCUSSION 
 
 

Research Objective 1: Groundwater Levels  
and Flow Directions 

Water Level Measurements 

The groundwater levels in the Pit appeared to respond rapidly to precipitation 

as all of the piezometers exhibited rapid wet up following the storms early in the water 

year. The ephemeral tributaries to the north and east of the Pit are likely the main source 

of groundwater recharge and are partly responsible for the differences in groundwater 

levels over time. From October 1, 2015, to December 18, 2015, 13.75 inches of 

precipitation accumulated at the White Cloud rain gage in Nevada City, CA (DWR, 

2017) and the water table reached full saturation in most piezometers by December 18, 

2015 (Figure 5). The exception to this was P-5, which was dry until December 18, 2016, 

when water was first observed in the piezometer. At the beginning of the observation 

period P-3 was also dry, and water was not detected until December 6, 2016. The 

hydraulic conductivity values for P-3 and P-5, determined from slug tests, were the 

lowest of all piezometers and possibly contributed to the slower wet up at these locations. 

Additionally, P-3 and P-5 did not intersect the water table on November 7, 2015, while 

all other piezometers had K values at least an order of magnitude higher and did intersect 

the water table at this time.  

After the initial wet up period in December 2015, smaller fluctuations in 

groundwater levels were recorded in P-1 and P-7 that appear to be in response to rainfall 
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occurring in January, March, and May of 2016. The groundwater levels remained high 

after the wet up period from December 18, 2015, to the end of June 2016 when water 

levels began decreasing. The drain rate calculated for P-7 was faster than for P-1 and P-2 

based on the change in water level recorded every 15 minutes with pressure transducers 

over the 93-day period. Excluding P-3 and P-5, which went dry before the other 

piezometers, the lowest groundwater levels were observed on September 19, 2016. 

Shortly after the groundwater levels reached their lowest point, precipitation began to 

rapidly recharge the groundwater as evidenced by the quick wet up at the end of the 

observation period from September 19, 2016, to October 28, 2016.   

Groundwater Contour Maps 

Contour maps of hydraulic head in the Pit were constructed to examine 

differences in the horizontal direction of groundwater flow during saturated conditions on 

May 4, 2016, and unsaturated conditions on July 22, 2016. The groundwater flow 

directions during saturated and unsaturated conditions were in two primary directions. 

The northern part of the Pit exhibited subsurface flow from east to west and the southern 

part of the Pit exhibited north to south flow towards Hiller Tunnel inlet. Ultimately, since 

groundwater gradients and hydraulic conductivity control groundwater flow direction and 

the transport of contaminants through the subsurface (Fetter, 2001; Gelhar and Axeness, 

1983; Dagan, 1988) contour maps are useful to estimate the direction of contaminant 

migration. 

During saturated conditions on May 4, 2016, groundwater flow directions 

were overall from east to west with a gradient of 0.011 ft/ft (Figure 10). The flow lines in 
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the area to the north of Hiller Tunnel between P-1, P-2, and P-4 indicated subsurface flow 

towards the tunnel inlet with a gradient of 0.06 ft/ft between P-4 and the inlet. This could 

indicate an area where mercury is discharged from groundwater to surface water via 

Hiller Tunnel.  

The groundwater flow directions during unsaturated conditions on July 22, 

2016, (Figure 11) were similar to those on May 4, 2016, even though the water levels had 

declined by as much as 6.0 ft in the eastern portion of the Pit. The unsaturated flow 

directions were generally east to west in the northern part of the Pit with an area of north 

to south flow near Hiller Tunnel inlet. The overall groundwater gradient from east to west 

during unsaturated conditions of 0.018 ft/ft was slightly steeper than the gradient during 

saturated conditions of 0.011 ft/ft. The area of north to south flow towards Hiller Tunnel 

inlet that was observed during saturated conditions was also observed during unsaturated 

conditions. This means that even under unsaturated conditions mercury contaminated 

groundwater may be discharged to surface water via Hiller Tunnel. 

 
Research Objective 2: Distribution of  

Mercury Concentrations   

Physical and Chemical Characteristics 

The forms and concentrations of mercury at Malakoff Diggins are controlled 

by the physical, chemical, and biological properties of water. The water chemistry of the 

site under existing environmental conditions could enable the conversion of inorganic 

mercury species to more toxic forms such as MeHg (Ullrich et al., 2001). Although the 

transformations and distribution processes of mercury in natural aquatic systems are 
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complex, temperature, pH, and dissolved oxygen concentrations can influence the 

conditions favorable for bacterial production of MeHg (Lehnheer, 2014; Fleming et al., 

2006; Ullrich et al., 2001).  

Water temperatures at Malakoff Diggins were variable based on location and 

time of year which may influence the conditions favorable for the production of MeHg. 

Temperature most likely affects the methylation of mercury because of its effect on 

overall microbial activity (Bisogni and Lawrence, 1975) and, numerous studies have 

indicated that Hg methylation rates in aquatic systems were highest during summer 

months (Jackson et al., 1982; Callister and Winfrey, 1986; Korthals and Winfrey, 1987; 

Bubb et al., 1993; Hintelmann and Wilken, 1995; Watras et al., 1995). The lowest 

average temperature in the piezometers during the course of this study was 6.91 ± 1.22 

°C (n = 8) on January 6, 2016, and the highest average temperature in the piezometers 

was 13.13 ± 0.58 °C (n = 6) on August 19, 2016.  

The water temperatures were warmer in July than in May and the MeHg 

concentrations in samples from the Pond, P-6, and P-7 were higher in July. On the other 

hand, MeHg concentrations in the other piezometers (P-1, P-2, P-3, P-4, and P-8) were 

lower in July than in May despite the warmer temperatures. Wright and Hamilton (1982) 

noted that MeHg release from sediments increases with increasing temperature, so the 

higher MeHg concentrations at these locations may be due in part to increased release of 

MeHg from sediments under warmer conditions. The release of MeHg from sediments at 

4°C was 30 to 50% less than at 20°C and Wright and Hamilton (1982) suggested this 

may be due to reduced metabolic activity of methylating bacteria at decreased 
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temperatures. Additionally, Korthals and Winfrey (1987) found that temperature alone 

accounted for about 30% of the variation of MeHg concentrations and suggested that 

increased MeHg production was partly due to decreased demethylation rather than an 

increase in the actual methylation rate. Filipelli and Baldi (1993) demonstrated that 

MeHg and DMeHg formation rates were similar at 20°C, while several other studies 

found that demethylation was favored at lower temperatures, and higher temperatures 

favored methylation, leading to increases in net MeHg production in the summer (Bodaly 

et al., 1993; Ramlal et al., 1993). At Malakoff Diggins, the seasonal variation in water 

temperatures may be a contributing factor to the higher MeHg concentrations in the Pond, 

P-6 and P-7 observed under warmer conditions in July (Table 4). However, there may be 

other factors contributing to the MeHg concentrations observed in piezometers P-1, P-2, 

P-3, P-4, and P-8 in July because warmer water temperatures in these piezometers were 

not coupled with higher MeHg concentrations. Hiller Tunnel inlet and outlet both had 

lower temperatures and concentrations of MeHg in July than in May. It has been 

observed in previous research on the Sacramento River in California, that THg was lower 

during the nonrainy season and higher during storm events. Additionally, MeHg 

concentrations only exceeded federal and state recommendations for protection of aquatic 

life during high stream flow conditions (Domagalski, 1998; Domagalski, 2001). 

Therefore the higher MeHg concentrations in Hiller tunnel in May compared to July may 

be due to the increased discharge from the tunnel.  

The piezometers with the highest average EC were P-3 and P-5 averaging 

1.331 ± 0.281 (n = 19) and 1.080 ± 0.257 (n = 18) mS/cm. Clay minerals have sorptive 
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properties for cations and can retain them in an exchangeable manner (Ma and Eggleton, 

1999). Therefore, areas with high clay content may be expected to retain and release 

more cations while areas lacking clay may not retain as many ions leading to lower EC 

values. This could be part of the reason for the higher conductivity values observed in P-3 

and P-5 which had higher high clay content than the other piezometers and had the 

highest EC on average. 

Filipelli and Baldi (1993) demonstrated that the production of MeHg is pH-

dependent. The pH values observed at Malakoff Diggins throughout this study were 

generally close to neutral on average. However, acidic conditions existed on September 

2, 2016. Acidic conditions appear to favor the production of MeHg, while DMeHg 

formation is favored under neutral and basic conditions (Jensen and Jernelöv, 1969; 

Beijer and Jernelöv, 1979; Fagerström and Jernelöv, 1972). MeHg production is thought 

to increase at lower pH values, either because Hg (II) bioavailability increases (Golding 

et al., 2007) or because anaerobic bacteria responsible for Hg (II) methylation proliferate 

under acidic conditions (Winch et al., 2009). Wright and Hamilton (1982) also observed 

that lower pH values increased the release of MeHg from sediments which may play a 

role in the release of MeHg from subsurface sediments in the Pit at Malakoff Diggins. 

Miller and Akagi (1979) studied the effects of pH on mercury distribution in natural 

sediment water-systems in the Ottawa River area, and found that changing the pH values 

did not affect the total amount of MeHg generated in sediments but did affect the 

partitioning of MeHg between water and sediment. The amount of MeHg in the water 

column doubled when pH decreased from 7.0 to 5.0 indicating desorption of MeHg from 
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sediments. In addition, Wilken and Falter (1998) showed that small amounts of MeHg 

can be formed abiotically at environmentally relevant temperatures and pH values. 

Therefore the average pH values at Malakoff Diggins may be suitable for biotic and 

abiotic production of MeHg and the acidic conditions observed on September 2, 2016, 

could enhance the production of MeHg. 

There are two acidic springs in the eastern portion of the Pit identified by 

Monohan et al. (2014) and it is possible that seepage from these springs contributed to the 

low pH values observed in the piezometers on September 2, 2016. The low pH during 

unsaturated conditions on September 2, 2016, could have implications for the release of 

MeHg from the subsurface sediments to surface water in the Pond or Hiller Tunnel inlet. 

The release of MeHg to lakes from groundwater in the littoral zone has been documented 

by Krabbenhoft and Babiarz (1992) and the fact that P-1 and P-2 are upgradient of the 

Pond and P-4 is upgradient of Hiller Tunnel inlet could mean that MeHg is released from 

the sediments and transported to these locations via groundwater. The lowest pH of 4.28 

recorded at Hiller Tunnel inlet on September 2, 2016, was within the pH range of 3.45 to 

4.56 observed in the piezometers. In contrast, Hiller Tunnel outlet was close to neutral on 

September 2, 2016. Overall, the pH values at Malakoff Diggins were in the neutral range 

but the low pH values on September 2, 2016, may mean that MeHg formation and release 

from sediments were enhanced during this time. The MeHg released during this time 

could then be mobilized in the subsurface groundwater and potentially discharged to 

surface water locations such as the Pond and Hiller Tunnel inlet.  
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Dissolved oxygen (DO) concentration plays a role in the conversion of Hg (II) 

to MeHg, which can occur in both aerobic and anaerobic environments. Although early 

work based on bacterial culture studies showed that mercury methylation was faster 

under aerobic conditions (Bisogni and Lawrence, 1975; Hamdy and Noyes, 1975; 

Ramamoorthy et al., 1982), it is now generally accepted that the formation of MeHg is 

more efficient under anaerobic conditions, partly due to enhancement of microbial 

methylation (Olson and Cooper, 1976; Compeau and Bartha, 1984; Callister and 

Winfrey, 1986; Craig and Moreton, 1985; Jackson, 1988; Rudd et al., 1983; Matilainen et 

al., 1991). Regnell et al. (1996) corroborated this by studying incubations of water and 

sediment under anaerobic and aerobic conditions. They found that MeHg concentrations 

produced under anaerobic incubation were an order of magnitude higher than under 

aerobic incubation and the solubility of MeHg appeared to increase under anaerobic 

conditions. There is no accurate consensus on the scientific definition of anaerobic 

conditions as it pertains to dissolved oxygen, but it is often defined as oxygen 

concentrations below 2 mg/L (Committee on Environment and Natural Resources, 2003). 

DO also varied over time. It was highest in the winter when precipitation and runoff was 

entering the Pit and lowest in the dry summer months. It is possible that the anaerobic 

conditions in the shallow groundwater throughout the summer enhanced the production 

of MeHg by anaerobic bacteria known to convert Hg (II) to MeHg such as sulfur and iron 

reducing bacteria (Fleming et al., 2006). At the beginning of the observation period, 

Hiller Tunnel inlet and outlet had higher DO concentrations than all the piezometers. In 

June of 2016 groundwater levels began to decline and DO in Hiller Tunnel inlet 
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decreased from May 27, 2016, to June 24, 2016, and remained below 1.5 mg/L for most 

of the summer. This transition from high to low DO in Hiller Tunnel may indicate that 

groundwater comprised a larger percentage of inflow to Hiller Tunnel inlet during the 

summer than during the winter and spring. Additionally, the low average DO in the 

piezometers may have provided an environment for bacterial methylation of mercury 

which could later be mobilized in the subsurface.  

Mercury, Nickel, Copper, Lead, and Zinc 

Concentrations of nonfiltered mercury (THg), filtered mercury (FHg), 

nonfiltered methylmercury (MeHg), particulate mercury (PHg), and nonfiltered mercury 

normalized by TSS (Hgss) varied spatially and temporally in the Pit. The first sample 

collection on May 4, 2016, represented saturated conditions within the Pit, when 

groundwater levels were close to ground surface, and the second collection on July 22, 

2016, represented unsaturated conditions when groundwater levels were lower. The 

highest concentrations of THg on May 4, 2016, were measured in P-1, P-6, and P-3 while 

the highest MeHg concentrations were in P-1, P-3, and Hiller Tunnel inlet and outlet. The 

fact that THg and PHg concentrations were highest in P-1, which is in closest proximity 

to Hiller Tunnel inlet, poses a management concern because Hg in aquatic systems can be 

converted to MeHg and can be released from sediments to the water phase (Wright and 

Hamilton, 1982; Ullrich et al., 2001). 

The particulate-bound mercury concentrations normalized by TSS (Hgss) were 

affected by the changing hydrologic conditions in the Pit. During saturated conditions, 

Hgss concentrations were higher in P-1 and Hiller Tunnel inlet and outlet compared to 
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unsaturated conditions. The high water levels in the Pit and high rate of discharge from 

Hiller Tunnel outlet during saturated conditions may have caused more entrainment of 

particulate-bound mercury leading to higher Hgss concentrations. During unsaturated 

conditions, the Hgss concentration was lower in P-1 but was still the highest of all 

locations sampled which could indicate that there is a localized hotspot of mercury in the 

subsurface near P-1. Increased runoff, erosion and transport of mercury rich sediments 

from within the Pit has been observed in previous research (Dittman et al., 2010; 

Monohan et al., 2014). Previous research conducted at Malakoff Diggins by The Sierra 

Fund in 2011 investigated the role of storm events on discharge of mercury from the Pit 

via Hiller Tunnel to Humbug Creek. They found that PHg and turbidity in Humbug 

Creek increased during storm events when discharge was higher (Monohan et al., 2014). 

At Malakoff Diggins, the distribution of Hgss concentrations clearly varied between 

saturated and unsaturated hydrologic conditions and higher concentrations were observed 

when the Pit is saturated and discharge from Hiller Tunnel outlet is higher. 

The filtered mercury (FHg) concentrations at Malakoff Diggins varied 

between saturated and unsaturated conditions. During saturated conditions, the FHg 

concentration was highest in P-5 and lowest in P-1 despite the fact that P-1 had the 

highest THg concentrations. The majority of mercury measured in P-1 was bound to 

particulate matter. The FHg concentrations in the Pond and Hiller Tunnel were similar 

during saturated conditions. At this time, the Pit was flooded with as much as two feet of 

water which could have increased surface water mixing leading to similar concentrations 

at both locations. Previous research has demonstrated that hydrologic processes play a 
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role in the distribution of mercury in surface water (Dittman et al., 2010) and FHg 

concentrations at Malakoff Diggins do vary under different hydrologic conditions. 

During unsaturated conditions, FHg concentrations could not be measured in P-5 because 

the piezometer was dry and the highest concentration was measured in P-4 located 

upgradient of Hiller Tunnel inlet. The groundwater contours at this time indicated 

groundwater flow from P-4 towards Hiller Tunnel inlet, which means there is the 

potential for FHg in groundwater to be contributed to discharge in the tunnel. A recent 

study investigated the flux of FHg from groundwater to a stream in South Carolina and 

the results suggested that, under nonflood conditions, the majority of FHg in the study 

reach (excluding upstream surface water influxes) was from groundwater discharge 

(Bradley et al., 2012). During unsaturated conditions at Malakoff Diggins, FHg 

concentrations were higher in water samples from Hiller Tunnel outlet compared to the 

inlet, which may be indicative of changes occurring in the tunnel. 

Malakoff Diggins discharges to Humbug Creek, a tributary to the South Yuba 

River, itself a tributary to the Sacramento River, which is a known source of elemental 

mercury to the Delta (CalEPA 2010). Therefore, the data presented in this study are 

compared to the goal of 0.06 ng/L established for nonfiltered methylmercury (MeHg) in 

the ambient waters of the Sacramento – San Joaquin Delta (SSJD) in an effort to limit 

bioaccumulation of MeHg in fish (CalEPA, 2010). The MeHg concentrations at Malakoff 

Diggins varied under different hydrologic conditions and were generally higher during 

saturated conditions when compared with unsaturated conditions. During saturated 

conditions, the highest MeHg concentrations were in P-1 and P-3 and all locations except 
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P-5 and P-7 were above the SSJD goal of 0.06 ng/L. At this time,  MeHg concentrations 

were similar in the Pond and Hiller Tunnel inlet and outlet. This further indicates that the 

Pond and Hiller Tunnel were similarly influenced by surface water runoff in the Pit, or 

the Pond was contributing discharge to Hiller Tunnel. When the samples representing 

saturated conditions were collected, there were large areas of standing water on the Pit 

floor that appeared to cause hydrologic connection between the Pond and Hiller Tunnel. 

During unsaturated conditions the groundwater levels, discharge from Hiller Tunnel, and 

the wetted area of the Pond decreased and differences were observed in the distribution of 

MeHg concentrations. At this time, MeHg concentrations in all locations except the 

Pond, P-6, and P-7 were lower than under saturated conditions by as much as 2.47 ng/L. 

The Pond, P-6, and P-7 appear to respond consistently with previous research that 

observed peak MeHg production rates in the summer months due to increased 

temperatures and microbial methylation of mercury (Jackson et al., 1982; Callister and 

Winfrey, 1986; Korthals and Winfrey, 1987; Bubb et al., 1993; Hintelmann and Wilken, 

1995; Watras et al., 1995). MeHg concentrations in P-1 and Hiller Tunnel outlet were 

below the SSJD goal of 0.06 ng/L during unsaturated conditions. The large decrease in 

MeHg in P-1 could be due to lower groundwater levels in the Pit while the decrease in 

Hiller Tunnel outlet is attributed to a reduction in surface water discharge. Overall, the 

data suggests that hydrologic conditions and water quality characteristics affect the 

distribution of MeHg in the groundwater and discharge from Hiller Tunnel outlet. 

Nonfiltered and filtered copper, nickel, lead, and zinc were analyzed in 

samples from Malakoff Diggins only during saturated conditions. Copper and zinc are 
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naturally occurring in the region and were exposed due to mining activities (Monohan et 

al., 2014). As a result, Humbug Creek, which receives discharge from Hiller Tunnel, is 

on the CWA 303 (d) list as impaired for copper and zinc (SWRCB, 2012). In general, the 

concentrations of nonfiltered metals were higher in the piezometers than in Hiller Tunnel 

or the Pond. The concentrations of nonfiltered nickel and lead exceeded their respective 

regulatory limits for drinking water of 12 µg/L and 0.2 µg/L (CalEPA, 2001; CalEPA, 

2009) in all piezometers, but nickel was the only metal to exceed 12 µg/L in discharge 

from Hiller Tunnel. The highest concentrations of nonfiltered copper, nickel, lead, and 

zinc were in P-6, which may be an area where these metals are naturally occurring due to 

mine operations. The concentrations of filtered metals at Malakoff Diggins were 

generally low except for nickel which comprised a large percentage of the nonfiltered 

nickel measured in discharge from Hiller Tunnel inlet and outlet. Previous water samples 

from two acidic springs in the eastern portion of the Pit detected elevated concentrations 

of nonfiltered nickel (Monohan et al., 2014) which could be contributing to high nickel 

concentrations observed in the groundwater down gradient of the springs. Nonfiltered 

lead was detected in all piezometers at concentrations above the regulatory limit of 0.2 

µg/L but was not detected in discharge from Hiller Tunnel outlet. This suggests that 

nonfiltered lead may not be easily advected from subsurface sediments. Although some 

of these metals such as copper and zinc are naturally occurring and were exposed by 

mining operations at Malakoff Diggins, they are now stored in sediments and periodically 

discharged through Hiller Tunnel. 
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Research Objective 3: Dissolved 
Organic Carbon 

Previous research has shown a strong association between Hg and DOC 

concentrations in surface waters and DOC serves as a source of carbon and energy for 

microbes (Gerbig et al., 2011; Lindberg and Harriss 1974). Additionally, changes in DOC 

concentrations have been used to indicate changes in hydrologic flow regimes such as 

increased runoff and stream flow (Mierle and Ingram 1991). One of the hydrologic 

processes that contributes to this strong association is surface water runoff which can 

mix, mobilize, and transport Hg and DOC from their source areas such as humic and 

wetland soils where Hg and DOC are stored and released (Dittman et al., 2010; Ågren et 

al., 2008; Mierle and Ingram 1991; Grigal, 2002). An increase in DOC concentrations in 

summer months has been frequently observed in watersheds with strong interactions 

between streams and wetlands (Schiff et al., 1998; Ågren et al., 2008). This is due to the 

influence of shallow groundwater in near-stream riparian areas where DOC 

concentrations are high and water tables remain relatively high in the summer (Vidon and 

Hill 2004). This could be the case at Malakoff Diggins where summer groundwater levels 

remained high in some locations and groundwater potentially contributed a significant 

percentage of discharge to Hiller Tunnel. 

The DOC concentrations measured at Malakoff Diggins varied under 

saturated conditions on April 25, 2016, and unsaturated conditions on July 22, 2016. 

DOC concentrations in Hiller Tunnel outlet were higher during saturated conditions (2.73 

mg/L) than during unsaturated conditions (0.79 mg/L) and showed a decreasing trend 

from April 25 to August 19, 2016. This observed decrease in DOC in Hiller Tunnel 
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discharge in the summer could be attributed to reduced discharge from the tunnel and 

DOC being used up by microbes in the Pit. The maximum DOC concentrations in Hiller 

Tunnel inlet and outlet were observed on October 17, 2016, 6.39 and 6.18 mg/L, about a 

month after the minimum DOC concentrations of 0.80 and 0.66 mg/L were measured in 

the inlet and outlet, respectively. This increase in DOC concentration may be due to 

increased precipitation and discharge from the tunnel which have been shown to play an 

important role in the mixing and mobilization of DOC (Dittman et al., 2010). Although 

mercury samples were not collected on October 17, 2016, elevated concentrations of 

mercury in Hiller Tunnel outlet would be expected due to the known association of DOC 

and mercury (Lindberg and Harriss, 1974; Mierle and Ingram, 1991). Although the DOC 

concentrations in the piezometers were similar between saturated and unsaturated 

conditions, there was a trend of increasing DOC during the summer months observed in 

all piezometers. In piezometers P-6 and P-7, DOC concentrations peaked in August and 

declined in September which may be due to the consumption of DOC by bacteria during 

the production of methylmercury as noted by Gerbig et al. (2011). It has been recognized 

that microbial cycling of Hg and dissolved organic matter has implications for the 

production of MeHg in Hg contaminated aquatic systems (Gerbig et al., 2011). A trend of 

increasing DOC concentrations was also observed in the Pond during the summer months 

and the highest DOC concentration measured in this study (9.95 mg/L) was in the Pond. 

The increasing trend of DOC concentrations during the summer was most 

clear in P-6, P-7, and the Pond, which could have contributed to higher MeHg 

concentrations at these locations during unsaturated conditions compared to saturated 
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conditions. DOC concentrations at Malakoff Diggins varied with hydrologic conditions 

and are hypothesized to have played an important role in the production of MeHg by 

providing carbon and energy to mercury-methylating bacteria. 
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CHAPTER VI 
 
 

CONCLUSIONS 
 
 

Hydraulic gold mining at Malakoff Diggins left mercury, sediment, and heavy 

metal contamination that continue to discharge from Hiller Tunnel and degrade 

downstream aquatic environments. Monohan et al. (2014) determined that Humbug 

Creek, which receives drainage from Hiller Tunnel, had annual mercury loads in 

suspended sediments of approximately 100 g/year for the drought years of 2012 and 

2013. Humbug Creek is a 303(d) impaired waterbody with elevated concentrations of 

sediment, mercury, copper, and zinc (SWRCB, 2012). Although Malakoff Diggins is one 

of the largest historical hydraulic mines in California, it is not the only mine with ongoing 

contamination issues. Mercury contamination is pervasive in many reservoirs 

downstream of areas heavily impacted by hydraulic gold mining in the Sierra Nevada 

(James, 2005) and has led to statewide and waterbody-specific fish consumption 

advisories (OEHHA, 2013). It is thus important to remediate abandoned mines that 

continue to provide a source of Hg to downstream environments, where mercury 

methylation can occur. 

This study was intended to characterize the groundwater levels, flow 

directions, and distribution of Hg and DOC concentrations during saturated and 

unsaturated conditions in the Malakoff Diggins hydraulic mine pit. The results were 

meant characterize the current state of Hg contamination and inform the remediation 

strategy for reducing sediment and Hg discharge. The recommended remediation strategy 
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for Malakoff Diggins would use the Pit as a sediment and water detention basin with 

passive filtration. This remediation strategy could improve the quality of downstream 

waters and aquatic habitats but could potentially have the unintended consequence of 

increasing methylmercury production in the Pit by causing increased anaerobic 

conditions due to higher water levels. 

 
Research Objectives 

The objectives of this study were to (1) characterize the shallow groundwater 

levels over time to identify if groundwater flow is directed towards Hiller Tunnel inlet, 

(2) compare the distribution of nonfiltered mercury, filtered mercury, and nonfiltered 

MeHg concentrations in shallow groundwater and surface water of the Pit between 

saturated and unsaturated hydrologic conditions, and (3) compare DOC concentrations 

between saturated and unsaturated hydrologic conditions, to better understand the 

relationship between DOC and MeHg conditions.  

 
Conclusions Relevant to Research Objectives 

Research Objective 1: Groundwater Levels  
  and Flow Directions 

In general, the water levels in the piezometers responded to precipitation, 

remained close to the ground surface during the winter and spring, and declined 

throughout the summer months when precipitation was negligible. Although groundwater 

levels fluctuated, the water table remained higher than the elevation of Hiller Tunnel inlet 

throughout the entire study, except in P-3 and P-5 during the summer months. The 

groundwater flow directions during saturated and unsaturated conditions were in two 
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primary directions. The northern part of the Pit exhibited subsurface flow from east to 

west and the southern part of the Pit exhibited north to south flow toward Hiller Tunnel. 

During both saturated and unsaturated conditions, the groundwater flow direction in the 

area surrounding P-1, P-2, and P-4 was from north to south towards Hiller Tunnel inlet. 

This may be an area where Hg contaminated groundwater is expressed as surface water 

and discharged from the Pit via Hiller Tunnel.  

Research Objective 2: Distribution  
  of Mercury 

The concentrations of nonfiltered mercury (THg), filtered mercury (FHg), and 

nonfiltered methylmercury (MeHg) varied between saturated and unsaturated conditions. 

During saturated conditions, THg was higher in the Pond, Hiller Tunnel inlet and outlet 

by 10.07 ng/L, 2.62 ng/L, and 2.80 ng/L respectively compared to unsaturated conditions. 

The concentration of THg in P-1 was 495 ng/L higher during saturated conditions than 

unsaturated conditions and similarly most of the other piezometers were higher in THg 

during saturated conditions. The concentrations of FHg, and MeHg in Hiller Tunnel 

outlet discharge were also higher by 0.73 ng/L and 0.65 ng/L during saturated conditions 

suggesting hydrologic conditions play a role on Hg discharge through Hiller Tunnel. 

During unsaturated conditions, MeHg concentrations were higher in the Pond, P-6, and 

P-7 by 0.51 ng/L, 0.46 ng/L, and 0.38 ng/L respectively. This suggests that these areas of 

the Pit have increased MeHg production during the summer and that MeHg could be 

released when the Pit becomes saturated from increased precipitation. 
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Research Objective 3: Dissolved  
  Organic Carbon 

DOC concentrations were higher in the Pond, P-6 and P-7 during unsaturated 

conditions on July 22, 2016, than during saturated conditions on May 27, 2016, by 0.22 

to 6.26 mg/L. As previously mentioned, these locations (the Pond, P-6, and P-7) had 

higher concentrations of MeHg during unsaturated conditions compared to saturated 

conditions. The increase in DOC concentrations could have promoted the activity of 

mercury methylating bacteria leading to the higher MeHg concentrations observed in the 

Pond, P-6, and P-7 during unsaturated conditions. DOC concentrations in discharge from 

Hiller Tunnel outlet decreased throughout the summer from 2.73 mg/L during saturated 

conditions on May 27, 2016, to 0.66 mg/L during unsaturated conditions on August 19, 

2016. This trend of decreasing DOC in Hiller Tunnel during the summer months may be 

indicative of DOC being consumed by mercury methylating bacteria in the Pit, reducing 

the DOC supply available for surface water transport. The higher DOC concentrations in 

Hiller Tunnel outlet during saturated conditions could also be due to higher discharge 

compared to unsaturated conditions. Overall, the DOC concentrations at Malakoff 

Diggins were different between saturated and unsaturated conditions and these 

differences may be associated with changes in hydrologic conditions and microbial 

activity. 

 
Implications 

The proposed detention basin intended to reduce sediment and metals 

discharge from Malakoff Diggins would lead to the creation of an artificial wetland that 
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would grow and shrink with seasonal rainfall and evaporation. Permitting agencies for 

mine remediation activities that create wetlands should consider requiring measures such 

as minimizing the wetting and drying of soil by keeping wetlands flooded to reduce 

MeHg production and transport out of wetlands (SWRCB, 2017) . These measures should 

be included in the proposed remediation at Malakoff Diggins because a retention basin 

could create an artificial wetland which can be a source of elevated mercury 

concentrations (Alpers et al., 2013; Cirmo and Driscoll, 1993; Guentzel, 2009). The 

production of MeHg could increase with a greater ponded area by increasing the amount 

of DOC that could result from the increase in plant growth and decay (Pinney et al., 

2000). If an artificial pond is created, maintaining an unvegetated perimeter around the 

basin may help reduce the production of MeHg by reducing the input of DOC. This could 

be accomplished by using rip rap or compacted levees to prevent the establishment of 

plants that could add the overall DOC concentrations in the water. The potential influence 

of groundwater on the detention basin should also be considered as high groundwater 

levels persisted throughout most of the winter and spring. 

 
Limitations of Study Design and Procedures 

The intent of the study was to collect samples during saturated and 

unsaturated conditions. However, the samples representing unsaturated conditions were 

collected when the groundwater levels were decreasing but not at their lowest point 

observed during the study. The decision was made to collect the samples on July 22, 

2016 because it appeared that P-3 and P-5 would go dry before the other piezometers and 

a complete sample set was desired. This was still not possible because P-5 was dry on 
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July 22, 2016, and there was only enough water in P-3 to collect a MeHg sample. There 

were also some limitations with the instrumentation used in this study. Pressure 

transducers were only available for five of the eight piezometers in this study and they 

tended to lose calibration easily. Despite this, enough data were recovered from three of 

the pressure transducers to produce partial or complete graphs of the water levels in P-1, 

P-2, and P-7. The site-specific limitations for conducting field work at Malakoff Diggins 

included the remoteness of the site, road conditions, wildlife, uneven terrain and swift 

water.  

 
Future Research and Recommendations 

It is recommended that future research focus on the collection of paired 

Hg/DOC samples from the Pond, Hiller Tunnel, and the piezometers to increase the 

understanding of the interactions between DOC and mercury at Malakoff Diggins. 

Although DMeHg is not commonly detected in freshwater systems future measurements 

of DMeHg should be conducted to search for evidence of conversion between MeHg and 

DMeHg at the site. It is also recommended that the future collection of MeHg samples be 

conducted in the summer when MeHg concentrations may be higher and in the fall after 

precipitation begins. Considering the known association of mercury and DOC the 

observed increase of 4.75 mg/L in DOC concentrations in Hiller Tunnel discharge from 

September 19, 2016, to October 17, 2016, may have been paired with elevated mercury 

concentrations but samples were not collected for mercury at this time. Future samples 

collected during this time period may provide further insight into this hypothesis. 
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Brooks Applied Labs Quality Assurance and Quality Control (QA/QC)  
Results for Mercury and Metals Analysis 
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Borehole Descriptions and Soil Analysis by Holdrege and Kull 
 
 
Table B1. Brooks Applied Labs analytical results for samples collected May 4, 2016. Qualifier B is a 
result above the method detection limit (MDL) but below the method or client requested reporting limit 
(MRL). The U qualifier is a result under the MDL and is reported as the MDL.  
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Table B2. Brooks Applied Labs QA/QC results for samples collected May 4, 2016. LCS is a 
laboratory fortified blank and SRM is a standard reference material. 
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Table B3. Brooks Applied Labs analytical results for samples collected July 22, 2016. Qualifier B is a 
result above the method detection limit (MDL) but below the method or client requested reporting limit 
(MRL). The U qualifier is a result under the MDL and is reported as the MDL. \ 
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Table B4. Brooks Applied Labs QA/QC results for samples collected May 4, 
2016. LCS is a laboratory fortified blank and SRM is a standard reference 
material. 
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Table B6. Hydraulic conductivity values from slug tests and laboratory permeability tests compared to 
published values for various unconsolidated sediments. 
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