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Abstract

California’s mining legacy continues to threaten water quality and ecosystem health
throughout the state. This study focuses on mercury (Hg) releases from the former
New Idria Mercury Mine, which was the second largest historic Hg producer in North
America. San Carlos Creek, which flows adjacent to the mine, is impacted by acid
mine drainage (AMD) as well as mining waste piles that sit at a high angle of repose
over the channel. We documented total mercury (HgT) concentrations exceeding
California’s 50 ng L' water quality objective for almost 10 km, from New Idria to
a~0.25 km? perennial wetland at the confluence of San Carlos Creek and Silver
Creek within the Panoche Creek watershed. During baseflow and low flow storm con-
ditions, unfiltered total Hg (U-HQT) in creek water downstream from the mine typically
ranged from 1,100-9,200ng Hg L, with >90% of Hg in the particulate phase. U-HgT
correlated (R2=0.6) with suspended particulate matter (SPM) that was presumably a
mixture of AMD-derived flocculant, weathered calcines (i.e., roasted ore), and sedi-
ment from the local watershed. The flocculant is easily resuspended in baseflow con-
ditions and scoured from the channel during high flow events, resulting in seasonal
patterns of Hg transport in San Carlos Creek that do not always align with the stream
hydrograph. Mercury from New ldria, along with AMD flocculant, metals, sulfate, and
other anions, presumably accumulate or infiltrate at the Silver Creek wetland until
larger storms remobilize sediments further downstream towards the ~0.65 km? Pano-
che Creek Wetland, the Panoche Fan, and ultimately to the Fresno Slough, Mendota
Wildlife Area, Mendota Pool and San Joaquin River.
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1. Introduction
1.1. Mining and other mercury sources

The majority of mercury (Hg) in the modern environment is associated with human
activities that have taken place over the past 500 years [1]. Elemental Hg (Hg®), the
familiar “quicksilver” which is a liquid at room temperature, amalgamates readily with
gold. As a result, artisanal and small-scale gold mining operations are one of the larg-
est sources of Hg contamination [2]. Mercury’s affinity for organic carbon makes coal
combustion another primary source of anthropogenic Hg [3,4]. Historically, Hg was
also used as a primer for military ammunition, and later in long-life mercuric oxide
batteries [5]. Although ore from New Idria initially provided quicksilver for gold and sil-
ver mining, it later supplied strategic national Hg reserves needed to fight the Korean
War and the Vietham War [6]. Mercury is still an important industrial catalyst in pro-
cesses such as manufacturing caustic soda [7]. The United States signed the Mina-
mata Convention on Mercury in 2013. This convention aims to protect human health
and the environment by limiting mercury emissions from various sources, including
mining, manufacturing, and waste disposal, with a specific emphasis on phasing out
mercury use in products and processes like the chlor-alkali production [8].

In California, where coal combustion is minimal, legacy Hg and gold mines are the
primary within-state source of Hg contamination to aquatic ecosystems [9,10]. Mer-
cury contaminated watersheds exists throughout the Sierra Nevada Mountains due
to gold mining [11,12] and throughout the California Coast Ranges due to Hg mining
[Fig 1; 13—15] [Fig. In fact, the two largest historic Hg mines in North America — New
Almaden and New Idria — are located in California. Jew et al. [16] measured gaseous
elemental mercury (GEM) evasion from lab-tested waste rock from New Idria, New
Almaden, and other California Coast Range Hg mines, indicating legacy mining con-
tinues to degrade air quality, in addition to water quality.

Numerous studies document Hg transport from New Almaden as well as down-
stream ecosystem impacts [17—19]. Mercury isotopes in San Francisco Bay show
that contamination from New Almaden increases the concentration of Hg in South
San Francisco Bay sediments [20] and forage fish [21]. At New Idria, substantial
applied research has been conducted on Hg in solid mining waste [16,22-27].
However, only one peer-reviewed study has confirmed Hg uptake by local vegetation
[28], and the only study to document aquatic Hg transport was conducted in the late
1990s [13], prior to on-site remedial actions completed in 2012 and 2015. The data
and geochemical evaluations in this paper confirm the prior studies and demonstrate
ongoing release of acid mine drainage (AMD) and Hg from New Idria towards biolog-
ically important habitats within the San Joaquin River Watershed. To our knowledge,
no published data exists on downstream ecosystem impacts from the site, such as
food web transfer to primary consumers or predators.

1.2. Mercury biogeochemistry

Mercury occurs naturally in the environment and does not degrade. It does, however,
transform between inorganic, elemental, and organic chemical species [Fig 2; 29].
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Fig 1. Locations of historic gold and mercury mines in California. New Aimaden and New Idria were the largest mercury producers in North Amer-
ica. After Alpers, et al., 2005 [11].

https://doi.org/10.1371/journal.pwat.0000328.9001

Combustion-sources of Hg, such as mining and burning fossil fuels, have drastically increased atmospheric Hg concen-
trations [30]. This Hg occurs predominantly as GEM in the atmosphere with a lesser amount present as gaseous oxidized
mercury (GOM) [31]. Although reactive gaseous mercury (GOM plus particulate airborne mercury) deposits from the
atmosphere in hours to days, GEM has an atmospheric residence time of less than a year before oxidation and deposition
as GOM [32], similar to the atmospheric mixing time of Earth’s hemispheres [33]. Thus, once in the atmosphere, GEM
disperses globally, reaching remote locations that have no direct Hg source [34,35]. The most abundant form of Hg in
terrestrial ecosystems is inorganic divalent Hg (Hg?*), which is also the form present in Hg sulfide ores, including cinnabar
and metacinnabar [HgS; 36,37].

Although inorganic Hg(ll) and Hg® are the primary chemical species associated with anthropogenic activities, organic
monomethylmercury (CH,Hg* or MeHg) is the form that poses the greatest threat to humans and wildlife because it
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Fig 2. lllustration highlighting some of the physical and biological processes that influence Hg biogeochemical cycling in stream
environments.

https://doi.org/10.137 1/journal.pwat.0000328.9g002

bioaccumulates in individual organisms and then biomagnifies as it is transferred to higher trophic levels in the food web
[38; Fig 2]. In fact, MeHg biomagnifies so efficiently that apex predators can have >10° times more MeHg their tissue
relative to the water in their habitat [30,39,40] and the primary way humans are exposed to Hg is by consuming fish [4;41].
The neurotoxicity of MeHg is particularly concerning because this molecule can pass the blood-brain barrier and the pla-
centa wall, impairing the central nervous system which controls abilities such as motor skills and cognition [42]. Growing
fetuses and the young offspring of humans and wildlife are, therefore, at the greatest risk of impairment [43].

MeHg in contaminated terrestrial and coastal systems is primarily formed biotically by anaerobic bacteria, often
sulfate-reducing bacteria [7,44,45]. This makes habitats that have abundant low oxygen zones and complex food webs
particularly conducive to Hg methylation and biomagnification [46]. Organic carbon metabolism can promote anaerobic
conditions that stimulate methylating bacteria, but organic carbon with abundant thiol groups can reduce the availability of
Hg to methylating bacteria [47]. Once formed, MeHg can be broken down abiotically photosynthetically active radiation in
coastal and inland waters [48]. Biotic degradation of MeHg by demethylating bacteria is also an important loss pathway,
particularly in contaminated systems [49; Fig 2]. Therefore, the concentration of MeHg in a system depends on the rates
of microbial methylation as well as abiotic and biotic demethylation, which converts MeHg into either Hg?* or Hg° [49].
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Marvin-DiPasquale et al. [49] showed that at New Idria, microbial demethylation occurs by the latter pathway (generation
of Hg®), which is thought to be a detoxification mechanism common to highly contaminated ecosystems.

2. Study site
2.1. Hydrologic setting and mining history

New Idria is an abandoned mine town in the Diablo Range of the California Coast Ranges in San Benito County, Califor-
nia (Fig 3). This region has a Mediterranean climate, with little to no rain in the summer months. San Carlos Creek, which
receives discharge from New Idria, is located within the Panoche Creek watershed and the nearest United States Geolog-
ical Survey (USGS) streamflow gaging station is on Panoche Creek (11255575) about 40 km downstream from the mine.
Over the duration of this ~450-day study (Jan 2019 — Mar 2020), the Panoche Creek gage registered flow on 181 days,

Fig 3. Regional map of the study area showing sampling locations, the flow path from New Idria to the Fresno Slough in Mendota, CA, and the
approximate extent of the Panoche Creek Fan [ 50].

https://doi.org/10.1371/journal.pwat.0000328.9003
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with an average discharge of 0.13 m® s*' and a maximum discharge of 2.5 m® s™'. The infrequency of substantial flow at the
gaging station compared to annual precipitation (S1 Fig) underscores the transient nature of the surface water hydrologic
connection from New Idria to downstream ecosystems of the Mendota Wildlife Area and the Mendota Pool.

The New Idria Mining District includes the New Idria Mine along with over a dozen smaller mines. It was operational
for about 115 years (~1854 — 1972) and produced more than 2.0 x 107 kg of Hg, making it the second largest Hg mine in
North America [51,52]. Cinnabar and metacinnabar along with iron-bearing low-value gangue minerals were deposited
in fractures by low-temperature hydrothermal fluids [26,53]. The ore occurs in veins of silica-carbonate rock along the
margins of Panoche shales and a domed serpentinite formation [53,54]. Serpentinite, which is the state rock of California,
increases the natural background concentrations of chromium, nickel and asbestos in water and soils upstream of New
Idria [52,55]. New Idria’s unique geologic setting also makes it one of the only locations in the world where benitoite, the
state gem of California, can be found [56].

The Level 10 Adit (adit) marks the exit of the horizontal tunnel used to bring cinnabar extracted from a network of
smaller mining tunnels to the furnace roasting facilities (Fig 4). Groundwater and surface water infiltration has flooded the
interconnected mine tunnels [57], putting water in contact with pyrite (FeS) and marcasite (FeS,). These iron-rich minerals
react with water and oxygen to form AMD via a series of microbial and chemical processes [58].

Prior to 2015, AMD spread across the site before entering an 810 m? (0.2-acre) settling pond that overflows into San
Carlos Creek, a small mountain stream that skirts the eastern margin of the mine (Fig 4). The stream typically turns
orange, and sometimes white, as AMD enters the channel, and then travels about 0.5 km along the toe of mining waste
piles that cover over 0.16 km? (40 acres) of land [57; Fig 4 and S2 Fig]. Measurements made in the late 1990s found that
AMD accounted for almost half the stream flow in San Carlos Creek downstream from New Idria. Dry season discharge
increased from 3 to 5L s after AMD entered the channel and wet season discharge increased from 13 to 24L s [13].
Subsurface AMD flow near the pond was also inferred in a geophysical investigation conducted by the US Environmental
Agency (EPA) in 2012 [57].

2.2. Downstream ecosystems

About 10 km north of the mine, a 0.25 km? (60-acre) perennial riparian wetland forms where San Carlos and Larious
Creeks join to become Silver Creek (Fig 3). The Silver Creek wetland is supplied by continuous flow from San Carlos
Creek, ephemeral flow from Larious Creek, and potentially by groundwater inputs from the Vallecitos Valley groundwater
basin (S3 Fig). The relative contribution from each source is unknown. Vallecitos Valley groundwater and surface water
are naturally high in salt content from Tertiary age marine sediments [50], contributing to elevated levels of selenium in the
groundwater and sediments of this region [59].

A second 0.65 km? (160-acre) perennial riparian wetland forms about 35 km downstream from New Idria, where Silver
Creek joins Panoche Creek (Fig 3). After exiting the wetland, Panoche Creek flows eastward towards the San Joaquin
Valley and, during most years, terminates within the Panoche Creek alluvial fan (Panoche Fan). During moderate to heavy
precipitation events, Panoche Creek flows beyond the Panoche Fan along Route J1 (Belmont Avenue) before discharging
into the Fresno Slough about 5 km upstream from the San Joaquin River, near the Mendota Wildlife Area. This flow path
creates an intermittent hydrologic connection between the New Idria Mine and the San Joaquin River [60].

2.3. Regulatory setting

San Carlos Creek is listed as impaired for Hg under the Clean Water Act Section 303(d) list [61]. The New Idria Mine
Superfund site (site) was added to EPA's National Priorities List in 2011 and a potentially responsible party (PRP) was
identified. In 2012 the EPA conducted emergency remedial actions to reduce contaminant releases from the site [62].
These actions included: sealing the Level 10 Adit’s surface discharge and re-routing AMD through subsurface piping to
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Fig 4. (A) Vertical wall of exposed mining waste along the channel of San Carlos Creek. (B) Profile view of waste piles with riparian vegetation in
the foreground. (C) Oblique view of the former New Idria Mine showing AMD exiting the Level 10 Adit prior to EPA’'s remedial actions and the approxi-
mate extent of the solid waste piles.

https://doi.org/10.137 1/journal.pwat.0000328.9004

reduce its contact with mining waste; expanding the settling pond to increase detention time; constructing surface water
diversions to direct runoff away from waste; and improving site security. In 2015, the PRP stabilized a tailings pile around
a potable water pipeline serving local residents and dredged the pond to further increase its capacity. Despite capacity
expansions, the relatively small pond continuously discharges AMD. The PRP and EPA agreed to a settlement in 2018
[62] committing the PRP to perform a remedial investigation and feasibility study (RI/FS) in accordance with EPA guidance
under the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA). EPA makes technical
and legacy documents, fact sheets, and updates related to New Idria publicly available through its Superfund website [63].
Since fish consumption is the primary Hg exposure route for humans, EPA established a water quality standard for
MeHg in an effort to control Hg concentrations in fish [64]. EPA subsequently issued guidance [TMDLs; ] translating these
fish-tissue based targets into state water quality regulatory plans regulating THg, such as wastewater discharge permits
and watershed pollutant reduction plans referred to as Total Maximum Daily Loads (TMDLs). New lIdria is in the San Joa-
quin River drainage basin where Hg TMDLs exist for the Sacramento-San Joaquin River Delta (Delta) and San Francisco
Bay (Bay). Fish tissue targets for the MeHg in the Delta (0.24 mg kg™' wet weight) and HgT in the Bay (0.20mg kg™ wet
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weight) are for the protection of human health based on local consumption patterns [65,66]. Avian piscivores are also at
risk of MeHg exposure from fish, with coastal and salt marsh birds in the western United States and Canada showing
greater exposure than birds in terrestrial habitats [67]. The Bay and Delta TMDLs set numeric targets of 0.03mg kg™ (for
MeHg in the Delta, HgT in the Bay) in small prey fish in an effort to protect foraging wildlife.

Although Bay and Delta TMDL targets do not apply directly to New Idria’s immediate downstream watersheds, these
examples provide state-wide context. For regional context, the Mendota Pool, which maintains an intermittent hydrologic
connection to New Idria, is scheduled to adopt a TMDL in 2027 [61]. The work presented here will help address data gaps
regarding Hg transport and loadings in this watershed.

2.4. Previous work

Prior research at New Idria has advanced our understanding of solid-phase Hg speciation in mining waste as it affects Hg
mobility [23,24,28,35]. An early water quality study at New Idria demonstrated that the calcine waste piles are the primary
source of Hg to San Carlos Creek, rather than AMD [13; Fig 5]. Additionally, Lowry et al. (2004) found that colloidal Hg
particles may account for as much as 95% of the Hg released from calcine waste piles, enhancing downstream trans-
port. Cross sectional sampling of floodplain and alluvial fan sediments [27] revealed large, stored inventories of Hg-rich
sediment from historic mining debris. Sediment investigations conducted by EPA in 2010 also document the presence of
mercury-contaminated sediments in floodplain deposits downstream from the mine [57]. Thus, remedial actions to improve
mining-impacted waters and sediments downstream of New Idria must address multiple pollutant sources (e.g., AMD, cal-
cines, channel sediments, floodplain deposits). A 1997-99 study established a baseline for Hg transport downstream from
the New Idria Mine prior to on-site remediation actions in 2012 and 2015 [62,68]. Here we document water quality in San
Carlos Creek after those interventions, as well as waters in Griswold and Panoche Creeks upstream from the New Idria
flow path (Fig 3). We also begin to address information gaps identified in EPA’s New Idria Data Gaps Analysis Report [57].

3. Methods
3.1. Sampling and analysis

We used established methods and the analytical tools listed in Table 1 to collect and analyze filtered (<0.22 ym) and unfil-
tered water samples from San Carlos Creek, Griswold Creek, and Panoche Creek (Fig 3). Sampling events took place in
January, August, and October 2019 and in March 2020 to capture both wet and dry season conditions. Basic water quality
parameters, including temperature, conductivity, pH, dissolved oxygen (DO), oxidation reduction potential (ORP), and
turbidity, along with stream discharge, were measured in situ. The concentrations of HgT, MeHg, anions (Br, CI, F-, NO,,
NO,, SO,*) and suspended particulate matter (SPM), were determined using standard wet chemistry techniques and/or
instrumentation, with references noted in Table 1. Both HgT and MeHg sample concentrations are reported as ng of Hg
per liter of water (ng L"). Mercury analyses were calibrated using standards (75—-125% recovery criterion) and data quality
was assessed via ongoing precision and spike recovery analysis (85—115% recovery criterion), replicate sample analy-
sis, and Milli-Q water blanks. Sample results were corrected for instrument blanks and the method detection limit (MDL),
calculated as three times the standard deviation of blanks analyzed within the sample run, was 0.34 + 1.1 pg Hg for HgT
and 0.21 + 0.08 pg Hg for MeHg A comprehensive description of our field sampling, sample processing, and analytical
techniques is included in the Supporting Information.

3.2. Calculations for data interpretation

3.2.1. Particulate mercury estimates. Because we had limited filtered HgT (F-HgT) measurements, we use a simple
linear regression of U-HQT versus SPM in AMD-impacted waters to estimate particulate Hg concentrations ([Hg],) from
the regression slope (Fig 6). The standard error of the slope estimate yields the uncertainty in the [Hg],, estimate. This
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Table 1. Summary of methods.

Measurement/Activity

Technique

Application in this study

Reference

Trace metal clean
sampling

Trace metal clean techniques

Avoid false positives via contamination

(Flegal et al., 1991; US
EPA, 1996)

Sample filtration

EMD Millipore Sterivex-GP 0.22 pm polyethersul-
fone membrane filter, HDPE syringe

Quantify operationally defined dissolved
concentrations

(Flegal et al., 1991)

Pore water sampling

MHE PushPoint sampler, c-flex tubing, HDPE
syringe

Assess pore water geochemistry

(Zimmerman et al., 2005)

Total Mercury (HgT)

Cold vapor atomic fluorescence spectrometry
(CVAFS), MERX-T

Quantify Hg concentrations

EPA Method 1631
(US EPA, 2002)

Monomethylmercury
(MeHg)

Distillation & CVAFS, MERX-M

Quantify MeHg concentrations, assess Hg
methylation potential

EPA Method 1630
(USEPA, 2001)

Anions

lon chromatography

Provide watershed context

EPA Method 300.1
(US EPA, 1997)

Suspended particulate

Benchtop filtration

Demonstrate particulate Hg transport,

ASTM D5907 — 18

matter (SPM) calculate K, (ASTM, 2018)
*Basic water quality YSI ProDSS multi-parameter water quality field Provide context for other geochemical (Gibs et al., 2007)
parameters probe parameters

Stream discharge

Salt slug, conductivity sensor

Quantify chemical transport

(Kite, 1993, 1989)

*Temperature, conductivity, pH, dissolved oxygen (DO), oxidation reduction potential (ORP), turbidity.

https://doi.org/10.1371/journal.pwat.0000328.t001
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Fig 6. Linear regression (solid line) showing the 95% confidence interval (dashed lines) for U-HgT vs suspended particulate matter (SPM) in
San Carlos Creek downstream from New Idria (upstream samples are not included). Colored symbols are from this study; grey symbols show 1997
data. Diamonds enclose samples collected ~5 km downstream from the mine and demonstrate the inconsistent seasonal U-HgT trends.

1250

https://doi.org/10.1371/journal.pwat.0000328.9006
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approach assumes the proportion of F-HgTis small relative to U-HgT, which holds true for samples with elevated SPM
concentrations (>100mg L™).

3.2.2. Particulate-dissolved distribution coefficient (K ). The particulate-dissolved distribution coefficient (K ) is the
ratio of particulate phase to dissolved phase concentrations of an atom or molecule at equilibrium. We calculated the K
for HgT using the following equation:

~ [Hal (1)

where [Hg]p is the particulate phase Hg concentration (mg kg™') and [Hg], is the concentration of Hg in the dissolved phase
(mg L"), operationally defined as the concentration in filtered (<0.22 ym) water samples. The units for K are L kg™ and
values are commonly reported as log K.

In Equation 1, [Hg]p is calculated by accounting for filtered concentrations using the following equation:

([UHg] — [FHg]) (mgL™)
[SPM] (kg L) (2)

[Hgl, =

Typical log K, values for HgT range from 5 to 7, i.e., from 10° to 107 particulate Hg atoms for every dissolved atom [69].
Lower log K, values for HgT may indicate solubilization, or a system that is not at equilibrium. Note that our K, calculations
require filtered concentrations, which are not available for all sampling events. We therefore report fewer K, values in
Table 2 than estimates of particulate Hg concentrations ([Hg] ) in Fig 6.

3.2.3. Stream discharge. In March 2020 surface water discharge was quantified 2 km downstream from the mine
using the salt slug injection method [70,71]. A known volume of salt dissolved in creek water was added to the creek as a
near-instantaneous slug, while electrical conductivity (EC) was recorded downstream using a water meter. The area under
the conductivity versus time breakthrough curve was then used to calculate stream discharge via the equation:

Ms
] (Ci=Co) dts 3)

where Q (m?® s) is stream discharge, M_ (kg) is the mass of salt added to the stream, T(s) is the time it takes for the salt
slug to move through the stream, C, (kg m?) is the salt concentration in the stream at time t as the salt slug moves, and C,
is the background concentration of salt in the water before the salt slug is added, estimated by stream salinity.

Table 2. Total mercury (HgT), monomethylmercury (MeHg), suspended particulate matter (SPM), and log K.

Location Distance UHgT FHgT % Filtered UMeHg % MeHg SPM Log K,
(km) (ng L) (ng L) (ng Hg L) (mg L)

Upstream -2 26-19.3 1.3-3.0 31-80 0.24 -0.37 2 2-3 52

Mixing Zone 0.3 1,170 - 2,050 78 - 154 9-13 0.64 0.03 280 - 700 4.2

Downstream 1-8 91-9,200 5-22 0.1-2 0.20 - 0.54 0.2 12-1,300 49-6.0

Griswold Creek NA 1.3-4.7 14-27 57 - 100 -- A 85 A

Panoche Creek NA 2.4-24 1.1 5 -- A 2-3 6.9

single values indicate n=1 (see Supporting Table 1 for full data set).
negative distance values represent sites upstream from the mine.

-- sample not analyzed or not collected.

A data not available for calculation.

NA: not applicable (stream is not in New Idria flow path).

https://doi.org/10.137 1/journal.pwat.0000328.t002
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4. Results

The data we describe can be broadly broken into four zones: (1) upstream San Carlos Creek (i.e., water upstream of New
Idria); (2) the AMD mixing zone where pH and ORP change rapidly; (3) downstream San Carlos Creek, between the mix-
ing zone and the Silver Creek Wetland; and (4) the portion of the lower Panoche Creek watershed that is outside the New
Idria flow path (i.e., Griswold and Panoche Creeks; Fig 3). Below and in Table 2, we summarize concentration ranges for
analytes in these zones, with detailed concentrations reported in S1 and S2 Tables.

4.1. Total mercury (HgT), monomethylmercury (MeHg), and suspended particulate matter (SPM)

U-HgT concentrations ranged from approximately 1-25ng L' in streams not impacted by discharge from the New Idria
Mine, including San Carlos Creek upstream of New Idria and sites along Panoche and Griswold Creeks (Table 2; Fig 5).
SPM at these sites was consistently <15mg L', with the exception of Griswold Creek in August 2019, which was 85mg L™
(Table 2).

U-HgT in downstream San Carlos Creek spanned two orders of magnitude, with values as low as 91ng L' and as high
as 9,200ng L. Although U-HgT in mine-impacted stream water was notably elevated when we sampled while it was rain-
ing in March 2020 (~4,500-7,300ng L"), we observed the lowest U-HgT concentrations along this reach in January 2019
(~100-1,000ng L"), immediately after the largest storm event that occurred during this study.

Similar to U-HgT, SPM concentrations were highly variable downstream from the mine, with the lowest SPM value
comparable to upstream water (<15mg L") and the highest exceeding 1,300mg L' (Table 2). SPM and U-HgT were pos-
itively correlated along this reach of San Carlos Creek (R?=0.60; Fig 6) and most of the Hg was associated with particles
(K,~10°). For sampling events when both filtered and unfiltered water was collected, F-HgT accounted for ~10% of the
HgT concentration in the AMD mixing zone immediately downstream from the mine. This could be due to reduced pH in
the mixing zone or could indicate colloidal Hg [24]. At sampling sites located more than a kilometer downstream, F-HgT
comprised <2% of HgT. In contrast, F-HgT accounted for 60—100% of the HgT in the groundwater-fed pool in the Griswold
Creek channel.

Unfiltered MeHg (U-MeHg) in San Carlos Creek was sampled in January 2019, and concentrations ranged from 0.20-
0.37ng L. Average upstream concentrations (0.3 ng L") were slightly lower compared to downstream (0.5ng L). In
general, the percentage of U-MeHg relative to U-HgT was low (£2%).

4.2. pH and oxidation reduction potential

The similarity of pH trends observed in the late 1990s and in 2019-20 suggest ratio of AMD to total stream flow in San
Carlos Creek has remained relatively stable at about 40—45% (S2 Table and Fig 7A). Upstream of New Idria, pH was ele-
vated (8.5-8.9). We did not have access to the settling pond but assume the pH of AMD entering the creek is~3 [13]. The
introduction of the AMD depressed the pH of San Carlos Creek to values ranging from 6.2 to 7.1. The pH increased to ~8
about a kilometer further downstream. Oxidation reduction potential (ORP) data indicated oxidizing conditions upstream
of the mine (140-300 mV), reducing conditions in the mixing zone (-5 to -110 mV), and a return to oxidizing conditions
(160-290 mV) beyond the mixing zone (Fig 7B). Based on historic observations of a strong hydrogen sulfide (H,S) odor at
the mine opening combined with low ORP in the mixing zone, we infer conditions are strongly reducing in the acidic, sul-
fidic AMD waters. Griswold Creek had lower pH and ORP values (~7.3 and 100 mV, respectively) compared to Panoche
Creek (~7.8 and 250 mV, respectively).

4.3. Major anions and stream discharge

Dry season mean concentrations of sulfate (mg SO,* L"), chloride (mg CI- L, fluoride (mg F- L"), and bromide
(mg Br L") in the headwaters of San Carlos Creek upstream from the mine were 51, 16, 0.05, and 0.2mg L™,
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Fig 7. Select ancillary parameters (pH, ORP, sulfate, and nitrate) versus distance in San Carlos Creek. Black dots on the pH graph indicate his-
toric data (1997-99) and negative distance values indicate sampling locations upstream from New Idria.

https://doi.org/10.1371/journal.pwat.0000328.9007

respectively (Tables 3 and S2 Table). These values increased by 1-2 orders of magnitude after AMD entered the
stream, with sulfate increasing by more than 50-fold, reaching concentrations as high as 3,200 mg L-'. Although
Panoche Creek was sampled outside the AMD-flow path, anion concentrations in this stream were comparable to
AMD-impacted creek water, with values 5-33 times higher than upstream of the mine. In Griswold Creek, this suite
of anions occurred at concentrations ~2-5 times higher than in Panoche Creek, with sulfate and chloride as high as
6,140mg L' and 495 mg L™, respectively. Dry season nitrate (NO,’) and nitrite (NO,’) concentrations were typically
undetectable.

During the March 2020 rain event, only downstream San Carlos Creek stations were sampled. Stream discharge 2 km
from New Idria was 32L s and the Panoche 2W weather station (USC00046675, Fig 3) recorded 1.7 cm of precipitation
on that day. Anions other than nitrate and nitrite were diluted, with concentrations about 2—3 times lower relative to dry
season conditions. Nitrate concentrations were 0.6 mg L' near the mine and steadily increased to 1.2mg L™ at a distance
of 7.8 km, while nitrite remained below the detection limit (<0.2mg L"). Griswold and Panoche Creeks were not sampled
during the wet season.

5. Discussion

Recent data compared to measurements made over 25 years ago confirm ongoing AMD (Section 5.1) and Hg (Section
5.2) discharges to San Carlos Creek.
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Table 3. Basic water quality parameters and anion concentrations.

Location |Distance |pH |ORP | Conductivity HTemp | Tur- NO, SO0 F- Cl NO, Br
(km) (mV) | (mS cm™) (°C) bidity |(mg NO, L") |(mgSO>*L") (mg |(mgCIL") |(mgNO,L") |(mgBrL")
(FNU) F- L")
Upstream |-2 85 |140 |0.7-0.9 9-15 | <1 04-0.8 35-66 0.05 |14-17 0.40 <0.23
-89 | -300 -15 -0.07
Mixing 0.3 6.2 |-110 |1.8-3.2 12 70 <0.3 2,150-2,830 | 0.1 56 - 90 <0.2 0.36 - 0.50
Zone -71 |--5 -21 - 260 -4
Down- 1-8 6.4 |160 [1.3-45 8-19 |3 06-1.2 850 - 3,240 0.7 34 -83 <0.2-0.2 0.28 - 0.45
stream -8.1 |-290 -2,350 -1
Griswold | NA 72 |70 8.6-9.2 14 55 <0.3-0.3 5,140-6,140 |2.7 446 - 495 <0.2-0.3 26-28
Creek -7.3 | -110 -20 - 65 -34
Panoche | NA 7.7 1210 |2.7-39 8-20 | <1 <0.3 1,490 - 1,900 | 0.6 230 - 309 <0.2 1.0-1.2
Creek -7.9 | -290 -0.7

single values indicate n=1 (see Supporting Table 2 for full data set).
negative distance values represent sites upstream from the mine.
NA: not applicable (stream is not in New Idria flow path).

https://doi.org/10.1371/journal.pwat.0000328.t003

5.1. Acid mine drainage and the San Carlos Creek mixing zone

AMD adds to San Carlos Creek flow, depresses pH and ORP, increases the concentration of sulfate, and forms an Fe or
Fe/Al flocculant (Fe-flocs) when it mixes with creek water [57,58,72]. Each of these impacts degrade downstream water
quality.

Iron and salts introduced by AMD result from the oxidation of Fe-bearing S? minerals, such as pyrite [73]. Sulfate, from
the oxidation of S%, as well as other salts, such as Cl- and F-, increase in San Carlos Creek as a result of mixing with AMD.
Amorphous iron-oxyhydroxysulfates or, depending on pH conditions, white aluminum-hydroxysulfates form in the mixing
zone [58]; S4 Fig. This material covers the channel bottom, impairing ecological function by physical smothering [74]. The
Fe-flocs also provide binding sites for metals, such as Hg, and play an important role in metals transport and fate.

Previous investigations reported U-HgT concentrations of <200ng L' and a pH between 3.3 and 4.6 in AMD at the adit
and in pond water [13,25,57]; S1 Table. While AMD drastically alters water chemistry in San Carlos creek, it is not a signif-
icant source of Hg. Although we did not have access to the pond in 2019-20, the similarity between historic and recent pH
trends suggests the ratio of creek water to AMD has remained consistent over time, with AMD comprising about 40-45%
of the downstream flow [13]. The relatively low HgT log K, (~4) in the mixing zone relative to water further downstream
(log K, of 5-6; Table 2) likely reflects disequilibrium in the mixing zone. Mercury solubilized under acidic (ph <4) conditions
upstream of the mixing zone may not have sufficient time for complete adsorption within the mixing zone.

5.2. Persistent mercury transport from New Idria

Historic (1997-99) and recent (2019-20) sampling events confirm the persistent transport of Hg from the New Idria

Mine to downstream wetland habitats. These recent and historic measurements capture California’s seasonal variability,
providing insights about within-channel and watershed processes. Intriguingly, U-HgT concentrations downstream from
New Idria are not always higher in the wet season relative to dry season conditions, as shown by our Jan 2019 results
compared to Aug and Oct 2019 (Fig 5). This seasonal trend is the opposite of monitoring results downstream from the
former New Almaden Mercury Mine in San Jose, CA, and the former Gambonini Mercury Mine near Petaluma, CA, where
wet weather discharges are typically associated with peak U-HgT concentrations (Mckee et al., 2018; Whyte and Kirchner,
2000). Evaluating correlations between U-HgT and SPM can help explain why seasonal patterns of Hg transport down-
stream from New ldria are different compared to other coast range Hg mines where AMD is not generated, such as the
New Almaden and the Gambonini Mines.
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5.2.1. Within-channel processes explain seasonal mercury and SPM trends. Downstream from New Idria, Hg and
SPM concentrations in San Carlos Creek are controlled by the interplay between Fe-flocs from AMD, Hg leached from
calcines, and seasonal changes in streamflow. A linear regression analysis indicates that 60% of the variance in U-HgT
downstream from the mine is driven by changes in SPM, with estimated particulate Hg concentrations in the range of 3.6
— 7.8 ug g, based on the 95% confidence interval of the slope in Fig 6. The outliers to the best fit regression of U-HgT vs
SPM demonstrate there is variability in the composition of SPM. All three of the outliers below the 95% confidence interval
of the regression (yellow, grey and red points) were collected during the dry season, when SPM was observed to be
predominantly amorphous Fe-flocs that could remain suspended at low flows. The two outliers above the regression 95%
confidence interval (blue points) were collected in the wet season, when coarser sediments, including weathered calcines,
can be suspended by higher flow velocities.

The finding that U-HgT correlates to SPM is common in mining impacted watersheds [14,18]. However, the two distinct
modes of transport for Hg from New Idria — AMD Fe-flocs vs weathered calcines — create distinct seasonal patterns in
San Carlos Creek. Lighter Fe-floc particles easily remain suspended during low flows, leading to the atypical observation
downstream from New ldria: elevated SPM and U-HgT in dry season samples, as well as in higher flow samples (Fig 5).

The inconsistency in dry and wet weather can clearly be seen in the range of concentrations observed ~5km down-
stream from New Idria, where we sampled multiple times (Figs 5, 6 and and S4 Fig). Considering how easily the flocculant
can be resuspended, the notably low U-HgT and SPM concentrations recorded at that distance in January 2019 make
sense (90ng L' and 11.5mg L, respectively). Over 4 cm of precipitation was recorded at the Panoche 2W weather station
the week preceding our January 2019 sampling event. Additionally, discharge at the USGS Panoche Creek gaging station
reached 2.5 m® s”' on January 18, 2019, the maximum value recorded over the course of this study — we began sampling
on January 20, 2019 (S1 Table). Elevated stream flow likely scoured the channel bottom, resuspending flocculant as a
source of particulate Hg, and we sampled before a new flocculant layer had time to form. Hg concentrations may have
been further diluted by overland flow and particulate inputs from tributaries.

U-HgT concentrations were consistently high (4500-7300ng L") in March 2020, when we sampled while it was raining.
However, the highest U-HgT (9200ng L") and SPM (1340mg L") were recorded in August 2019, during the dry season
(Fig 5 and S1 Table). Although that data point exists as an outlier for the observed dry season trends, it is explained by the
corresponding SPM results. The elevated paired U-HgT and SPM data suggest that the sampling captured real stream
conditions at that time and location. Common events such as wind, cattle, wildlife, vehicles can create episodic turbulence
that resuspends the bed flocculent.

5.2.2. Anion data further reflect the impacts of mining and land use. Major anion concentrations and ratios (Table
3) reflect watershed processes. During wet weather, surface flows introduced nitrate from the surrounding pasturelands,
and concentrations in San Carlos Creek increased from 0.6 to 1.2mg L™ along the ~8 km reach we sampled. In contrast,
sulfate concentrations were highest in the dry season and reflect the influence of AMD on water chemistry. Upstream
sulfate concentrations were about 50mg L' and increased drastically to >2000mg L' in the mixing zone (Table 2S).
Downstream concentrations remained elevated but were slightly diluted by surface runoff in March 2020. The high
concentrations of oxidized sulfur and Hg entering downstream wetlands may enhance Hg methylation by sulfate reducing
bacteria [75,76]. Excessive sulfate stimulation (i.e., above 20mg L") can also inhibit Hg methylation if the resulting sulfide
concentrations are high enough to reduce Hg bioavailability [77,78]. As discussed below, sulfate stimulation appears to
promote mercury methylation that is countered by demethylation.

5.2.3. Transported mercury is readily methylated. MeHg concentrations in water indicate that Hg transported
by San Carlos Creek is available for methylation. Anaerobic microbial methylation in San Carlos Creek may occur in
streambed sediments as well as in microzones within Fe-flocs or other particles suspended in the water column [79-81].
Methylation in the hyporheic zone, where groundwater and surface water interact below the streambed, can also introduce
MeHg to surface waters [82]. The abundance of sulfate, along with the potential for low oxygen concentrations within
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the fine grained Hg-rich flocculant on the streambed, likely promotes methylation via sulfate reducing bacteria [83]. The
depletion of sulfate in pore water (2,150 mg L') compared to overlying water (2,830 mg L") in Oct 2019 (S2 Table) may
be an indication of sulfate reduction in channel sediments. The abundance of oxidized Fe(lll) may also support MeHg
production by iron-reducing bacteria [84].

The fraction of U-HgT present as U-MeHg (%MeHg) is considered an indicator of net ecosystem methylation efficiency,
and represents the balance of Hg methylation relative to the demethylation of MeHg [77,85]. Low (<5%) fractions of MeHg
are typically indicative of low net methylation efficiency in a waterbody. However, in mining-impacted waters, the grossly
elevated denominator ([HgT]) relative to most natural systems drives this value [85] and low (<1%) fractions of MeHg rela-
tive to HgT in downstream San Carlos Creek are not necessarily associated with low methylation rates.

In San Carlos Creek, high MeHg demethylation rates may counter high methylation efficiency. Sediments in this stream
have some of the highest MeHg demethylation rates measured in a comparison across a gradient of contaminated eco-
systems [49]. Increased microbial demethylation rates facilitate growth by reducing soluble Hg(ll) to GEM [86]. Thus, even
though the raw ingredients for MeHg production are abundant — sulfate, inorganic Hg, and low ORP — the feedback loop
of microbial demethylation attenuates MeHg accumulation to <1% of the total.

5.2.4. Potential biological impacts. Biological data shedding light on ecosystem effects of MeHg downstream
of New Idria are not available, to our knowledge. However, isotope data confirm that Hg from the mine is taken up by
local vegetation [28]. Food web complexity in San Carlos Creek is severely limited because Fe-flocs cover stream
sediments, reducing the benthic invertebrate population to a limited number of oligochaets (i.e., earthworms) that can
tolerate low oxygen and pollutants [57]. However, contaminants from New Idria travel through other tributaries and can
potentially reach riparian wetlands. Dryland streams, such as those in the Panoche Creek watershed, provide habitat
for many species of plants and animals [87] and the wetlands downstream from New Idria provide unique habitat in this
desert ecosystem (Fig 2). The ongoing release of Hg from New Idria, transport downstream through San Carlos Creek,
and filtration through wetland vegetation and sediment, introduces the potential for transfer to higher trophic levels of
associated desert food webs. During the rare years when surface water hydrologic connectivity exists all the way to the
Mendota Pool area, the ecosystem of the San Joaquin River containing higher trophic level fish could potentially be
affected.

The endangered California Condor (Gymnogyps californianus) has been re-introduced at Pinnacles National Monu-
ment, 45 km to the west and within soaring and foraging range of New Idria [88]. Demonstrated Hg exposure to condors
in the Pacific Northwest raises questions about risks to re-introduced California Condors near New Idria [89]. Although
California Condors prefer large carrion, smaller animal carcasses such as rabbits, coyotes and foxes also provide food
and can form connections from Hg-contaminated wetlands to the local food web. Arctic tundra islands foxes showed Hg
concentrations in fur as high as 20-30mg kg™ as a result of feeding on birds from marine organisms with 1-4mg kg™ Hg
in their tissue [90]. A great deal of Hg-based research and regulatory effort in California has focused on San Francisco
Bay, the Bay Delta, and on lake reservoir and stream ecosystems that people and wildlife rely on for fish. The potential
food web impacts of Hg-contamination in perennial wetlands that serve a desert ecosystem within the Coast Ranges has
not been extensively explored.

5.3. Complex downstream transport processes

Downstream transport of HgT beyond Silver Creek through the Panoche Creek alluvial fan is not well characterized, nor
are floodplain HgT inventories. A 2010 EPA investigation showed that sediments in the Silver Creek floodplain to its con-
fluence with Panoche Creek had HgT concentrations of 0.1 — 12mg kg™ [57], compared to our estimate of ~6 mg kg™ HgT
for particles transported in San Carlos Creek (Fig 6). Those higher concentration sediment deposits represent a larger
inventory that, according to Rytuba (2015), may be mobilized to downstream ecosystems during extreme winter storm
conditions.
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In the conceptual model for New Idria’s impacts to downstream ecosystems THg loads vary over the relatively
short timescales of dry and wet years, as well as longer timescales of extreme weather events that are likely to
increase in frequency and severity with climate change [91]. Although Panoche Creek ends within the Panoche
Fan most years (Fig 3), the USGS gauge at Panoche Creek (11255575) shows that flow events most likely to
convey sediments all the way to the Mendota Pool via the Fresno Slough have occurred six times in the past 25
years (e.g.,>15 m® s or ~500 cfs; S1 Fig). During such high flow periods the Mendota area often experiences
flooding, with flow direction further confounded by agricultural withdrawals from the Mendota Pool. As a result,
sediment transport and depositional processes in Mendota are complex. Sharma and Weinman [92] found that
sediments in the Mendota Pool are enriched in Hg relative to background (0.94 to 6.91 mg kg™'), but the down-
stream fate of HgT loads to the San Joaquin River watershed from New Idria remain a mystery. Ecosystem
receptors are not well defined and biota Hg concentrations are not readily available, with the exception of the
2005 fish tissue survey [93].

6. Conclusions

The history of mining at New Idria resulted in two contaminant sources that continue to impact the local watershed: acid
mine drainage (AMD) and solid waste piles of calcines. Although low pH AMD is now routed underground to reduce its
contact with on-site waste, it continues to discharge to the creek year-round, with San Carlos Creek and the Silver Creek
Wetland, located about 10 km from New Idria, functioning as a de-facto AMD treatment system. While the AMD introduces
metals and salts to the creek, the above-ground calcine piles are the primary source of Hg. Although this Hg is available
for methylation, the percentage of HgT present as MeHg in San Carlos Creek is kept low (<1% of HgT) by the relatively
high HgT concentration and elevated microbial demethylation rates.

Mercury from New Idria moves downstream with suspended particles that include a mix of Fe flocs, weath-
ered calcines, and native sediments. The resulting mix has an average HgT concentration of 5.8 mg kg and
reaches the 0.25 km? (60-acre) Silver Creek Wetland, which is only ~10 km downstream. Topography and visual
observation show that lower Silver Creek frequently flows another 25 km to the 0.65 km? (160-acre) Panoche
Creek Wetland and, during high discharge events, the overflow channel of Panoche Creek reaches the Fresno
Slough (Fig 3).

The intermittent hydrologic connection between New Idria and the Fresno Slough suggests that an assessment of Hg
loads and impacts from this mine will be more involved and require more extensive investigation than the storm hydro-
graph sampling approach exemplified by Mckee et al. (2018) downstream of the New Almaden Mine. While HgT transport
within San Carlos Creek is well documented, substantive data gaps remain regarding downstream impacts, including: (1)
inventorying the >100 years of Hg stored in floodplain deposits, (2) quantifying Hg transport in the Mendota area, and (3)
assessing ecological impacts, including Hg bioaccumulation into aquatic and terrestrial biota, in downstream riparian
wetlands and in the Fresno Slough, Mendota Wildlife Area, Mendota Pool, and the San Joaquin River. A combined geo-
morphic and geochemical assessment will be needed to quantify floodplain inventories while hydrologic and sediment
transport modeling can create a framework of Hg mobilization risks associated with increasing droughts and storm inten-
sities. Geochemical tools, such as isotopic tracers of Hg and element ratios [e.g., Sr depletion and Rb/Sr ratios; 94], may
help with source identification.

EPA’s settlement agreement [62] directs the PRP named at New Idria to develop a remedial investigation (RI) that
includes a human health and ecological risk assessment. Those Rl elements may address some of the gaps described
above, although the full geographic scope and extent of the Rl is not clearly defined. Research by the authors, the com-
munity of scientists cited in this paper, and new entrants to the field will continue to augment and support the regulatory
process. California’s mining-impacted watersheds present a twenty-first century challenge to rehabilitate natural resources
impaired by historic resource extraction that founded the state’s economy.
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Key Points
» Mercury and acid mine drainage (AMD) from the former New Idria mine are transported to riparian wetland habitat.

» Seasonal patterns of contaminant transport downstream from New Idria are not typical of most cinnabar mines due to
the nature of the AMD-derived flocculant.

» The New lIdria flow path intermittently reaches the Fresno Slough near the Mendota Pool, but the extent of mercury
transport remains unknown.
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safe harbor in the badlands for a multitude of students, researchers, and off-road enthusiasts for three decades and were
an essential source of site knowledge and history.
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