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ABSTRACT

Mercury sulfides (cinnabar and metacinnabar) are the main ores of Hg and are relatively stable under oxic

conditions (Ksp = 10�54 and 10�52, respectively). However, until now their stability in the presence of

micro-organisms inhabiting acid mine drainage (AMD) systems was unknown. We tested the effects of the

AMD microbial community from the inoperative Hg mine at New Idria, CA, present in sediments of an

AMD settling pond adjacent to the main waste pile and in a microbial biofilm on the surface of this pond,

on the solubility of crystalline HgS. A 16S rRNA gene clone library revealed that the AMD microbial com-

munity was dominated by Fe-oxidizing (orders Ferritrophicales and Gallionellas) and S-oxidizing bacteria

(Thiomonas sp.), with smaller amounts (≤6%) being comprised of the orders Xanthomondales and Rhodo-

spirillales. Though the order Ferritrophicales dominate the 16S rRNA clones (>60%), qPCR results of the

microbial community indicate that the Thiomonas sp. represents ~55% of the total micro-organisms in the

top 1 cm of the AMD microbial community. Although supersaturated with respect to cinnabar and metac-

innabar, microcosms inoculated with the AMD microbial community were capable of releasing significantly

more Hg into solution compared to inactivated or abiotic controls. Four different Hg-containing materials

were tested for bacterially enhanced HgS dissolution: pure cinnabar, pure metacinnabar, mine tailings, and

calcine material (processed ore). In the microcosm with metacinnabar, the presence of the AMD microbial

community resulted in an increase of dissolved Hg concentrations up to 500 lg L-1 during the first 30 days

of incubation. In abiotic control microcosms, dissolved Hg concentrations did not increase above

100 ng L�1. When Hg concentrations were below 50 lg L-1, the Fe-oxidizing bacteria in the AMD micro-

bial community were still capable of oxidizing Fe(II) to Fe(III) in the AMD solution, whereas concentrations

above 50 lg L�1 resulted in inhibition of microbial iron oxidation. Our experiments show that the AMD

microbial community contributes to the dissolution of mercury sulfide minerals. These findings have major

implications for risk assessment and future management of inoperative Hg mines worldwide.
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INTRODUCTION

Mercury from mine sites often poses a major environmen-

tal risk to ecosystems downstream of the mines. In Califor-

nia, legacy waste from historical mercury mining in

the California Coast Range is found at thousands of

abandoned mines (Rytuba, 2003). Although elemental Hg

is the main ore material at some California mercury mines

(e.g., the Socrates Mine, West Mayacamus District, Sono-

ma, Co.), the majority of mines have both cinnabar and

metacinnabar as primary ore minerals (Linn, 1968; Kim

et al., 2000, 2004; Rytuba, 2003; Lowry et al., 2004).
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Ore processing was done by roasting HgS-containing ore

material at ~700 °C (a process known as calcining), which

causes HgS to break down to elemental Hg that was then

condensed to the liquid form (Linn, 1968). This process

was reasonably effective at recovering Hg from the ore,

but a significant amount of untransformed HgS was left in

the calcined material. The gangue material (tailings) and

roasted ore waste (calcine) were dumped in large piles of

waste near the mines.

At Earth’s surface under oxic, abiotic conditions, cinna-

bar and metacinnabar are quite stable, with solubility prod-

ucts of 10�54 and 10�52, respectively (Faure, 1991;

Krauskopf & Bird, 1995). A number of studies have shown

that HgS stability is influenced heavily by reduced sulfur

species, polysulfides, and thiol-rich organic matter, but

these past studies were conducted under anoxic conditions

(Paquette & Helz, 1995, 1997; Ravichandran et al., 1998,

1999; Jay et al., 2000; Benoit et al., 2001; Reddy &

Aiken, 2001; Drexel et al., 2002; Aiken et al., 2003; Hait-

zer et al., 2003; Waples et al., 2005). Because HgS is con-

sidered stable in oxic systems the stability of HgS in highly

oxic AMD systems has so far not been examined.

Mercury, presumably in the form of zero-valent ion

pairs, is converted to methylmercury in anoxic sediments as

a co-metabolic product of S-reducing and Fe-reducing bac-

teria (Compeau & Bartha, 1985; Benoit et al., 1999a,b;

King et al., 2000; Ullrich et al., 2001; Fleming et al.,

2006); however, methylation by micro-organisms in oxic

systems is unknown (Fagerstrom & Jernelov, 1971; Hay-

ashi et al., 1977). Both types of bacteria are generally

restricted to anoxic habitats, where polysulfide, reduced

sulfur species, and thiol-rich organic matter are generally

considered to play a more dominant role in HgS dissolu-

tion than micro-organisms due to the strong binding con-

stants and high abundance of abiotic functional groups in

anoxic environments.

A number of studies of the effect of Hg-resistant bacte-

ria on the stability of different Hg species have been car-

ried out, but only a few have focused on HgS (Baldi &

Olson, 1987; Baldi et al., 1989, 1991; Kalyaeva et al.,

2001; Mindlin et al., 2001; Barkay et al., 2003). Baldi and

Olson looked at the effect of adding cinnabar to pyrite in

the presence of a Hg-resistant strain of Thiobacillus ferroox-

idans; this study is one of the few that investigated the

interaction of HgS with bacteria (Baldi & Olson, 1987).

However, that study did not show any bacterially induced

dissolution of HgS when cinnabar was the sole mineral

substrate. Wiatrowski et al. showed that magnetite can

convert Hg(II) to Hg(0) (Wiatrowski et al., 2009).

Because of the potential impact of Fe-cycling on Hg speci-

ation shown by Wiatrowski et al. and the fact that Baldi

and Olson found no evidence for Hg-release into solution

from HgS alone, it is possible that Hg-release in systems

containing FeS2 and HgS is due more to abiotic Fe

redox-cycling than direct microbial activity. However, no

mechanisms have been proposed for this release (Wiatrow-

ski et al., 2009). The focus of this study is to show for the

first time the direct impact micro-organisms have on the

dissolution of relatively stable HgS minerals in oxic mine

settings where HgS is considered to be stable.

MATERIAL AND METHODS

Field sampling

Samples were taken from the New Idria AMD settling

pond on Aug. 13, 2008. Water and sediment samples were

collected in sterile 50 mL polypropylene tubes and imme-

diately stored on ice. The New Idria bacterial consortium

used in this work is present as both a biofilm on the sur-

face of the pond and the surface of the pond sediments,

genetic analysis of both groups found identical community

composition. Inflow water to the settling pond (pH 3.25)

was used in the microcosm experiments to best approxi-

mate the AMD settling pond environment. The water was

filter-sterilized in the field using 0.1 lm Anatop Plus� fil-

ters (Whatman Inc.) into acid-cleaned Pyrex bottles.

Numerous water samples from the same location were

taken for analysis of total carbon, sulfide, Fe(II), total met-

als, and total Hg content. All water samples, except those

collected for total carbon analysis, were filtered using

0.02 lm Anatop Plus� filters into ultra-trace clean, clear

borosilicate vials with Teflon� lined lids. Cleaning of glass-

ware for ultra-clean use involved a three step process: (1)

detergent bath, (2) 1N HCl acid bath, and (3) 10% BrCl

(vials were inverted to have BrCl covering the Teflon�

lined lids). Vials were left in each cleaning agent overnight.

Between each step, vials and lids were triple rinsed with

DDI water and dried in an oven that has never contained

Hg-bearing materials at 120 °C. Samples taken for total

carbon analysis were filtered using 0.2 lm polyethersulfone

filters (Whatman Inc.) into ultra-trace metal clean amber

borosilicate vials. Total Hg concentration samples were

preserved using 0.5% bromine monochloride following

EPA method 1631 (U.S. EPA, 2002). Samples taken for

total metal and major anion concentrations were preserved

with 2 mL of Ultrex� brand 1N HNO3 and sent to the

United States Geological Survey in Boulder, CO for

analysis.

Clone library construction and sequencing

The 16S rRNA gene library was constructed using the top

2 cm of the AMD settling pond sediment. DNA was

extracted as described previously following a modified pro-

tocol from Zhou et al. (Zhou et al., 1996; Behrens et al.,

2008). Domain-specific primers were used to amplify

almost-full length 16S rRNA genes from the extracted
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chromosomal DNA by PCR; for Bacteria, primers GM3F

(Escherichia coli 16S rRNA position 0008) (Muyzer et al.,

1993) and Uni1392R (Lane et al., 1985) were used, and

for Archaea, primers 20f (DeLong, 1992) and Uni1392R

or 20f and Arch958R (Massana et al., 1997) were used.

PCR’s were performed as follows: Amplifications were car-

ried out in 50-lL volumes containing a final concentration

of 0.5 lM of each primer, 200 lM of each deoxynucleoside

triphosphate, 0.5 U of Taq polymerase (Qiagen GmbH,

Germany), 200 lg bovine serum albumin (Sigma-Aldrich,

St. Louis, MO, USA), and 1 9 Qiagen PCR buffer con-

taining 1.5 mM MgCl2 (pH 8.0). One-microliter amounts

of the undiluted and 1:10-, 1:100-, and 1:1000-diluted

environmental DNA were used as templates. The PCR

amplification parameters included an initial denaturation at

94 °C for 5 min, followed by 25 cycles of 94 °C for

1 min, 48 °C for 1 min using the bacteria domain-specific

primers, and 58 °C for 1 min using the Archaea domain-

specific primers, followed by an elongation step at 72 °C
for 1 min. The last cycle was followed by a final extension

step at 72 °C for 9 min. PCR amplifications were per-

formed in a PTC-200 gradient cycler (MJ Research, Inc.,

Watertown, MA, USA). No PCR amplicons were obtained

with both Archaea primer combinations. The bacterial

PCR products were purified using a QIAquick PCR purifi-

cation kit (Qiagen GmbH) and ligated into the pCR4

TOPO vector (Invitrogen, Carlsbad, CA, USA). E. coli

XL10-Gold ultracompetent cells (Stratagene, La Jolla, CA,

USA) were transformed with the plasmids following the

manufacturer’s recommendations. Sequencing was per-

formed by MCLab (South San Francisco, CA, USA) using

Taq cycle sequencing with a model ABI 3730XL sequencer

(Applied Biosystems). Sequence assembly was done with

the program DNA Baser. The presence of chimeric

sequences in the clone libraries was determined with the

programs Bellerophon and Mallard version 1.02 (Huber

et al., 2004; Ashelford et al., 2006). Potential chimeras

were eliminated before phylogenetic analysis. Sequence

data were analyzed with BLAST and the ARB software pack-

age using the SILVA 103 database (release date, 6 June

2010) (Ludwig et al., 2004; Pruesse et al., 2007).

Real-time quantitative PCR

Due to the presence of a single S-oxidizing microbe in the

clone library (Thiomonas sp.), real-time qPCR analysis of

the S-oxidizing microbe was done. Quantification of 16S

rRNA genes in the sediment from the AMD settling pond

was performed using iQ Sybr Green Supermix (Bio-Rad

Laboratories, Hercules, CA, USA), Thiomonas-specific

primers, and domain-specific primers for Bacteria (see

Table 1). Each sample mixture had a 30-lL reaction vol-

ume containing 1 9 iQ Sybr Green Supermix, forward and

reverse primers at a concentration of 500 nM, and 2 lL of

the prepared DNA. PCR amplification and detection were

conducted in an iQ5 Cycler (Bio-Rad Laboratories). Real-

time PCR conditions were as follows: 3 min at 95 °C fol-

lowed by 40 cycles of 10 s at 95 °C and 45 s at 61.5 °C.
As real-time PCR standard dilutions of a plasmid (pCR4

TOPO vector; Invitrogen, Carlsbad, CA, USA) containing

a Thiomonas sp. 16S rRNA gene from the clone library was

used. Real-time PCR data were analyzed using the IQ5

Optical System Software (Version 2.1; Bio-Rad Laborato-

ries). Because the closest sequenced relative of the isolated

Thiomonas strain from the AMD microbial community is

Thiomonas intermedia K12, whose genome contains only

one 16S rRNA gene operon, the quantified 16S rRNA

gene copy numbers obtained with the Thiomonas primers

were not divided by a specified value to account for multi-

ple rRNA gene operons. Total Bacteria 16S rRNA gene

copy numbers were divided by a factor of 4.07 as the aver-

age number of rRNA gene operons of the domain Bacteria

documented by the ribosomal RNA database (Lee et al.,

2009).

HgS dissolution experiment

Sample preparation

Mercury sulfide dissolution experiments were carried out in

250-mL Erlenmeyer flasks that were acid washed in 1N

trace-metal grade HCl and then heated at 500 °C to

remove any residual Hg on the glass and to sterilize the

flasks. Growth media for all microcosms consisted of water

from the New Idria AMD system (pH 3.25) that was fil-

ter-sterilized in the field with 0.1 lm Anatop Plus� filters

(Whatman Inc.) and then re-sterilized in the laboratory

with 0.1 lm Anatop Plus� filters under proper sterile labo-

ratory conditions. Four different types of HgS-containing

materials were selected for study: cinnabar, metacinnabar,

tailings, and calcine. Tailings and calcine material were

collected from the New Idria site adjacent to the AMD

system, and cinnabar and metacinnabar samples were

Table 1 Real-time PCR primers used in this study

Name Sequence (5′->3′) Target group Annealing Temp Fragment length (bp) Reference

Thio636F GGATGACTATCCGACTGG Thiomonas sp. 55 °C 218 This study

Thio836R TACTGAACAGTTGCCCGT Thiomonas sp. This study

Bact341F CCTACGGGAGGCAGCAG Bacteria 60 °C 194 Muyzer et al. (1993)

Bact534R ATTACCGCGGCTGCTGGC Bacteria Muyzer et al. (1993)

© 2013 John Wiley & Sons Ltd
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purchased from Alfa Aesar with a purity of >99.99%. Tail-
ings and calcine material were dried in a dessicator and

then sieved in stainless-steel sieves to a particle size of

89–124 lm. Bulk mineralogy was determined by x-ray

diffraction (XRD). Samples were analyzed on a Rigaku

Model CM2029 powder x-ray diffractometer using a Cu

Ka x-ray source over the 2h range 5°–70°. Analysis of the

resulting diffractograms was done using the Jade X-ray Dif-

fraction Software package (Materials Data Inc., 2002).

Identification of minerals present was done by peak match-

ing the four peaks with the highest intensity for each

phase. Bulk mineralogy of the tailings material detected by

XRD consists of quartz, feldspar, and jarosite. The mineral-

ogy of the calcine waste material consists of quartz, alu-

nite-jarosite, hematite, illite, and feldspar. Though it is

known that the tailings material contains iron sulfide

minerals (both marcasite and pyrite), the concentrations of

these phases are too low for detection with XRD (Linn,

1968). Both the tailings and calcine material contain

Hg-bearing phases (predominantly HgS) at concentrations

below those detectable by XRD (420 ppm and 690 ppm

Hg, respectively). Due to the softness of the HgS crystals,

particle size could not be controlled because any manipula-

tion of the HgS powder, such as crushing in a mortar and

pestle, resulted in an uncontrollable change in particle size.

The solids (cinnabar, metacinnabar, tailings, and calcine) as

well as half of the biological samples from the AMD system

were sterilized with a 137Cs gamma irradiation source at

the Stanford School of Medicine at an exposure rate of

2602 R min-1 for 18 h. Sterilization by gamma irradiation

was chosen so that cell lysing could be kept to a minimum.

Because of the high metal content of the AMD system,

autoclaving samples was not done because of the possibility

of significant thermodynamic changes to the system result-

ing in conditions in the microcosms being different from

the conditions of the AMD environment.

All microcosms consisted of either 150 mL of AMD

water (oxic microcosms, pH = 3.25) or 100 mL of AMD

water (anoxic microcosms and abiotic controls, pH =
3.25), and 2 g of mineral substrate; non-abiotic controls

were inoculated with 100 lL of either living or killed

biofilm material (total protein added to reactors was 7.88

and 8.12 lg, respectively). In total, five different micro-

cosms contained 2 g of one of the four different solids

used in these experiments (tailings, calcine, cinnabar, and

metacinnabar) and one containing only filtered water as a

control. This resulted in a total of 25 microcosm experi-

ments. Of the five different microcosms constructed for

each of the different solids used, two were inoculated with

living biofilm material (one incubated in an oxic environ-

ment and one in an anoxic environment), two were inocu-

lated with gamma irradiated biofilm material (one

incubated in an oxic environment and one in an anoxic

environment), and one microcosm in which no biofilm

material was added. General solution compositions for all

microcosms are listed in Table 2, whereas the organics

including total and non-purgeable organic carbon are dis-

cussed in the Results section. All microcosms were incu-

bated at ambient temperature (21 °C) without agitation to

mimic the AMD settling pond conditions. Anoxic micro-

cosms were constructed outside of an anoxic glove box

and then immediately placed in the glove box. Anoxic

microcosms were removed from the glove box to be sam-

pled under sterile conditions and then were immediately

returned to the glove box. This procedure was used for

two important reasons: (i) rubber stoppers commonly used

in anoxic work will adsorb large amounts of Hg from

microcosms, and (ii) sterile conditions using a flame are

not possible in an anoxic glove box. Because oxygen diffu-

sion into solution is fairly slow, the increase of oxygen in

abiotic microcosms should be minimal. However, the

AMD water was not purged of oxygen before the experi-

ment, resulting in some residual oxygen being left in the

system for the first 3 days of the experiment run. Though

the oxidation of sulfur in both the iron- and mercury sul-

fides does produce sulfuric acid, the extent of sulfuric acid

production for these microcosms is so small that there was

no detectable change to the pH of the system, and the pH

stayed constant at 3.25 throughout each experiment.

Microcosm sampling and sample preservation

Sampling of the microcosms occurred every 3 days with

samples taken for non-purgeable organic carbon (NPOC,

5 mL), total carbon (TC, 4 mL), total Hg (4 mL), sulfide

(3 mL), and iron (Fe2+ and total Fe, 1 mL). Samples of

the oxic microcosms were taken over a total of 30 days,

whereas anoxic microcosms were followed for a total of

18 days. NPOC and TC samples were filtered through

0.2 lm polyethersulfone (PES) filters into amber vials and

Table 2 Selected metals and anions in the New Idria AMD water used in

the HgS dissolution experiment, August 2008

Analyte Concentration (mg L�1)

Al 88.6

Ca 222

Fe 368

K 45.4

Mg 233

Na 364

Zn 1.8

Mn 3.8

Silica 19.3

Cl 211

F 4

NO3 <0.08

SO4 4587

PO4 <0.01
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stored at 5 °C until analysis. Mercury, sulfide, and iron

samples were filtered with 0.02 lm Anatop Plus� filters

(Whatman Inc.) to minimize colloidal HgS uptake.

Numerous experiments done in the lab using the Anatop

Plus� filters (Whatman Inc.) showed no retention or carry-

over of Hg, sulfide, and Fe. Mercury samples were filtered

into clear borosilicate vials with Teflon� lined lids and pre-

served with 1.5% BrCl. Sulfide samples were filtered into

amber borosilicate vials containing 100 lL of 10N NaOH

to raise the pH of the solution from 3.25 to 10.0, result-

ing in the trapping of sulfide as HS� as well as causing

metals to precipitate from solution. Iron samples were fil-

tered into amber borosilicate vials and analyzed for Fe2+

and FeTot.

Sample analysis

Background concentrations for total metals were analyzed

by inductively coupled plasma atomic emission spectrome-

try (ICP-AES) using a Perkin Elmer Optima 3300 dual

view analyzer and inductively coupled plasma mass spec-

trometry (ICP-MS) using a Perkin Elmer Sciex Elan 6000

analyzer. Background nitrate, chloride, fluoride, and sulfate

were measured by ion chromatography (IC) using a Dio-

nex DX-100 Ion Chromatograph. The concentration of

protein within the biofilm material added to microcosms

was determined using a BioRad� fluorimetric protein assay

kit. Iron (II) and FeTot concentrations were determined by

ferrozine analysis using a Hewlett-Packard model 8452A

UV/Vis spectrophotometer with a lower detection limit

of 0.5 mg L�1 (Stookey, 1970). Total carbon and non-

purgeable organic carbon concentrations were determined

using a Shimadzu model TOC-5000A TC/NPOC analyzer

with a lower detection limit of 0.1 mg L�1. During analy-

sis, we found that the high metal concentrations contained

in the AMD water resulted in passivation of the catalyst in

the TC/NPOC analyzer after 4–5 samples. To address this

issue, 10 lL of 10N NaOH were added to the samples to

precipitate the metals in solution. The samples were then

centrifuged at 9300 g for 5 min to settle out the metal

precipitate. The supernatant was then taken and 10 lL of

10N HNO3 was added to drop the sample pH to <4 for

NPOC analysis. Several samples were run with and without

metal stripping to determine if a significant amount of car-

bon was being removed from solution as the metal precipi-

tated. The results of the simultaneous sample runs showed

less than 1% variation in carbon between samples where

the metals were removed vs. those where metal was left in

solution. Total carbon within the tailings and calcine mate-

rial was measured using a Carlo-Erba model NA 1500 C,

N, and S analyzer. Sulfide samples were analyzed within

1 h of sampling following the Cline’s method for sulfide

analysis with a lower detection limit of 0.03 lM (Cline,

1969). Mercury concentrations were measured on a Tek-

ran� 2600 cold vapor atomic fluorescence spectrometer

(CVAFS) following EPA method 1631 with a lower detec-

tion limit of 0.05 ng L�1 (U.S. EPA, 2002).

Hg impact on Fe-oxidation

Water and biofilm sampling was done on February 10,

2010, with sampling methodology the same as described

above for the HgS dissolution experiment, solution

pH = 4.0. Because this experiment was designed to deter-

mine the inhibition effects of Hg on Fe-oxidizing micro-

organisms, killed controls were not done. Microcosms

contained filter-sterilized AMD water with Hg added to

determine Hg toxicity to the Fe-oxidizing portion of the

community. No Hg-containing solids were added to the

microcosms. By not adding Hg-containing solids, only Fe

(II) oxidation in solution is assessed, and the Hg concen-

trations of the microcosms are controlled only by the

amount of Hg added and not impacted by the solids. The

background Hg concentration for the experiment was

15.7 � 0.4 ng L�1, which is much lower than the back-

ground levels of 100–400 ng L�1 measured during the

summer months. Mercury was added to the microcosms in

the form of Hg(NO3)2 at the following concentrations:

abiotic control, no Hg added (ran in duplicate), 500,

1000, 5000, 10 000, 50 000, and 100 000 ng L�1. The

experiment was sampled every 2 days for a total of

18 days. Samples were filtered through 0.02 lm Anatop

plus filters and analyzed following the ferrozine protocol

on a Hewlett-Packard 8452A UV/Vis spectrophotometer.

Samples were analyzed within 1 h of sampling and tripli-

cates of samples showed error to be <0.1%.

Nucleotide sequence accession numbers

The 16S rRNA gene sequences from the clone library have

been submitted to EMBL and assigned the following

accession numbers: HE587052 to HE587299.

RESULTS

AMD solution chemistry

Total metal concentrations in the New Idria AMD system

are typical of other AMD systems (Table 2). Because Fe

(II) is one of the dominant metal ions in solution, it is

assumed that Fe(II) oxidation is one prominent driver of

microbial metabolism in this ecosystem. ICP analyses car-

ried out over several years (data not shown) show that the

concentrations of metals in solution are dependent on the

amount of rainfall during the winter rainy season, which

can cause concentrations to vary threefold. Dry winters

result in an increase in metal concentrations during the fol-

lowing summers due to evaporation, whereas wet winters

© 2013 John Wiley & Sons Ltd
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tend to dilute the metals when the water discharge from

underground mine workings increases. The areal extent

and thickness of the AMD biofilm vary inversely with metal

concentration. Mercury concentrations within the AMD

waters are quite low (100 � 5.2 ng L�1) and vary inver-

sely with the concentrations of other metals in solution

between seasons. The dominant anion in solution is sul-

fate, which is produced by the oxidative dissolution of sul-

fide-bearing minerals at the site.

16S rRNA GENE CLONE LIBRARY

The 16S rRNA gene clone library of the top 2 cm of the

AMD settling pond sediment revealed that the community

was dominated by Fe-oxidizing bacteria of the order Ferri-

trophicales. Clones affiliated with this order comprised

more than 60% of the 248 bacterial clones that were

obtained (Fig. 1). The second largest group detected in

the 16S rRNA gene clone library comprised relatives of the

sulfur-oxidizing bacterial genus Thiomonas (about 14% of

all clones in the library). A member of this bacterial taxa

has also been successfully isolated from this field site. In

contrast with the 16S rRNA clone library, quantitative

PCR analysis with Thiomonas-specific primers revealed a

relative abundance of this group of sulfur-oxidizing bacte-

ria of about 55% of all bacteria in the top 1 cm of the

AMD pond sediment. The total bacterial 16S rRNA gene

numbers were 1 9 108 � 2 9 107 copies per g (wet sedi-

ment) in this layer. Other bacterial groups also found with

relatively high sequence abundance in the 16S rRNA gene

clone library were affiliated with the bacterial orders Gallio-

nellales (7% of all clones in the library), Xanthomonadales

(6%), and Rhodospirillales (4%). Altogether, the total

AMD microbial community was dominated by bacterial

taxa known to contain mostly iron-oxidizing, sulfur-

oxidizing, as well as acidophilic chemoorganoheterotropic

bacteria.

Bacterial dissolution of HgS

Hg concentrations

The background Hg concentration of the New Idria AMD

water used in the experiments was 100.8 � 5.2 ng L�1.

Oxic microcosms of living biofilm cells resulted in a signifi-

cant release of Hg from all four HgS-containing materials

(cinnabar, metacinnabar, tailings, and calcine), with Hg

concentrations rising from 100.8 � 5.2 ng L�1 to as high

as 516.5 � 23.8 lg L�1 over the course of 30 days

(Fig. 2). More Hg was released from the calcine material

than metacinnabar during the course of the experiments.

Extended x-ray absorption fine structure (EXAFS) spectro-

scopic analysis of the New Idria calcine material showed

the presence of eglestonite and montroydite, in addition to

HgS polymorphs, within the calcine material (Kim et al.,

2000, 2004; Lowry et al., 2004). Because Hg-chlorides

and oxides are much more soluble than Hg-sulfides, the

higher Hg concentration detected in the calcine microcosm

experiment vs. the experiment with metacinnabar is most

likely due to more soluble Hg phases in the calcine mate-

rial, including nanoparticles of HgS (Lowry et al., 2004).

EXAFS analysis of the tailings material showed a mixture

of cinnabar and metacinnabar (29% and 61% of the Hg

speciation, respectively) with 10% HgO (montroydite).

The high proportion of metacinnabar and the presence of

montroydite are consistent with the tailings material releas-

ing more Hg than cinnabar or metacinnabar. At day 18,

Hg concentrations began to level off in the cinnabar and

tailings oxic living microcosms, but they continued to

increase within the calcine and metacinnabar reactors.

Gamma-sterilized AMD water samples incubated aerobi-

cally also released Hg from the mineral matrix, but total

Hg concentrations were significantly lower than in the bio-

logically active microcosms (Fig. 2). Hg concentrations in

abiotic controls started at background levels and dropped

to below detection limit (Detection limit was 0.05 ng L�1

for Hg in solution) within the first 9 days of incubation

suggesting Hg was adsorbing to the mineral matrix (data

not shown). Hg-release in the inactivated controls (killed)

mirrored the living aerobic microcosms, but the total Hg

concentrations were much lower (Fig. 2). Anoxic micro-

cosms of living cells had an initial release of Hg at the start

of the experiment, which was assumed to be caused by

residual oxygen left in the microcosms. In anoxic micro-

Fig. 1 Summary of the bacterial 16S rRNA gene clone library results of the

AMD pond water. Classification was based on the Greengenes classifier

using the NCBI taxonomy. Taxonomic orders shown in the pie chart had

more than 3% sequence abundance in the clone library. All other obtained

sequences are grouped as ‘others’. The total number of nearly full length

(>1300 bp) 16S rRNA gene clones obtained was 248.
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cosms, Hg concentrations are several orders of magnitude

below those in the oxic microcosms. After the initial

release of Hg, Hg concentrations either leveled off or

dropped to levels below detection (Fig. 3). All anoxic

microcosms had Hg concentrations below 1.1 ppb, which

is significantly lower than that of most of the microcosms

incubated under oxic conditions. These results show that

oxygen is necessary as the electron acceptor in the dissolu-

tion of HgS in the presence of the bacterial consortium.

Sulfide concentrations

Sulfide was detectable at the time of sampling but was not

detectable in water collected from the site after 2 days.

The background sulfide concentration at the AMD settling

pond was 0.8 lM, which was significantly lower than in the

preliminary experiments discussed above (up to 45 lM).
Sulfide concentrations in previous experiments were mea-

surable for up to a week in microcosms due to high levels

of Zn in solution, which stabilized the sulfide as ZnS(aq),

as predicted by The Geochemist’s Workbench� and

Visual Minteq� (Bethke, 2002; Gustafsson, 2009). When

approaching the main adit of the New Idria mine, H2S gas

is commonly smelled and emanates from the water exiting

the underground mine. The H2S(g) is usually noticeable up

to 100 m from the entrance, but at the time of sampling,

the odor was barely noticeable at the adit entrance, sug-

gesting a drop in H2S(g) production from the underground

mine workings.

Total and non-purgeable organic carbon

The New Idria AMD system has a pH ranging between 2

and 5.5 annually, depending on season and rainfall levels.

Because of this low pH, the total carbon and non-purgeable

organic carbon (NPOC) concentrations are the same. The

initial concentration of the NPOC was 2.5 mg L�1. The

concentration of all microcosms stayed between 1.2 and

3.5 mg L�1, with no clear trends (data not shown). Ion

chromatography (IC) analysis conducted on the AMD

Fig. 2 Mercury release from HgS-bearing mate-

rials for oxic microcosms using the New Idria

microbial community. Solid lines denote

biologically active AMD microbial community

material added (7.88 lg of protein added),

while dashed lines denote gamma irradiated

cells added (8.12 lg of protein added). Error

bars are smaller than symbols, error is � 8%

(n = 3). Experiment conducted during August,

2008.

Fig. 3 Mercury release from HgS-containing materials in anoxic microcosms using the New Idria microbial community material. Solid lines denote biologically

active microbial community material added (7.88 lg of protein added), whereas dashed lines denote gamma irradiated cells added (8.12 lg of protein

added). The initial pulse of Hg in the experiment is due to the growth media not being purged of O2 prior to beginning of experiment. Error bars are smaller

than the symbols, and estimated standard errors are � 8% (n = 3). The experiment was conducted in August, 2008.
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water showed no detectable organic species present with

an elution time >30 min. This finding suggests that carbon

within the AMD system is in the form of high molecular

weight biomolecules, stemming from lyzed microbial cells

that have difficulty moving through the IC column. AMD

water was also analyzed with UV/VIS spectroscopy to

determine if humic and fulvic acids are present in the

water. The lack of enhanced absorbance in the UV/VIS

spectrum specific for humic and fulvic acids, as outlined by

Weishaar et al., suggests that humic and fulvic material are

not large contributors to the carbon in the AMD system

(Weishaar et al., 2003). The use of the BioRad� protein

quantification assay revealed that protein accounted for

approximately 60% of the total carbon in the AMD water

used as the microcosm medium, suggesting that cellular

biomass is the main source of carbon in the ecosystem.

Iron oxidation

The background Fe concentration (369.4 � 0.4 mg L�1)

of the water entering the New Idria AMD settling pond is

typical of AMD systems. The total Fe concentration was

measured with ICP-OES and Ferrozine, both resulting in

values within 1% of each other. The oxidation state of the

Fe entering the pond is 100% Fe(II) as determined by Fer-

rozine. In the oxic living microcosms, the Fe(II) was all

oxidized to Fe(III) within 18 days for reactors containing

cinnabar, tailings, and calcine material (Fig. 4). All other

microcosms in the experiment behaved like the metacinna-

bar-only microcosm, with an initial drop in Fe(II), which

also corresponds to Fetot concentrations, and then a level-

ing off of Fe(II) for the remainder of the experiment

(Fig. 4). The initial drop in Fe(II) is considered caused by

adsorption of Fe to either the solids or the glass wall of

the flask as Fe(II) still comprises 100% of the total Fe

detected in the microcosms. In the tailings and calcine

microcosms containing living cells, the mineral substrate

turned yellow during the experiment, indicating that the

pyrite and/or marcasite present was oxidized by the

biofilm material and precipitated as an Fe(III)-bearing

phase (Jarosite). Because of the significant difference in Fe

redox behavior between the reactors containing metacinna-

bar vs. the other three mineral substrates, an additional set

of experiments was carried out that examined the effects of

Hg solution concentration on Fe-oxidation.

Effects of Hg on iron oxidation

The background FeTot concentration for this experiment

was 181.3 � 0.1 mg L�1. Similar to the previous experi-

ments, 100% of the Fe was in the form of Fe(II). Fe(II)

oxidized to Fe(III) in 14 days of incubation in all micro-

cosms but the abiotic control and the 100 000 ng L�1 of

Hg microcosm (Fig. 5). Although an exact Hg concentra-

tion required to completely inhibit Fe-oxidation in the

microcosms was not established, the Hg concentration

required is between 50 000 ng L�1 and 100 000 ng L�1

for New Idria AMD biofilm. As expected, as Hg concen-

tration increases, the rate of Fe(II) oxidation is retarded

(Fig. 5). The inhibition concentration for the Fe-oxidizing

bacteria in the New Idria AMD biofilm is much lower than

the tolerance of the S-oxidizing bacterium (20 mg L�1

Hg) isolated from the site.

DISCUSSION

Clone library, qPCR, and Carbon cycling

The microbial biofilm, both the pond surface and sediment

surface communities, in the New Idria AMD system is

dominated by two different metabolic types of bacteria:

Fe-oxidizing and S-oxidizing. We observed a large differ-

ence between the relative abundance of Fe-oxidizing bacte-

ria and S-oxidizing bacteria based on 16S rRNA clone

library and qPCR. Although the 16S rRNA clone library

shows that the Fe-oxidizing bacteria of the order Ferritro-

phicales make up >60% of all clones in the clone library,

S-oxidizing bacteria of the genus Thiomonas (order

Fig. 4 Oxidation of Fe(II) during aerobic

incubation of living cells. Error bars are smaller

than the symbols, and the error is � 0.1%

(n = 3). The trend seen in the metacinnabar

microcosm is identical to anaerobic incubation,

killed controls, and abiotic controls. The

experiment was conducted during August,

2008.
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Burkholderiales) account for only 14% of all clones in the

top 1 cm of the AMD sediment. Because relative sequence

abundance in clone libraries often does not reflect natural

abundances, we also performed quantitative PCR analysis

with Thiomonas-specific primers. qPCR revealed a relative

abundance of this group of sulfur-oxidizing bacteria of

about 55% of all bacteria in the top 1 cm of the AMD

pond sediment. The relative underrepresentation of the

Thiomonas sp. sequences in the clone library compared to

the qPCR results can be explained by the use of primer

sets with different specificity for both analyzes. Because

NPOC of all microcosms remained relatively constant

throughout the experiments, we hypothesize that the

organic matter used by the community of heterotrophic

microbes of the biofilm is derived from biomass of primary

producers, such as the Fe(II) oxidizing bacteria in the bio-

film. Due to the presence of S-oxidizing and Fe-oxidizing

bacteria in the ecosystem with a high Hg tolerance, it is

conceivable that both metabolic groups of micro-organisms

might directly or indirectly be responsible for HgS dissolu-

tion within in AMD biofilm.

HgS dissolution

The dissolution of HgS within the New Idria AMD system

occurs solely in the oxic zone. All anoxic microcosms

showed a minor spike in Hg due to residual oxygen in the

AMD water that was not purged prior to the start of the

experiment (Fig. 3). Once the oxygen in the anoxic

microcosms was consumed, the Hg concentrations either

leveled off or dropped below detection. An increase in Hg

released from abiotic and inactivated microcosms incubated

in an oxic environment is most likely due to the organic

matter contained in solution and mine waste materials (dis-

cussed later).

One explanation for the increased Hg concentration in

microcosms is the presence of polysulfides, either present

in solution or produced by the micro-organisms. Due to

the low pH of the system and the lack of an increase in

Hg in anoxic microcosms, polysulfides are not considered

the driving factor for HgS dissolution in our experiments.

Based on literature findings, polysulfides (and other

reduced sulfide species) should not be stable in the New

Idria AMD system because polysulfide formation and sta-

bility require neutral to basic pH as well as anoxic condi-

tions (Paquette & Helz, 1995, 1997; Jay et al., 2000).

Although it is well known that biofilms can create mic-

roenvironments different than the surrounding environ-

ment, the fact that anoxic microcosms did not show any

increase in Hg during the HgS dissolution experiments

indicates that the AMD microbial community is not capa-

ble of producing an anoxic environment required for stable

polysulfides or reduced sulfur species in the time frame of

our experiments.

An explanation for why HgS(s) is degrading in the

microcosms based solely on thermodynamics is not ade-

quate. Both the cinnabar and metacinnabar polymorphs of

HgS are quite insoluble, with solubility products of 10�54

and 10�52, respectively (Faure, 1991; Krauskopf & Bird,

1995). Based on thermodynamic calculations of conditions

within the microcosms, sulfide concentrations would need

to drop to levels below 10�33
M in order to have HgS

undersaturated at the New Idria site. A sulfide concentra-

tion of 10�33
M is unrealistic for any natural system and

would result in supersaturation of the AMD solution with

respect to HgS, making the abiotic release of Hg thermo-

dynamically unfavorable. A study by Bura-Naki�c et al.

shows that even in oxic waters that are at or near O2 satu-

ration, concentrations of total reduced sulfur species are

~10�8
M (Bura-Nakic et al., 2009). Several research groups

Fig. 5 Effect of added Hg to Fe(II) oxidation

capability of the New Idria microbial com-

munity. Mercury was added to microcosms as

Hg(NO3)2 and pH was held at pH = 4. Error

bars are smaller than symbols, error is � 0.1%

(n = 3). Initial drop in Fe(II) concentration is

assumed to be adsorption of Fe to the sides of

the microcosm. Fe(II) accounts for 100% of the

Fe at the beginning of the experiment.

Experiment conducted during February, 2010.
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have published values for HgS stability in the presence of

H2S and its deprotonated forms (Paquette & Helz, 1995,

1997). Due to the low pH of the system, the dominant

sulfide species will be H2S. Calculated Hg concentrations,

using background sulfide concentrations at the New Idria

site, necessary for HgS(s) equilibrium would be ~10�12
M,

which is significantly lower than the 10�8.5
M detected at

the start of the experiment. Nearly, all of these chemical

reactions require H2S as a reactant, which would result in

HgS becoming more stable as H2S concentrations

decrease. Because the initial experimental conditions were

already supersaturated with regards to both cinnabar and

metacinnabar, a purely abiotic thermodynamic explanation

for the increase in Hg concentration in the microcosm is

incorrect.

Another possible explanation for enhanced HgS dissolu-

tion at New Idria is that the S-oxidizing microbe is oxidiz-

ing H2S in solution to sulfate, resulting in a drop in sulfide

concentrations and leading to dissolution of HgS. This

hypothesis suggests that every S-oxidizing bacterium in the

environment would be capable of dissolving HgS. It has

been assumed that S-oxidizing bacteria can slowly dissolve

HgS, but there is little to no experimental evidence sup-

porting this assumption (Wood, 1974; Madigan et al.,

2003). Research by Baldi and Olson using Hg-sensitive and

Hg-tolerant Thiobacillus ferrooxidans strains with a mixture

of pyrite and cinnabar showed that this Hg-tolerant bacte-

rium was not capable of using cinnabar as the sole energy

source (Baldi & Olson, 1987). Although experiments with

the Hg-tolerant Thiobacillus ferrooxidans strain in a mixture

of pyrite and cinnabar showed that Hg is released into solu-

tion as both Hg(II) and Hg0, no Hg was released in experi-

ments with cinnabar only. The release of Hg into solution

was potentially attributed to back reactions of pyrite oxida-

tion with HgS, since pyrite oxidation and Hg-release were

found to be linked; however, no mechanism for this reac-

tion was proposed (Baldi & Olson, 1987). Although not

directly related to the work of Baldi and Olson, Wiatrowski

et al. showed that magnetite can reduce Hg(II) to Hg0 in

anaerobic systems (Wiatrowski et al., 2009).

The most likely hypothesis for HgS degradation in the

New Idria AMD system, and potentially other inoperative

Hg mine sites in California, is direct oxidation of the sulfide

in the HgS crystals. Binding constants between Hg and S

vary greatly depending on the oxidation state of S. As sulfur

becomes more oxidized, the binding constants reduce

greatly as seen in the following sequence: HS� (1037.71),

S2O3
2� (1029.93), SO3

2� (1022.85), and SO4
2� (101.34)

(Smith & Martell, 2004). During oxidation of sulfide in

HgS to sulfate, Hg should be released into solution from

the mineral surface. The presence of sulfate at levels

>2600 mg L�1 in the New Idria AMD system (Table 2)

clearly demonstrates the oxidation of sulfur. In order to

evaluate the role of S-oxidizing bacteria in HgS dissolution

at the New Idria AMD site, we isolated a Thiomonas sp.

strain from the tailings pond sediment. Because the

obtained isolate had a Hg tolerance of >20 mg L�1 Hg, we

evaluated the potential of this strain being responsible for

the observed dissolution of HgS in the AMD system. How-

ever, when testing this Thiomonas sp. strain for HgS dissolu-

tion, we did not observe an increase of Hg(II) in the

microcosms, suggesting that other members of the micro-

bial community might be responsible for the observed biotic

HgS dissolution. Because the media for the isolate experi-

ments was created in the laboratory instead of using the

water from the New Idria AMD system, it is highly probable

that a constituent in the AMD water not included in the

laboratory medium is necessary to facilitate Thiomonas sp.

induced HgS dissolution. Another possibility for explaining

HgS dissolution is that the process is indirectly coupled to

microbial Fe-cycling. The experiment using the AMD

microbial community and the settling pond water showed

that Fe-cycling was important in those microcosms. The

potential of Fe-cycling to help the micro-organisms with the

dissolution of HgS is intriguing and requires additional

work. One scenario for Fe-cycling impacting HgS dissolu-

tion is the creation of Fe(III) by microbial oxidation of Fe

(II) in Fe-sulfides by back reaction with the sulfide in HgS,

resulting in the oxidation of sulfide and concomitant disso-

lution of the HgS. Though this scenario has merit, currently

there is no evidence for this occurring in the literature.

Regardless of the actual mechanism for HgS dissolution,

it is evident that the New Idria microbial consortium has a

profound influence on the solubility of HgS, both cinnabar

and metacinnabar. Although the bioreactors are far from

equilibrium, it is useful to compare the activity quotient

for HgS dissolution in the AMD system with that of the

idealized solubility constant for both HgS polymorphs.

Activities for both sulfide and Hg2+ were calculated using

both Geochemist’s Workbench and Visual Minteq by using

the sulfide concentration (metacinnabar alive, Day 3 sam-

ple, 0.1 lM), Hgtot (metacinnabar alive, Day 3 sample,

18.7 lg L�1), and the solution chemistry for the system

(Table 2) (Bethke, 2002; Gustafsson, 2009). Using these

calculated activities, a LogQ for HgS dissolution of �23.5

was calculated. Comparing activity quotient to the ideal-

ized HgS solubility for cinnabar and metacinnabar

(LogK = �54 and �52, respectively), the New Idria bio-

film is capable of increasing the solubility of HgS by 28.5–

30.5 orders of magnitude for the bioreactor experiments.

In contrast with the experimental results described

above, which showed that the bacterial consortium in the

AMD system is mainly responsible for the greatly enhanced

solubility of cinnabar and metacinnabar in the live oxic

experiments, release of Hg from the abiotic and killed oxic

controls is most likely due to organic matter from solution

and the mine waste material used in the experiment. It is

possible that outer membrane proteins not denatured

© 2013 John Wiley & Sons Ltd
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during the gamma irradiation were able to dissolve the

HgS, but because abiotic and killed controls mirrored each

other closely, the most likely cause of HgS dissolution in

these microcosms is due to trace amounts of thiol groups

associated with the organic matter (Fig. 3). Studies by

numerous research groups have shown that organic matter

rich in thiol groups such as humic and fulvic acids can

actively dissolve HgS (Ravichandran et al., 1998, 1999;

Waples et al., 2005). Because cell lysate, which is assumed

to be the source of the organics in this system, have thiol

containing functional groups, residual organic material in

the system likely plays a minor role in HgS dissolution.

Effects of Hg on Fe-oxidation

Iron in the microcosms containing living biofilm material

(oxic microcosms) was oxidized from Fe(II) to Fe(III)

quickly in the cinnabar, tailings, and calcine reactor

experiments (Fig. 4). In the metacinnabar microcosm, Fe

(II) concentrations were similar to controls, suggesting

inhibition of the Fe-oxidizing bacteria in the microcosm.

The metacinnabar microcosms with living cells had an ini-

tial peak of Hg released into solution more than 24-fold

greater than that of any other microcosm at day 8 of the

HgS dissolution experiments (Fig. 2). The experiment

investigating the effect of Hg concentrations on Fe(II)

oxidation showed that concentrations close to that of

the metacinnabar reactor caused a severe retardation in

Fe-oxidation. As the HgS experiment progressed, the

metacinnabar Hgtot concentrations increased to levels

above those required to inhibit Fe-oxidizing bacteria. The

initial pulse of Hg into solution appears to have inactivated

the Fe-oxidizing bacteria before they had a chance to grow

and develop a higher Hg tolerance within the microcosm.

The cinnabar, tailings, and calcine microcosms showed no

such pulse in Hg concentration, which probably resulted

Fig. 6 Hypothetical cartoon of Fe and Hg

cycling by the bacterial biofilm contained in

the acid mine drainage system of the

inoperative New Idria Hg mine. Mineal

paricles are not drawn to scale. Most Fe- and

Hg-sulfide particles released from the mine

tailings and calcine pile are in the 10’s to

100’s of nm size.
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in the Fe-oxidizing bacteria having sufficient time to adapt

to the elevated Hg concentrations.

CONCLUSIONS

Although the primary microbial metabolism, based on the

high concentrations of Fe(II) and Fe(III) and SO2�
4 at the

inoperative New Idria Hg mine, is the breakdown of FeS2
minerals (primarily marcasite), the breakdown of HgS is of

greater importance to the ecosystems surrounding this and

potentially other HgS-containing AMD systems in the Cal-

ifornia Coast Range. It has long been assumed that all S-

oxidizing bacteria have the capability of dissolving HgS

(Wood, 1974); however, this assumption has not been ver-

ified for systems with HgS as the sole mineral substrate.

When compared with abiotic controls in which Hg con-

centrations drop below 1 ng L�1 throughout the experi-

ments, this work clearly shows that the living microcosms

have a tremendous impact on HgS stability. This study has

also shown that the microbial community in the New Idria

AMD system is capable of dissolving HgS and releasing

Hg into solution as a soluble form and of enhancing the

solubility of HgS by 28.5–30.5 orders of magnitude com-

pared with the idealized solubility constants for both cin-

nabar and metacinnabar. Unlike experimental studies on

the interaction of organic and reduced sulfur species with

HgS in anoxic systems, the breakdown of HgS in aerobic

systems is novel with wide-ranging implications for remedi-

ation of active and inactive Hg mine sites. Though aspects

of HgS degradation in the New Idria AMD system are still

unclear, a hypothetical model of the system is presented

(Fig. 6). Whether the breakdown of HgS is through direct

oxidation of the reduced sulfur on the HgS particle surface

or is related to Fe-cycling is still unclear; however, the

present study shows that micro-organisms can have a sig-

nificant impact on the stability of HgS at inoperative Hg

mines. This work provides clear evidence that even though

HgS dissolution is highly thermodynamically unfavorable

in most environmental systems, given the proper microbial

community HgS can be broken down and become an even

more potential hazard to downstream ecosystems than

HgS crystals themselves. If HgS is dissolved and released

into the downstream system in a form that is potentially

highly bioavailable and easy to methylate, as this work

shows for the New Idria AMD system, then a new pathway

in the Hg cycle needs to be investigated in order to deter-

mine the best way to mitigate Hg-release from inoperative

mine sites. Even though the dimensions of both the New

Idria AMD system and microbial community are small and

its Hg-release is thought to have a minor impact on the

surrounding ecosystem, the results of this study serve as an

indicator of potential Hg-release at other inoperative Hg

mine sites in the California Coast Range and other sites

worldwide that have developed an AMD system.
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