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Almadén, Spain, is the world's largest mercury (Hg) mining district, which has produced over 250,000 metric
tons of Hg representing about 30% of the historical Hg produced worldwide. The objective of this study was to
measure Hg isotopic compositions of cinnabar ore, mine waste calcine (retorted ore), elemental Hg (Hg’)),
and elemental Hg gas (Hgo(g)), to evaluate potential Hg isotopic fractionation. Almadén cinnabar ore §2°’Hg
varied from —0.92 to 0.15%. (mean of —0.56%., 0 = 0.35%., n = 7), whereas calcine was isotopically heavier
and 6%°Hg ranged from — 0.03%. to 1.01%. (mean 0f 0.43%., 0 = 0.44%.,n = 8). The average 6***Hg enrichment

Editor: . Fein of 0.99%. between cinnabar ore and calcines generated during ore retorting indicated Hg isotopic mass depen-
Keywords: dent fractionation (MDF). Mass independent fractionation (MIF) was not observed in any of the samples in
Mercury isotopes this study. Laboratory retorting experiments of cinnabar also were carried out to evaluate Hg isotopic fractionation
Retorting of products generated during retorting such as calcine, Hg’), and Hgo(g). Calcine and Hg’ generated during

Cinnabar ore
Mine waste calcine
Mass dependent fractionation

these retorting experiments showed an enrichment in §°°Hg of as much as 1.90%. and 0.67%., respectively, com-
pared to the original cinnabar ore. The §2°*Hg for Hgo(g) generated during the retorting experiments was as much
as 1.16%. isotopically lighter compared to cinnabar, thus, when cinnabar ore was roasted, the resultant calcines

formed were isotopically heavier, whereas the Hg’ ) generated was isotopically lighter in Hg isotopes.

Published by Elsevier B.V.

1. Introduction

Areas in and around Hg mines contain some of the highest concentra-
tions of Hg worldwide (Gosar et al., 1997; Rytuba, 2000; Bailey et al.,
2002; Gray et al., 2003; Feng and Qiu, 2008). Active and inactive Hg
mines are of potential environmental concern because of high concen-
trations of Hg (>1% in some areas) present in discarded mine wastes, in-
cluding calcine at these sites (Gray et al., 2000; Higueras et al., 2003; Lin
et al,, 2010; Rimondi et al., 2012; Yin et al.,, 2013). Cinnabar (hexagonal,
HgS) is the dominant Hg-bearing ore mineral in Hg mines worldwide,
although minor Hg%,) and metacinnabar (HgS, isometric) constitute
ore in some deposits including Almadén (Gray et al., 2004; Stetson
et al,, 2009). Extraction of Hg during mining is generally carried out in
aretort or a rotary furnace where cinnabar ore is heated to temperatures
of 600-700 °C, which converts cinnabar to Hg®;,, the final product sold
commercially. Retorting of Hg-bearing ore is known to be an incomplete
process, and as a result, calcine found at most Hg mines contains
unconverted cinnabar, Hg® ), metacinnabar, and other Hg by-product
compounds formed during ore retorting (Kim et al., 2000; Kim et al.,
2003; Gray et al., 2010). Studies have reported the presence of minor
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by-product compounds such as calomel (Hg,Cl,), corderoite (HgsS,Cly),
montroydite (HgO), kleinite (Hg,N(Cl,SO4)-n(H,0)), terlinguaite
(Hg"Hg? " Cl0), gianellaite (Hg4(SO4)N,), and schuetteite (Hgs(S04)0s)
in calcine (Kim et al,, 2000; Gray et al,, 2010). Calcine samples in the
Almadén district were reported to contain about 99% cinnabar +
metacinnabar + Hg®.y, and thus, other minor by-product Hg com-
pounds comprise <1% of the total Hg in Almadén calcine (Gray et al.,
2010).

The world's largest Hg mining district is Almadén, Spain, which has
produced over 250,000 metric tons of Hg during more than 2000 years
of mining, representing about 30% of the total Hg produced worldwide
(Hernandez et al., 1999). Mining of ore at Almadén ceased in May 2002,
but retorting of stockpiled cinnabar ore continued into February 2004
(Gray et al,, 2004). Considerable research has been carried out in the
Almadén mining district to evaluate Hg distribution, speciation, and
local effects to the environment (Berzas Nevado et al.,, 2003; Gray et al.,
2004; Bernaus et al., 2006; Higueras et al., 2006; Esbri et al., 2010; Llanos
etal., 2011). However, no studies have attempted to evaluate Hg isotopic
fractionation in ore or mine wastes generated during ore processing at
Almadén. Analytical methods for the precise and accurate measure-
ment of the stable isotopes of Hg have been developed using
multicollector-inductively coupled plasma-mass spectrometry (MC-ICP-
MS) (Hintelmann and Lu, 2003; Foucher and Hintelmann, 2006; Blum
and Bergquist, 2007). Using these analytical techniques, previous studies
have shown a wide variation of Hg isotopic compositions in Hg ores
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(Hintelmann and Lu, 2003; Smith et al., 2005; Stetson et al., 2009). In ad-
dition, Hg isotopic compositions of hydrothermal or volcanic emissions
(Smith et al., 2008; Sonke et al., 2008; Sherman et al., 2009; Zambardi
et al,, 2009) and those interpreted to be of atmospheric origin (Ghosh
et al,, 2008; Bergquist and Blum, 2009; Carignan et al., 2009; Gratz et al.,
2010; Gray et al,, 2013) have also been reported. However, there has
been no direct measurement of the Hg isotopic composition of Hg%)
formed during cinnabar ore retorting.

The objectives of this study were to measure the isotopic composition
of Hg in (1) cinnabar from the Almadén Hg mining district and other
cinnabar deposits in Spain to evaluate the isotopic variability within
these deposits; (2) calcine, soil, Hg®y), and the mineral schuetteite to
evaluate potential isotopic fractionation during ore retorting; and
(3) cinnabar ore, calcine, Hg® (1), and Hg® ) formed during laboratory
retorting experiments to directly evaluate isotopic fractionation of
Hg resulting from cinnabar roasting. The laboratory retorting experi-
ments were designed to replicate large-scale cinnabar retorting typically
carried out at Hg mines worldwide. Other studies have measured the Hg
isotopic compositions of cinnabar ore and mine waste calcine and have
suggested Hg isotopic fractionation during cinnabar ore retorting (Smith
et al,, 2008; Stetson et al., 2009; Yin et al.,, 2013). However, the labora-
tory retort experiments are the first of this kind carried out as there
are no known similar studies reported in the scientific literature
where there has been direct Hg isotopic measurement of the HgO(L)
and Hgo(g) products formed during cinnabar ore retorting.

2. Methods
2.1. Sample collection and preparation

Samples were collected from various locations in the Almadén dis-
trict (Fig. 1, 38°47'N, 4°51'W) and some Hg’, and cinnabar samples
were from archived collections. The Hg% ;) samples consisted of (1) na-
tive ore Hg® 1), which were collected from wallrock ore, and (2) metal-
lurgical Hg% 1y produced from retorting of Hg ore, which were collected
from archived Hg flasks. Thus, the native ore Hg’, samples were natu-
rally occurring and not that produced from ore retorting of cinnabar.
Calcine samples were collected as grab samples about 10-30 cm
below the surface. Soil samples were collected at the surface from the
A-horizon about 1-5 cm deep, original grain size was <250 pm, and
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Fig. 1. Location of the mines studied.
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consisted dominantly of calcine (~90%), with lesser rock fragments
(~10%), and minor organic matter (~1-2%). All solid samples were
hand ground with a mortar and pestle prior to chemical digestion and
Hg isotopic analysis.

2.2. MC-ICP-MS analysis

Isotopic analysis of Hg was carried out at the U.S. Geological Survey
(USGS) in Denver, Colorado, using a Nu Instruments HR® MC-ICP-MS.
Cinnabar, Hg® 1), calcine, schuetteite, and soil samples for Hg isotopic
analysis were digested using concentrated HNO3 and HCI (9:1) following
a method similar to that previously described (Foucher and Hintelmann,
2006). For samples with high organic matter such as soil, 1 mL of con-
centrated H,0, was added slowly to assist in the digestion of organic ma-
terial. The samples were heated on a hot plate at 80 C for 2-4 h until the
formation of NOy gasses ceased and then the samples were diluted with
18 MQ MilliQ water.

The Hg isotopic compositions were determined by a cold vapor (CV)
generation method using a CETAC HGX-200 unit attached to the MC-
ICP-MS. Argon carrier gas was introduced into the CV generation system
at a flow rate of 55-65 mL/min and a 3% w/v solution of SnCl, was used
as the reductant (Foucher and Hintelmann, 2006). The acidified Hg-
bearing solution was introduced at a flow rate of about 1.0 mL/min.
Instrumental mass bias was monitored and corrected using the ex-
ponential law with the SRM NIST 997 Tl isotope standard solution
with a 29°T1/2%3Tl value of 2.3871 (Foucher and Hintelmann, 2006).
The NIST 997 Tl solution was introduced to the Hg® sample flow for
every sample just after the glass liquid separator via a desolvating
nebulizer (Nu DSN 100). An Ar makeup gas flow of approximately
80 mL/min was added prior to introduction into the plasma. The isoto-
pic compositions of Hg were acquired using a single block of 30 cycles
with a 10 second integration per cycle for a total data acquisition time
of 5 min per sample. The sensitivity of the MC-ICP-MS for 2°?Hg was
400-500 mV/pg/L and data were collected using Hg solution concentra-
tions for samples and standards of approximately 2-3 pg/L. The SRM
NIST 3133 Hg standard was measured after every third unknown sam-
ple using a previously published method (Foucher and Hintelmann,
2006). The isotopes 2**Hg, 2°'Hg, 2°°Hg, '9*Hg, and '*®*Hg were mea-
sured simultaneously and Hg isotopic compositions are reported in
standard delta notation as 8*Hg in %. relative to the NIST 3133 standard
(Blum and Bergquist, 2007). Mass bias-corrected values of 6*Hg were
used and calculated as shown, where x = 199, 200, 201, or 202:

oy Xp7c /198 X1y /198 _
0'Hg = 1000 (R He/'He) | /("He/Hg) 3133} 1)

The mean and 20 reproducibility for the UM-Almadén secondary
reference material was — 0.54%. + 0.10%. (n = 26) for 5°°?Hg and
—0.02 + 0.11%. for A'®°Hg (Table 1). All data were assessed for
mass independent fractionation (MIF) by calculating A'°Hg,
A?°°Hg, and A%°'Hg (Blum and Bergquist, 2007).

Triplicate analysis was carried out on three samples, which yielded
20 uncertainties of 0.08 to 0.11%. for §?°*Hg and 0.01 to 0.12%. for
A'%Hg (Table 1). These uncertainties are similar to those reported for
MC-ICP-MS analysis where 20 uncertainties for 6?°?Hg range from
about 0.1 to 0.3%. (Bergquist and Blum, 2009; Estrade et al., 2009a;
Sonke et al., 2010). The 20 uncertainties for 5°°?Hg, as well as for the 20
uncertainties for the other Hg isotopic measurements, were considerably
smaller than the range of data observed in this study.

2.3. Retort experiments

Roasting of cinnabar was carried out using a bench top retort in a
controlled laboratory setting (Fig. 2). The objective of these experi-
ments was to evaluate Hg isotopic fractionation of roasted Almadén
cinnabar ore and the products generated calcine, Hg%y), and Hg% .
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Table 1
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Hg isotopic data for samples collected in this study.

Sample

Description

5%0%Hg (%) 6°°'Hg (%) 8°%Hg (%) 6'°Hg (%) A%°'Hg (%) A °Hg (%) A'®Hg (%)

Almaden mine, cinnabar
MA-1
MA-2
MA-3
MA-4
MA-5
MA-6
MA-7

Other Almaden locations, cinnabar
EE-1 (El Entredicho)

EE-2 (El Entredicho)

EE-3 (El Entredicho)

NE-1 (Nuevo Entredicho)

NE-2 (Nuevo Entredicho)

LC-1 (Las Cuevas)

LC-2 (Las Cuevas)

LC-3 (Las Cuevas)

NC-1 (Nueva Concepcion)
NC-2 (Nueva Concepcion)

Other Spanish districts
Usagre (Ossa Morena)

Elemental Hg® (L)

Hg-1 (El Entredicho)

Hg-2 (Almaden)

Hg-3 (blended-various locations) Native
Hg®(, ore

Hg-4 (Las Cuevas)

Hg-5 (Almaden from Hg flask)

Hg-6 (Chlor-alkali plant, Italy)

Schuetteite

MeA-1 (Almaden)
MeA-2 (Almaden)
AH-2 (Almadenejos)
AH-3 (Almadenejos)
SQ-1 (El Entredicho)
SEE-1 (El Entredicho)
Sch-Syn (El Entredicho)

Soil
AJ-703 (Almadenejos)
AJ-704 (Almadenejos)

Calcines
ES-51
ES-52
ES-53
ES-54
ES-55
ES-56
ES-57
ES-58

Triplicates
MA-5

20

NC-1(n = 3)
20

SEE-1 (n = 3)
20

Almaden secondary standard
average (n = 26)
20

Cinnabar in quartzite
Cinnabar in quartzite
Cinnabar in quartzite
Cinnabar in quartzite
Cinnabar in quartzite
Cinnabar in breccia

Vein cinnabar with goethite

Cinnabar in quartzite
Cinnabar in quartzite
Cinnabar in pyrite
Cinnabar in breccia
Cinnabar in breccia

Vein cinnabar in breccia
Cinnabar in breccia
Cinnabar veins in quartzite,
minor Hg ()

Cinnabar in breccia
Cinnabar + pyrite + Hg°(L) in breccia

Cinnabar in limestone

Cinnabar + schuetteite + <1% Hg°(L)
Native Hg®(;, ore
Native Hg®(,, ore

Metallurgical Hg® (1, from retorting
Metallurgical Hg®(;, from retorting
Metallurgical Hg®() from retorting

Schuetteite on retort brick
Schuetteite on retort wall
Schuetteite on retort brick
Schuetteite on retort brick
Schuetteite

Schuetteite on rock
Schuetteite on rock

A-horizon soil containing calcine
A-horizon soil containing calcine

Calcine, minor cinnabar + Fe-oxide
Calcine
Calcine
Calcine
Calcine
Calcine, minor cinnabar + Fe-oxide
Calcine, minor cinnabar + Fe-oxide
Calcine

Cinnabar
Cinnabar in breccia

Schuetteite on rock

0.15
—0.56
—047
—0.92
—0.82
—0.58
—-0.73

—0.46
—0.50
—-1.73
—0.23
—0.19
—0.10
—0.90
—0.55

—0.08
—0.06

—137

0.26
—0.84
—1.36

—0.84
—0.67
—0.16

—0.70
—1.40

034
—031

0.64
—0.88
—0.24

0.95
—0.05

—0.03
119
0.24
0.40
045
0.06
0.15
1.01

—0.82
0.08
—0.08
0.11
—0.88
0.09

—0.54
0.10

—0.01 0.10 —0.05 —0.12 0.03 —0.08
—0.50 —0.34 —-0.25 —0.08 —0.06 —0.11
—040 —0.24 —0.16 —0.05 0.00 —0.04
—0.72 —0.55 —0.35 —0.03 —0.09 —0.12
—-0.73 —0.53 —032 —=0.11 —0.13 —0.11
—0.46 —0.30 —0.15 —0.03 —0.01 0.00
—0.56 —033 —0.16 —0.02 0.04 0.03
—0.46 —0.24 —0.20 —0.12 —0.01 —0.08
—-037 —0.24 —0.16 0.01 0.01 —0.04
—1.24 —0.90 —0.44 —0.06 —0.03 —0.01
—0.24 —0.12 —0.18 —0.06 0.00 —0.12
—021 —0.16 —0.17 —0.07 —0.07 —0.12
—0.07 0.00 0.02 0.01 0.05 0.04
—0.65 —043 —0.21 0.02 0.02 0.02
—042 —0.25 —0.12 —0.01 0.02 0.02
—0.14 —0.05 —0.14 —0.08 —0.01 —0.12
—0.03 —0.05 —0.08 0.01 —0.02 —0.06
—091 —0.70 —0.24 0.12 —0.01 0.11
0.04 023 0.05 —0.16 0.10 —0.02
—0.57 —0.36 —0.12 0.06 0.06 0.09
—0.88 —0.66 —0.31 0.15 0.03 0.03
—048 —0.40 —0.25 0.15 0.02 —0.04
—049 —0.34 —0.20 0.01 —0.01 —0.03
—0.15 —0.05 —0.03 —0.03 0.03 0.01
—0.58 —032 —-0.15 —0.05 0.04 0.03
—097 —0.66 —0.29 0.08 0.05 0.07
0.20 0.18 0.01 —0.05 0.01 —0.07
—0.13 —0.10 —0.17 0.10 0.05 —0.09
0.34 0.38 0.08 —0.14 0.06 —0.08
—0.70 —043 —0.26 —0.04 0.01 —0.04
—0.30 —0.21 —0.17 —0.12 —0.09 —0.11
0.59 0.56 0.29 —0.12 0.08 0.05
—0.12 —0.05 —0.11 —0.08 —0.03 —0.10
—0.15 —0.04 —0.12 —0.13 —0.03 —0.11
0.80 0.58 0.18 —0.09 —0.01 —0.12
0.05 0.12 0.05 —0.13 0.00 —0.01
0.27 0.23 0.04 —0.03 0.03 —0.06
0.25 0.23 0.03 —0.09 0.00 —0.08
0.02 0.03 —0.01 —0.02 0.00 —0.02
0.08 0.08 0.03 —0.04 0.01 —0.01
0.76 0.59 0.14 0.00 0.08 —0.12
—-0.73 —0.53 —032 —0.11 —0.13 —0.11
0.09 0.12 0.07 0.09 0.14 0.05
—0.14 —0.05 —0.14 —0.08 —0.01 —0.12
0.06 0.02 0.10 0.04 0.04 0.12
—-0.70 —043 —0.26 —0.04 0.01 —0.04
0.11 0.06 0.03 0.16 0.03 0.01
—042 —0.26 —-0.15 —0.01 0.01 —0.02
0.12 0.10 0.12 0.11 0.08 0.11

About 1-5 g of hand ground cinnabar was placed in the retort chamber
and heated to 600-700 °C using a Meeker burner until Hg%g) was
generated, which was then condensed to Hg% and collected in a water
filled Teflon beaker trap. The Hg’;), was quickly decanted from the
Teflon beaker water trap and stored in a clean glass vial with a Teflon
lined lid. The Hg ) generated prior to the condensation of Hg’y was
collected in acidified water (3% HCl v/v). Shortly after collection (5 to

10 min) the Hg®, solution was analyzed on the MC-ICP-MS. Additional
techniques for collecting Hg’ ) were tested during development of the
retorting experiments including the use of a strong acid with a strong
oxidant in an “impinger” (Rolison et al., 2013). However, when using an
impinger on the retort, the system produced considerable hydrostatic
pressure. This hydrostatic pressure was greater than the Hgo(g) pressure
in the retort, and as a result, minimal Hgo(g) was collected in the impinger.
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Fig. 2. Photo of retort used in laboratory cinnabar roasting experiments.

Previous studies incorporated either an Ar/O, gas flow through a tube
furnace or air samples that were collected using a sampler that purged
Hgo(g) through an impinger (Rolison et al., 2013). It was not possible to
modify the Hg retort to install a gas purging line, and the collection of
Hgo(g) from the retort using an impinger was not consistent. Thus, the
Hg isotopic data reported here for Hg® 4 were those using an HCl trap.
The cinnabar, calcine, and Hg®;y were digested as described previously.
The original cinnabar, calcine, Hg® 1), and Hg®) were all analyzed for
Hg isotopic compositions using MC-ICP-MS.

3. Results and discussion
3.1. Cinnabar

To evaluate Hg isotopic variability in Almadén ore, 7 samples of
cinnabar from Almadén and an additional 10 cinnabar samples from
other mines and deposits within the Almadén district were analyzed
(Table 1, Fig. 3). These Almadén mine cinnabar samples varied in
52?Hg from —0.92 to 0.15%., with a mean of —0.56%. (0 = 0.35%.,
n = 7), which was similar in composition to that found in cinnabar
collected from other deposits in the Almadén district that varied from

—1.73 to —0.06%., with a mean of —0.48%. (0 = 0.51%., n = 10).
One exception was cinnabar collected from the El Entredicho deposit
with a highly negative §2°?Hg of — 1.73%.. This El Entredicho sample
contained abundant pyrite (FeS,) and is mineralogically dissimilar com-
pared to the other Almadén district ore samples, which were dominantly
cinnabar lacking pyrite (Table 1). Another cinnabar sample with a nega-
tive Hg isotopic composition (62°?Hg = — 1.37%.) was collected from
the Ossa Morena district (38°21'24"N, 6°11’8”"W) about 125 km WSW
of Almadén (Garcia-Sanchez et al., 2009). However, cinnabar in this de-
posit is in limestone host rock, which is also dissimilar to host rocks at
Almadén that are dominantly quartzite (Table 1). The negative 5°°°Hg
compositions of these two samples, and their different mineralogical
compositions compared to typical Almadén ore, likely indicates that
ore generated at these two localities was formed by processes different
than that of other Almadén cinnabar, or the source of Hg was different
than that of the remainder of the Almadén district. Almadén is the largest
Hg district in the world with complex geological formations and cinna-
bar deposits found in varying wallrock (host rock) types, which were
formed by varying processes (Hernandez et al., 1999; Higueras et al.,
2003). For example, cinnabar in the Almadén and El Entredicho deposits
are generally found disseminated in quartzite as well as in mineralized
veins that constitute a stratabound-type deposit, whereas at the Las
Cuevas deposit cinnabar is of an epigenetic origin and mostly found as
vein fillings, replacements, and breccias (Higueras et al., 1999). The
wide variation of §?°?Hg in cinnabar throughout the Almadén district
likely relates to various hydrothermal processes that generated cinnabar
in these different settings. However, evaluation of different processes of
cinnabar ore formation using Hg isotopes was not an objective here and
is beyond the scope of this study.

In comparison, the range of Hg isotopic compositions of Almadén
cinnabar was generally similar to that reported in the Wanshan mining
district, China, in which §?°Hg ranged from — 0.92 to — 0.56%. (mean
822Hg = —0.75,n = 13) (Yin et al,, 2013). However, the §°°’Hg com-
positions for various Hg-bearing mineralized rocks and ore deposits in
California and Nevada, USA, varied widely from — 3.88 to 2.10%o, a varia-
tion of 5.98%. (Smith et al., 2005; Smith et al., 2008 ). A somewhat smaller
variation in 82*?Hg of —1.73 to 1.33%, a range of 3.06%., was found in
cinnabar collected from numerous Hg mines and deposits worldwide
(Hintelmann and Lu, 2003; Stetson, 2009). Variations in Hg isotopic com-
positions measured in Hg-bearing mineralized rocks are likely due to
variations in the Hg isotopic compositions of the source (host) rocks
or isotopic Hg fractionation during ore formation, or both. Although
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Fig. 3. Variation of 6°*?Hg in cinnabar, Hg’ ), calcine, soil, and schuetteite in this study.
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previous studies have reported a wide variation in §°°>Hg compositions
for various Hg deposits worldwide (Hintelmann and Lu, 2003; Smith
etal., 2005; Smith et al., 2008; Stetson et al., 2009), the Hg isotopic com-
positions of Almadén cinnabar samples shown here have an isotopically
narrow variation of 8°°?Hg of 1.07%. (Fig. 1). No statistically significant
MIF was found in any of the Almadén cinnabar samples (Fig. 4).

3.2. Mine waste calcine and soil

The §2°?Hg for the calcine samples collected in the Almadén district
show MDF, relative to the original cinnabar ore, as a result of the
retorting process. The 62°?Hg values for Almadén calcine ranged from
—0.03%0 to 1.19%., a variation of 1.22%. (Table 1, Fig. 1). The 6**Hg
for Almadén calcine (mean = 0.43%,, 0 = 0.44%., n = 8) were
isotopically heavier compared to the Almadén district cinnabar
(mean = —0.56%., 0 = 0.35%., n = 7), an enrichment of 0.99%..
Other studies have reported such MDF of Hg isotopes due to retorting
of cinnabar ore (Stetson et al., 2009; Gehrke et al., 2011; Yin et al.,
2013). Stetson et al. (2009) reported MDF of as much as 3.24%. for
829?Hg in calcine compared to cinnabar, whereas MDF more similar to
that reported here was found by Yin et al. (2013), who reported an
enrichment of about 0.80%., and Gehrke et al. (2011), who reported
an increase of 0.43%. for 62°?Hg for calcine versus cinnabar. In addition,
MDF of Hg isotopes was reported during smelting of ZnS ore, where
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Fig. 4. Three isotope plots for cinnabar, Hg’y), calcine, soil, and schuetteite collected in this
study. Theoretical mass dependent fractionation (MDF) line shown for reference. Samples
deviating from the MDF line outside of 20 error indicate mass independent fractionation
(MIF).

§2%2Hg in Zn slag was shown to be about 0.41%. heavier than that in
the original ore (Sonke et al., 2010). Generally, during retorting of
cinnabar ore, Hg? * in cinnabar is reduced to Hg’ ). The calcine formed
during retorting is isotopically enriched in the heavier Hg isotopes rela-
tive to the original cinnabar and the volatilized Hg’ (Stetson et al,,
2009). However, as noted in previous studies, retorting is sometimes
an incomplete process with not all cinnabar converted to Hg® (Gray
et al.,, 2004; Gosar et al., 2006; Stetson et al., 2009). Thus, some of the
original cinnabar survives the retorting process and is present as micro-
scopic grains in calcine or as fine-grained cinnabar encapsulated in
gangue or rock fragments. Calcine samples with 6°°Hg similar that of
cinnabar ore contain significant residual cinnabar that was not complete-
ly altered during retorting (Stetson et al., 2009). The complexity and inef-
ficiency of cinnabar retorting, make it difficult to identify the type of MDF
process involved during retorting. Retorting does not follow a Rayleigh
fractionation process because the original cinnabar ore is heterogeneous
(composed of cinnabar, other Hg minerals as well as rock and gangue
minerals), not homogeneous, as required by a Rayleigh process. In addi-
tion, other by-product Hg compounds are formed during retorting as
well as Hg (g), and the process of cinnabar retorting is not complete or
completely efficient. As noted previously, several other studies have
reported MDF of Hg isotopes during cinnabar ore roasting (Stetson
et al,, 2009; Gehrke et al,, 2011; Yin et al., 2013), producing isotopically
enriched Hg isotopes in calcine relative to the original cinnabar ore.
Other theoretical calculations or experimental studies have reported
that MDF of Hg isotopes is related to processes such as equilibrium or
kinetic effects (Young et al., 2002; Schauble, 2007; Estrade et al., 2009b;
Ghosh et al,, 2013). Because there is not one reactant and one product
during cinnabar ore retorting, it is not possible to evaluate these MDF pro-
cesses based on the Hg isotopic data obtained in this study. However, in
this study, it is clear that MDF of Hg isotopes is related to sublimation of
cinnabar ore during retorting that was carried out at temperatures
>600 °C, similar to that reported in other studies (Stetson et al., 2009;
Gehrke et al., 2011; Yin et al., 2013).

Two soil samples collected from the Almadenejos site were analyzed
(Table 1). Almadenejos was a site of active cinnabar retorting in the
19th century and considerable mine-waste calcine was discarded in
this area and remains today (Gray et al, 2004; Martinez-Coronado
et al,, 2011). These two soil samples were collected from the near sur-
face A-horizon and composed dominantly of calcine with minor organic
matter. The soil samples contained §?°*Hg that varied from — 0.05 to
0.93%,, similar to the range of 52°?Hg observed for the Almadén calcine
samples (Fig. 3). Also similar to the results for the calcine, these soil
samples indicate MDF as a result of cinnabar retorting. No statistically
significant MIF was found in any of the calcine or soil samples analyzed
in this study (Fig. 2).

3.3. Elemental Hg

Six Hg%:, samples were collected from various locations and
consisted of three samples of native ore HgO(L)' and three metallurgical
HgP 1y samples produced from retorting of Hg ore (Table 1, Fig. 3). The
8202Hg for three Hg® ;) samples from the Almadén district (Hg-2, native
ore, and Hg-4 and Hg-5, metallurgical Hg®(;)) varied within a narrow
range —0.84 to —0.67%. (mean = —0.78%., 0 = 0.10%.). All three of
the Almadén district HgO(L) samples were similar in isotopic composi-
tion to Almadén district cinnabar samples with the lowest §?%Hg
(Table 1, MA4, MAS5, and MA7, —0.72 to —0.92%.). The 5°°°Hg mean
of the three Almadén district Hg® ) samples (—0.78%.) was not statis-
tically different compared to the 6°°Hg mean of the Almadén cinnabar
samples (—0.56%., 0 = 0.35%., n = 7) and these data analytically
overlap. However, there were only three samples of Almadén district
HgO(L) available for Hg isotopic analysis, and in addition, the original
cinnabar, which was retorted and produced such Hg% 1, is not known
with certainty. Thus, it is difficult to evaluate any Hg isotopic fraction-
ation of Hg® (., based on these few samples.
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Table 2
Hg isotopic data for samples obtained during cinnabar retorting in this study.

Sample 522Hg (%) 520 Hg (%o) 52°°Hg (%o) 5'9Hg (%) A Hg (%) AHg (%) A'Hg (%)
Almaden cinnabar-8 —0.24 —0.28 —0.12 —0.10 —0.10 0.00 —0.04
8-Hg"(L) 0.18 0.05 0.08 0.00 —0.08 —0.01 —0.05
8-calcine 1.50 0.98 0.72 022 —0.15 —0.03 —0.16
8-Hg'(g) —1.40 —1.01 —0.71 —032 0.04 0.00 0.04
Almaden cinnabar-9 —043 —0.16 —0.09 —0.08 0.16 0.12 0.03
9-Hg"(L) 0.04 —0.03 0.12 0.08 —0.06 0.10 0.07
9-calcine 147 0.98 0.70 030 —0.12 —0.04 —0.07
9-Hg"(g) —1.33 —1.04 —0.81 —049 —0.04 —0.14 —0.15
Almaden cinnabar-12 —0.41 —035 —0.20 —0.09 —0.04 0.01 0.01
12-Hg"(L) 0.26 0.08 0.11 —0.02 —0.12 —0.02 —0.09
12-calcine 0.70 0.44 044 0.28 —0.09 0.09 0.10
12-Hg(g) —0.71 —0.44 —021 —0.04 0.09 0.15 0.14

Two Hg’y samples were enriched in heavier Hg isotopes compared
that of Almadén Hg®;) including (1) sample Hg-6,which was metallurgi-
cal Hg% ) collected from a chlor-alkali plant in Italy (§°“?Hg = —0.16%.),
and (2) Hg-1 (6°°?Hg = 0.26%.), which contained mostly cinnabar and
schuetteite, with only minor native ore Hg% (Table 1, Fig. 3). A native
ore Hg® ;) sample (Hg-3, Table 1) was found to be the isotopically lightest
of the Hg® samples (§°?Hg = — 1.36%.), which was a blend of native
ore Hg®) from the Almadén, El Entredicho, and Las Cuevas mines.
Sample Hg-3 was likely isotopically lighter in Hg isotopes because
cinnabar from El Entredicho was found to have the lightest §2°?Hg
in this study (Table 1, Fig. 3, —1.73%.). Previous studies have indicated
that retorting of cinnabar produces Hg’ that is isotopically lighter in
Hg isotopes as a result of MDF (Stetson et al., 2009; Yin et al.,, 2013).
However, in this study, it was not possible to evaluate MDF in the
HgO(L) analyzed here because the Hg isotopic composition of the original
ore(s) that produced the metallurgic Hg® ; is unknown. In this study, Hg
isotopic MDF during cinnabar retorting was evaluated in the laboratory
retorting experiments as discussed in Section 3.5. The Hg® 1y samples in
this study did not show any statistically significant MIF (Table 1,
Fig. 4A-C).

3.4. Schuetteite

The °%Hg values for Almadén district schuetteite samples varied
widely from — 1.40%. to 0.64%., a variation of 2.04%. (Table 1, Fig. 3).
The 62°?Hg values measured for schuetteite were similar to, but more
variable than, the range of composition found for Almadén district
cinnabar in this study (Fig. 3). Schuetteite in the Almadén district is
found only locally in calcine at El Entredicho, and in some instances,
inside retort facilities at Almadén and Almadenejos on old retort bricks
or on walls within areas where Hg ;) has been stored. Schuetteite con-
stitutes << 1% of the total Hg in calcine. Because schuetteite was collected
from retort bricks and walls, it was presumed that such schuetteite likely
formed due to precipitation or oxidation of Hg® 4 in or around such
facilities. However, due to the wide range of 6*°?Hg values for
schuetteite, it is difficult to relate the formation of this compound to a
specific source or formation process. Similar to the other samples in
this study, schuetteite did not show any statistically significant MIF
(Table 1, Fig. 4A-C).

3.5. Cinnabar retorting laboratory experiments

Several cinnabar retorting experiments were carried out using a
small, portable retort (Fig. 2) in a controlled laboratory setting. In
these experiments, the original cinnabar ore, and the generated calcine,
Hg®(, and Hg® ) were collected and measured for Hg isotopic composi-
tions to evaluate isotopic fractionation directly related to cinnabar ore
retorting. Three separate aliquots of hand ground Almadén cinnabar
were retorted in these experiments with §°?Hg that varied from — 0.43
to —0.24% (mean of —0.36%., 0 = 0.10%.) (Table 2). The 6°Hg for

calcine generated during these experiments varied from 0.70 to 1.50%
(mean of 1.22%., 0 = 0.45%., n = 3) and was similar to, but heavier
than, the §?°?Hg (—0.03 to 1.19%., mean = 0.43%o, 0 = 0.44%., n = 7)
for calcine collected from Almadén (Table 1). The retort generated cal-
cines were enriched in the heavier Hg isotopes compared to cinnabar
ore indicating MDF (Fig. 5). The §***Hg for Hg%, ranged from 0.04 to
0.26%. (mean of 0.16%., 0 = 0.11%., n = 3) which was isotopically
heavy relative to cinnabar ore. This result was unexpected as the 5°°>Hg
for the three previously mentioned Almadén Hg®;, samples were
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Fig. 5. Three isotope plots for cinnabar, HgO(L), and calcine samples from the retorting
experiments. Theoretical mass dependent fractionation (MDF) line shown for reference.
Samples deviating from the MDF line outside of 20 error indicate mass independent frac-
tionation (MIF).
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isotopically lighter than the mean §2°?Hg of Almadén cinnabar (Table 1,
Fig. 3). During retorting experiments, the generation of Hg®, was slow
and varied considerably in the time it took to condense, generally several
minutes after exceeding the temperature of the sublimation point of
cinnabar (584 °C). It is possible that the HgO(L) initially condensed during
retorting collected in the upper arm of the retort chamber (Fig. 2) and
continued to isotopically fractionate as isotopically lighter Hg ) was pro-
duced, eventually forming Hg’, that was isotopically heavier than the
original cinnabar ore. The collection of Hg%g was difficult in this
system. It is possible that some Hgo(g) escaped during the retorting
experiments and did not condense to Hg® .y, Multiple techniques were
attempted to capture the generated Hgo(g,, however, allowing the gen-
erated Hgo(g) to bubble up through an acidic water trap was found to
be the best technique (as discussed in Section 2.3). Analysis of the
acidic water trap containing the Hg’ resulted in a §?°*Hg variation
from —1.40 to —0.71% (mean of —1.15%, 0 = 0.38%, n = 3)
(Table 2). The generated Hg® ) was considerably lighter in Hg isotopes
relative to the original cinnabar ore. These results are preliminary as
additional experiments are required to determine a comprehensive
method for the recovery of Hg’ 4y generated in retorting experiments.
However, mass balance was evaluated during these retorting experi-
ments using the following equation:

202 202 202
(Ficaeine * 8 Heaane) ) + (Forgey * 5 Heiga ) + (Foige * " e
202
=6""Hg(ope)

where: f () is the weight fraction of the cinnabar ore reactant
or products, e.g., calcine, Hg® 1), and Hg®g). These calculations indi-
cated that the retorting experiments produced a &*°2Hg (ore)
(mean = —0.31%. 4 0.11%.) that was within analytical error of the
original cinnabar ore §?°2Hg (ore) (—mean = —0.36%. + 0.11%.).

The negative 5?°*Hg (— 1.40 to — 0.70%,) for Hg’ 4 collected during
the retort experiments (Table 2, Fig. 5) were within the range of those
previously reported in soil, peat, moss, and lichen (5***Hg ~ —3.0 to
0.0%.), which have been interpreted to represent atmospheric Hg isotopic
compositions (Biswas et al., 2008; Ghosh et al., 2008; Bergquist and Blum,
2009; Carignan et al., 2009; Sherman et al., 2010; Sonke et al., 2010; Das
et al., 2013; Rolison et al., 2013). In addition, the negative 5**>Hg shown
here for retorting derived Hg’ ) were also similar to that reported for at-
mospheric Hg%,) (6*°**Hg = —1.73%) and Hg condensates emitted
from volcanic fumaroles (6°?Hg = —1.09 to —0.15%.) (Zambardi
et al,, 2009) as well as 5?°?Hg (—0.39 to —0.14%.) reported in flue gas
emissions from coal-fired power plants (Sun et al,, 2013). Retorting of
cinnabar ore clearly emits Hgo(g) to the atmosphere. Furthermore, as
the isotopic Hg data determined here for Hgo(g) are similar to that previ-
ously reported for atmospheric Hg, it is likely that Hg emissions from
cinnabar retorting from large deposits such as Almadén have contributed
Hg®) to the overall global budget of atmospheric Hg. Although concen-
trations of Hg in Hg’) emissions from mines are locally elevated, some
studies have suggested that Hg emissions from mined areas are a signifi-
cant, but a smaller source of Hg to the atmosphere compared to larger Hg
emissions such as burning of fossil fuels, evaporation from oceans, and
other land sources (Mason et al., 1994; Porcella, 1994; Ferrara et al.,,
1998; Fitzgerald et al.,, 1998; Lamborg et al,, 2002; Higueras et al., 2013;
Kocman et al., 2013). For example, Ferrara et al. (1998) used atmospheric
measurements of Hg from several point sources in the Almadén area to
estimate that the total Hg flux from the Almadén district represented
about 0.1% of the global anthropogenic emission rate. In addition, other
studies have suggested that Hg emissions from all mined areas con-
tributes about 1-2% of the total atmospheric global Hg budget
(Hudson et al., 1995; Kocman et al., 2013).

In this study, Hg isotopic MDF without MIF was found in Hgo(g) and
Hg® 1), whereas various studies have reported Hg isotopic MIF in samples
representative of atmospheric Hg deposition (Bergquist and Blum, 2009;
Carignan et al., 2009; Sherman et al.,, 2010; Sonke et al., 2010; Das et al.,

2013). As mentioned previously, the negative 52°’Hg reported here for
Hg® ) generated during the retorting experiments is similar to the neg-
ative 5*°Hg reported for atmospheric Hgg), but MIF was not found in
the retort derived Hg 4. Two possible explanations for the lack of MIF
in Hgo(g) generated during industrial cinnabar retorting are 1) when
such Hg’) enters the atmosphere, the photochemical cycle further
fractionates Hg, resulting in MIF, and 2) industrial derived Hg’ is a
minor, insignificant contribution of Hg to the overall global budget of
atmospheric Hg.

4. Conclusions

Samples of Almadén cinnabar varied in §°**Hg from — 0.92 t0 0.15%o
(mean = —0.56%., 0 = 0.35%., n = 7), whereas 52°?Hg values for
Almadén calcine ranged from —0.03%. to 1.19%., (mean = 0.43%.,
0 = 0.44%., n = 8). Thus, these 6*°Hg data show an average en-
richment of 0.99%. between cinnabar and calcine, indicating Hg iso-
topic MDF during cinnabar ore retorting at Almadén. Samples of
Almadén district Hg®, were similar in composition to Almadén
cinnabar samples with the lowest §°°°Hg (—0.92%.), but the §***Hg
mean of the three Almadén Hg’y samples (—0.78%,, ¢ = 0.10%)
was analytically indistinguishable from the 62°?Hg for Almadén cinnabar
samples (—0.56%., 0 = 0.35%0, n = 7). Schuetteite is common in the
Almadén district and its formation has been presumed to be due to pre-
cipitation or oxidation of Hg ¢ because it is common in or around facil-
ities where Hg) has been stored. However, the §*°Hg values for the
schuetteite samples varied from —1.40 to 0.64%., a variation of 2.04%o,
thus, it was not possible to relate formation schuetteite to a specific
source using Hg isotopic compositions.

Data shown here are the first reported for laboratory roasting of
cinnabar ore using a small, experimental retort to investigate Hg isoto-
pic fractionation during retorting. The Hg isotopic data confirmed MDF
as the 62%?Hg for calcines (mean = 1.22%., 0 = 0.45%, n = 3) formed
during the experiments was found to be considerably heavier in 6*°?Hg
compared to that of the original cinnabar ore (mean = — 0.36%., 0 =
0.10%., n = 3). Conversely, the §°°°Hg for Hg® ) generated during the
retorting experiments ranged from 0.04 to 0.26%. (mean = 0.16%.,
o = 0.11%., n = 3), which was isotopically enriched in heavy Hg iso-
topes relative to the original cinnabar ore. The §?%?Hg for Hg’ ) gener-
ated during retorting varied from — 1.40 to —0.71%. (mean — 1.15%o,
o = 0.38%., n = 3) was found to be isotopically lighter compared to
the retorted cinnabar ore. In effect, when cinnabar ore is roasted, the
resultant calcines formed are isotopically heavier, whereas the Hg® 4
generated is considerably isotopically lighter in Hg isotopes. Using a
simple mass balance calculation, the retorting experiments produced a
8%°2Hg (ore) (mean = —0.31%. +0.11%.) that was within analytical
error of the of the original cinnabar ore §*°2Hg (oey (mean = —0.36%o
+0.11%). The Hg isotope data determined here for Hg® ) were similar
to that previously reported for atmospheric Hg worldwide.
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