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ABSTRACT

Mikecoxite, ideally (CHg,)OCl,, is the first mercury-oxide-chloride-carbide containing a C* anion coor-
dinated by four Hg atoms (a permercurated methane derivative) to be described as a mineral species. It was
found at the McDermitt open-pit mine on the eastern margin of the McDermitt Caldera, Humboldt County,
Nevada, U.S.A. It is monoclinic, space group P2,/n, Z = 4; a = 10.164(5), b = 10.490(4), ¢ = 6.547(3) A, V
698.0(5) A3, Chemical analysis by electron microprobe gave Hg 86.38, Cl 11.58, Br 0.46, C 1.81, sum = 100.23
wt%, and O was detected but the signal was too weak for quantitative chemical analysis. The empirical formula,
calculated on the basis of Hg + Cl + Br = 6 apfu, is (C;.10HJ3.30) (Cly5:Bro0s)52.62, @nd the ideal formula based on
the chemical analysis and the crystal structure is (CHg,)OCI,. The seven strongest lines in the X-ray powder
diffraction pattern are [d (A), I, (hkI)]: 2.884, 100, (230); 2.989, 81, (301, 301, 112, 112, 131, 131); 2.673, 79,
(122, 122, 212, 212); 1.7443, 40, (060, 432, 432); 5.49, 34, (101, 101); 4.65, 32, (120); 2.300, 30, (312, 312).
The Raman spectrum shows three bands at 638, 675, and 704 cm*, well above the range characteristic of NHg,
stretching vibrations between 540 and 580 cm™, that are assigned to CHg, stretching vibrations. Mikecoxite
forms intergrowths of bladed crystals up to 100 um long that occur on granular quartz or in vugs associated with
kleinite. It is black with a submetallic to metallic luster and strong specular reflections and does not fluoresce
under short- or long-wave ultraviolet light. Neither cleavage nor parting were observed, and the calculated
density is 8.58 g/cm?. In the crystal structure of mikecoxite, (C*Hg3*) groups link through O ions to form
three-membered rings that polymerize into corrugated [CHg,OCI]* layers with near-linear C*—Hg*-O and
C*—Hg?-Cl linkages. The layers link in the third direction directly via weak Hg?*~0? and Hg?*—CI- bonds to
adjacent layers and also indirectly via interlayer Cl-. A bond-valence parameter has been derived for (Hg?—C*)
bonds: R, = 2.073 A, b =0.37, which gives bond-valence sums at the C* ions in accord with the valence-sum
rule. The source of carbon for mikecoxite in the volcanic high-desert environment of the type locality seems
to be methane, with the reaction catalyzed by microbiota through full mercuration of carbon atoms, beyond
the first stage that produces the volatile and highly mobile methylmercury, [CH;Hg]", a potent neurotoxin that
accumulates in marine food chains. Both the mineral and the mineral name have been approved by the Commis-
sion on New Minerals, Nomenclature and Classification of the International Mineralogical Association (IMA
2021-060). The mineral is named after Michael F. Cox (b. 1958), a founding member of the New Almaden
Quicksilver County Park Association (NAQCPA) who was responsible for characterizing and remediating
environmental mercury on-site and who recovered the rock containing the new mineral.

Keywords: Mikecoxite, new mineral, mercury-oxide-chloride-carbide, crystal-structure refinement, Raman
spectrum, electron-microprobe analysis, McDermitt open-pit mine, Humboldt County, Nevada, U.S.A.

INTRODUCTION

As part of our continuing interest in Hg-bearing minerals
(Hawthorne et al. 1994; Cooper and Hawthorne 2003, 2009;
Cooper et al. 2013, 2016, 2019; Roberts et al. 2001, 2002,
2003a, 2003b, 2004, 2005), here we report on a new mercury-
oxide-chloride-carbide mineral from the McDermitt mine. The
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new mineral is named after Michael F. Cox (b. 1958) of Soquel,
California, who recovered the rock containing the new mineral.
Michael Cox has had a life-long interest in Hg minerals. Most
notably, he was a founding member of the New Almaden Quick-
silver County Park Association (NAQCPA), was responsible for
characterizing and remediating environmental mercury on-site,
and contributed substantially to the creation of a world-class mer-
cury-mining interpretive center in New Almaden, California. He
also contributed substantially to the late Gail Dunning’s search
for interesting new mercury minerals (Dunning et al. 2019).
One holotype specimen (rock piece, single-crystal mount,
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polished mount used for C analysis) and one co-type specimen
(used for the Raman and PXRD studies) are deposited in the col-
lections of the Natural History Museum of Los Angeles County,
Los Angeles, California, U.S.A., catalog numbers 76196 and
76197, respectively.

OCCURRENCE

Mikecoxite was found in a single rock sample from the central
floor region of the McDermitt open-pit mine, situated along the
eastern margin of the McDermitt Caldera, Humboldt County,
Nevada, U.S.A. (41°55'11.5""N 117°48'45.8""W). The McDermitt
Caldera is a Miocene volcanic structure (16.6-15.7 Ma) along the
SW-NE trend of Yellowstone-type volcanogenic-hydrothermal
features associated with the movement of the continental plate
over the Yellowstone hot spot. Further details of the geologic
setting and of the McDermitt mine history are given in Dunning
etal. (2019) and references therein. The McDermitt mine was the
single largest North American mercury producer in the 1980s,
extracting mercury ore from a ~670 x 760 m open pit. The pri-
mary mercury minerals are cinnabar and corderoite in argillized
Miocene tuffaceous lacustrine sediments overlying a paleo lake
bed of silicified volcaniclastic breccia. The identification of the
new mercury-sulfide-chloride mineral corderoite as a supplemen-
tary ore mineral was noted by Foord et al. (1974). Mining ceased
in 1990 at the McDermitt mine. Mikecoxite was discovered in
a loose cobble from a central location of the pit floor (Area 2;
Dunning et al. 2019), and recovered during a mineral-collecting
trip in 2015. Area 2 consists of exposed silicified and brecciated
volcanic tuffs, with remnants of a capping fluvial tuffaceous
horizon that is also silicified. The mikecoxite-bearing cobble
seems consistent with it originating from the latter horizon. The
overlying lacustrine sediments have been removed. Abundant
kleinite and terlinguacreekite occur with lesser calomel and
eglestonite, coating fractures, and in quartz-lined cavities within
these silicified units in Area 2. Mikecoxite was discovered in a
single vug together with terlinguacreekite and kleinite, all crys-
tallized on a quartz lining. A localized monoclinal structure is
proposed for Area 2 with the lower silicified tuff (containing the
kleinite-terlinguacreekite-mikecoxite assemblage) overlain by a
bleached crumbly clay-rich tuff. Graded iron-stained horizons
are also evident in Area 2. This distinction between an upper
altered clay-rich horizon and lower silicified zone signifies an
interface between differing fluid environments, with the mono-
clinal structure likely acting as a local trap.

The current-day Yellowstone Caldera is characterized by a
more active margin containing a complex gas assemblage that
includes H,S, CH,, and NH; (Sheppard et al. 1992). Asimilar mix
of volatiles is consistent with the mercury nitride-carbide occur-
rence at the McDermitt mine, located along the eastern margin of
the McDermitt Caldera. Methane and ammonia trapped locally
together with mercury and chlorine complexes may have led to
formation of the mercury nitrides (kleinite, terlinguacreekite) and
mercury-oxide-chloride-carbide (mikecoxite) via progressive
substitution of Hg?* complexes for hydrogen in precursor NH;
(or NH;) and CH,. A microbial presence may have promoted
electrophilic attack of the N-H and C-H bonds, such that H
was displaced by Hg-anion complexes, leading to (NHg,)** and
(CHg,)** groups in the mercury minerals discovered. The sulfur

and halogen content of circulating vapors and fluids is known
to affect chemical speciation of Hg?*, and increased anaerobic
microbial activity is thought to enhance methylation of Hg, i.e.,
conversion of CH, to (CH;Hg)*; in addition, available Fe?* may
have scavenged S?-and formed iron sulfides (e.g., pyrite), allow-
ing higher activity of Hg?* complexes in solution and increasing
bioavailability of Hg?* for methylation (Bravo and Cosio 2020).
The synthetic polymer Hofmann’s Base, (CHg,)O(H,O)(OH),,
similar to mikecoxite in chemical composition and probably in
structure (see below), is formed abiotically by reaction of HgO
with ethanol under alkaline conditions. However, as no obvious
organic matter that would contain alcohol groups is seen in close
association with mikecoxite, CH, is presumed to be the source
of the C. This, or microbial metabolites of it, may have reacted
with hydroxyl- and chloro-mercury complexes, in the presence
of a microbial catalyst, to form this unusual mineral.

PHYSICAL PROPERTIES

Black-bladed crystals of mikecoxite (Fig. 1a) form concentra-
tions on granular quartz and also occur in vugs associated with
pale-orange vitreous kleinite (Fig. 1b) and terlinguacreekite.
Individual crystals are up to 0.1 mm long, are opaque, and have
submetallic to metallic luster and strong specular reflections, and
neither cleavage nor parting were observed. Hardness was not
determined, but the crystals were soft when manipulated with
a needle. Mikecoxite does not fluoresce under short- or long-
wave ultraviolet light. Crystals are not suitable for reflectance
measurements due to strong internal reflections. The calculated
density is 8.58 g/cm? using the ideal chemical formula and the cell
dimensions derived from single-crystal X-ray diffraction. The
a:b:cratio calculated from the single-crystal unit-cell parameters
i5 0.9689:1:0.6241.

RAMAN SPECTROSCOPY

Raman spectroscopy was done on a Horiba XploRAPLUS us-
ing a 785 nm diode laser, a 200 um slit, a 1800 gr/mm diffraction
grating, and a 100x (0.9 NA) objective. Spectra recorded from
crystals in varying orientations show significant variation in band
intensities. Figure 2 shows two spectra, one recorded with the
laser approximately perpendicular to a flat lustrous face, probably
(010), and one with the laser approximately perpendicular to an
irregular stepped face, probably (100). Only the 800 to 60 cm™
range is shown because the spectra are featureless from 2000
to 800 cm. Tentative band assignments based on Mink et al.
(1983) and Cooper et al. (2013) are shown. The spectrum shows
three bands at 638, 675, and 704 cm™, well above the range
characteristic of NHg, stretching vibrations that occur between
540 and 580 cm™ (Cooper et al. 2013, 2019). As Hg?*—~C* bonds
are significantly stronger than Hg#*~N?*- bonds (bond strengths
of 1.00 vs. 0.75 v.u.), CHg, stretching vibrations should occur at
wavenumbers significantly higher than those for NHg, groups,
supporting the assignment of the bands at 638, 675, and 704 cm™*
as CHg, stretching vibrations.

CHEMICAL COMPOSITION

Electron-microprobe analysis (18 points) was done at the
Natural History Museum (London) using a Cameca SX100
electron microprobe in WDS mode for the elements Hg, Cl, Br
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FiGuURE 1. (a) Reflective silvery black interpenetrating mikecoxite laminae on quartz. (b) Dispersed elongated blades of mikecoxite on and in
pale-orange kleinite and on quartz. Scale bar = 50 um. (Photo: Michael Cox, Keyence VHX-970, VHZ-100T lens).

FiGuURE 2. Raman spectrum of mikecoxite.

(F, S, and I were below detection). Analytical conditions were
10 kV accelerating voltage, 4 nA beam current, and 1 um beam
diameter. Preliminary WDS scans at Caltech using an LDE2
crystal indicated the presence of C and absence of N, and analysis
for C (3 points) was done at Caltech on a JEOL 8200 electron
microprobe in WDS mode. The presence of O is also indicated by
a very weak peak in wavelength scans in the electron microprobe
using LDE1 and LDE2 crystals (Fig. 3) but the peak intensity is
too weak for quantification. Analytical conditions were 10 kV ac-
celerating voltage, 10 nA beam current, and 5 um beam diameter.
No suitable mercury-carbide standard was available; chemical
grade Hg-acetate was used as it provides a quantitative source of
C within a Hg matrix. A 1 nm thick Ir coating was applied to the
surface of the sample and Hg-acetate standard prior to analysis
for C. Mikecoxite was very sensitive to the electron beam during
both sessions, and we attribute the poor quality of the chemical
data to a combination of sample/standard instability and general
mismatching of sample and standard with respect to the differing
bonding environments of C. We regard the experimental compo-
sitional data as independently supporting the proposed formula
and the chemical formula calculated from the high-quality, fully
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FiGure 3. Electron-microprobe wavelength scans for C and O in
mikecoxite using LDE1 and LDE2 crystals.

ordered structure-refinement; thus, the simplified formula given
here is derived from the structure formula. Analytical data are
given in Table 1. The empirical formula calculated on the basis
of Hg + Cl + Br = 6 is (C1.19H03.0)(Cl,.5:Br 05)52.62- The structure
formula based on the crystal-structure refinement is (CHgy)
O(Cly.456Bro0s2)s2- The simplified formula is (CHg,)O(CI,Br),
and the ideal formula is (CHg,)OCl,, which requires C 1.33, Hg
89.02, 0 1.78, Cl 7.87, total 100 wt%.

X-RAY POWDER DIFFRACTION

Powder X-ray diffraction (PXRD) data were collected using
a Rigaku R-Axis Rapid II curved-imaging-plate microdiffrac-
tometer with monochromatized MoKa radiation. A Gandolfi-like
motion on the ¢ and ® axes was used to randomize the sample.
Observed d values and intensities were derived by profile fit-
ting using JADE Pro software (Materials Data, Inc.). Data are
given in Table 2. Note that the relative weakness of the PXRD
and the high background did not allow refinement of the cell
parameters by whole-pattern fitting; however, whole-pattern
fitting using the single-crystal cell provided an almost perfect
fit to the observed data.

SINGLE-CRYSTAL X-RAY DATA COLLECTION

Crystals of mikecoxite occur as interpenetration twins
(two-fold rotation about the c-axis). A suspected twin aggregate
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was trimmed down in size and a small fragment mounted on a
MiTeGen polymer tip. The crystal was mounted on a Bruker
DS three-circle diffractometer equipped with a rotating-anode
generator (MoKa radiation), multilayer optics and an APEX-II
detector. Although the crystal was later discovered during
structure refinement to be a near-merohedral twin, its uniform
diffraction spots did not exhibit any evidence of the presence
of more than one crystal. Using 30 s frames with a 0.3° frame
width, a highly redundant data set (>11x redundancy) was
collected with a total of 23355 integrated reflections. Signifi-
cant data oversampling allowed robust empirical modeling of
X-ray absorption for this extreme absorber (u = 88.59 mm™).
The unit-cell dimensions were obtained by least-squares refine-
ment of 4073 reflections with I, > 10cl. Empirical absorption
corrections (SADABS; Sheldrick 2008) were applied and
equivalent reflections were merged. Pertinent details are listed
in Table 3.

TaBLE 1. Chemical analytical data (wt%) for mikecoxite

Mean Min. Max. S.D. Probe standard  [SREF]?
Hg 86.38 79.70 91.60 3.58 HgTe 88.84
cl 11.58 9.60 15.20 1.79 Nacl 7.69
Br 0.46 0.23 0.66 0.14 KBr 0.37
o® 1.77
C 1.81 1.58 1.95 0.20 Hg-acetate 133

Total 100.23

2Values are based on crystal Structure REFinement (SREF).
® The peak of the OKa line (Fig. 3) is too weak to quantify the amount of O in
the E.M.P. analysis.
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CRYSTAL-STRUCTURE SOLUTION AND REFINEMENT

Initially, the single-crystal diffraction data seemed to conform
with an approximately orthogonal unit-cell with a = 10.49, b =
6.55, ¢ = 10.16 A, and general extinction conditions indicated
space group Pnma. The structure was solved by direct methods
in Pnma and refined to an R, index of 2.7%. Although the refined
structure model seemed quite reasonable, several reflections
violated the extinction conditions for space group Pnma: (hkO) re-
flections with / # 2n and k = 2n were observed in the range 10-30
F, > oF. Additionally, the anisotropic-displacement behavior of
the C atom was less than ideal. These observed reflections are
inconsistent with the presence of an a-glide plane perpendicular
to the c-axis (10.16 A). To further investigate these violating
reflections, simulated precession slices were generated from the
raw data frames. The suspect reflections were clearly present on
the hkO slice and also appeared consistent with mm Laue sym-
metry within the slice. The conditions for all observed reflections
are: (Okl): k + I = 2n; (h00): h = 2n; (0k0): k = 2n; (00I): I = 2n,
which are collectively inconsistent with all orthorhombic space
groups. For the current cell choice, the diffraction symmetry
seemed consistent with monoclinic symmetry, a-axis unique,
(P2,/n11). The diffraction data were then carefully inspected for
subtle signs of underlying monoclinic symmetry; i.e., possible
metric deviation of the refined unit-cell angles from 90°, and
possible Laue symmetry lower than mmm. The unconstrained
unit-cell parameters refined to a = 10.490(4), b = 6.547(3), ¢ =
10.164(5) A, ¢=90.037(10), B=90.000(18), y = 89.985(9)°. The
o angle shows the largest deviation from 90°. The Laue merging
(Rmerge) in 2/m for each unique axis choice is: a (0.9%), b (1.2%),
¢ (1.2%), and for mmm symmetry (1.3%). Although monoclinic
character is not overly convincing from these results alone, the
metric deviation from orthogonal axes and the Laue merging

TaBLE 3. Data collection and structure-refinement details for mikecoxite

Diffractometer
X-ray radiation/source

Bruker D8 three-circle; multilayer optics; APEX-II
MoKa (A =0.71073 A)/rotating anode

Temperature 293(2) K

Refined formula [CHg,]O(Cl, 4550Bro042)52

Space group P2./n

Unit-cell dimensions a=10.164(5) A
b=10.490(4) A
c=6.547(3) A
=90.037(10)°

% 698.0(5) A*

z 4

Density (calculated) 8.594 g/cm?

Absorption coefficient 88.59 mm™!

F(000) 1475

Crystal size 10x 15X 25 ym

0 range for data collection 2.79 to0 30.07°

Index ranges -14<h <14,-14 <k <14,-9 </ <9

Reflections collected 23355

Ewald reflections 8174

Unique reflections 2055 [Rierge = 0.016]

Reflections with /,> 20/ 1774

Completeness to 6 = 30.07° 100%

Refinement method Full-matrix least-squares on F?

Parameters/restraints 75/0

Goodness-of-fit on F 1.064

Final R indices [/,> 20]]
Rindices (all data)

Refined twin-component
Largest diff. peak and hole

R, =0.0180, wR, = 0.0453
R, =0.0243, wR, = 0.0483
0.474(2)

1.85 and -1.73 e/A’

TABLE2. Powder X-ray diffraction data (d in A) for mikecoxite
lobs — dobs dealc e hkl Lops Aobs  ealc lcarc hkl
34 549 5.5056 13 101 10 2.1429 2.1483 3 322
55024 15 101 21472 4 322
52450 3 020 30 20453 20467 17 042
14 489 4.8750 6 111 18 2.0096 2.0066 7 142
4.8727 5 111 2.0063 6 142
32 465 46610 25 120 19957 3 510
45735 3 210 11 19738 19772 3 341
16 410 4.0934 7 021 1.9768 3 341
22 3746 37503 7 211 18954 6 520
3.7483 7 211 9 1.8286 1.8352 3 303
3.3065 5 130 1.8341 3 303
19 3226 32240 14 310 18216 3 133
3.1873 3 221 1.8212 3 133
81 2.989 3.0098 10 301 1.7837 4 350
30082 10 301 40 17443 17483 10 060
29874 20 112 17412 12 432
2.9864 24 112 1.7404 10 432
29517 9 131 17402 3 152
2.9512 9 131 10 1.6970 1.6976 5 531
100 2.884 28807 100 230 1.6971 5 531
27770 7 022 16891 3 061
14 2759 27528 9 202 26 16379 1.6407 5 522
2.7512 5 202 1.6399 5 522
79 2673 26792 24 122 16368 12 004
2.6785 22 122 1.6066 3 540
26626 15 212 7 15975 15943 4 442
26612 17 212 15936 5 442
2.6371 3 231 11 1.5657 1.5665 6 352
2.6364 3 231 1.5660 6 352
19 2537 25410 21 400 15245 3 630
2.5393 3 140 11 1.5049 1.5049 6 602
2.4696 8 410 1.5041 5 602
23674 3 141 12 14405 14403 4 460
2.3305 5 240 1.4383 3 710
30 2300 2.2977 15 312 27 1.4222 1.4233 10 234
22963 14 312 14230 5 640
14229 12 234

Note: Only calculated lines with /> 2.5 are listed.

® R = Z|F2 - F3(mean)|/Z[F3]; GoF = S = {S[w(F2 - F)1/(n - p)}'*; Ry = Z||Fo| - |F||/
3|Fo|; wR, = {ZIW(F2 - FH2/ZIW(FA)2}% w=1/[0%(F2) + (aP)* + bP] where a is 0.0293,
bis 0.6145, and P is [2F? + Max(F2,0)1/3.
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results collectively support the best choice as monoclinic with a
as the unique axis. This selection, combined with the analysis of
the simulated precession slices, suggests the space group P2,/n.
The cell was re-oriented, and the final monoclinic-constrained
unit-cell parameters are a = 10.164(5), b =10.490(4), ¢ = 6.547(3)
A, B=90.037(10)°. The crystal structure was refined in P2,/n to
an R, index of 3.3%; however, the worst-fit reflections all had
F, >> F,, characteristic of twinning. A twin instruction (1000
1000 1) consistent with a twofold rotation twin-axis along ¢
was inserted into the refinement, and the final model refined to
R; = 1.8% with a 0.474(2) near-merohedral twin-fraction. The
lower R, value and improved anisotropic-displacement behavior
of the C atom in the P2,/n structure model (which now includes
all observed data) establish mikecoxite as monoclinic with space
group P2,/n. Four Hg sites were refined to full occupancy by
Hg. Two Cl sites were refined as ClI; one Cl site showed slight
excess scattering and was modeled as Cl + Br with the refined site
content of Br close to the Br content measured by EMPA (0.46
wt% Br, Table 1). Two sites were designated as fully occupied
by O and C (this assignment is discussed later in more detail).
Data collection and refinement details are given in Table 3, atom
coordinates and displacement parameters in Table 4, and selected
bond distances and angles in Table 5. A table of structure factors!
and in Online Materials! CIF for mikecoxite have been deposited
on the MSA website.

THE (C*Hg3")* GrOUP
The occurrence and characterization of a (C*~Hg3")* group
warrant detailed discussion as in previously known minerals,
the C* anion occurs only in moissanite, SiC, and is rare in syn-
thetic inorganic structures in general. The other carbides known

[anion—Hg?—anion] configuration with relatively short strong
bonds between Hg?* and the associated anions. In all Hg?* bear-
ing minerals examined thus far, the anions linked to Hg* are
N3-, 0%, S=, CI-, Br-, and I-. In mikecoxite, one anion bonded
to each of the four crystallographically distinct Hg?* cations is a
C* anion. Such anion-centered tetrahedra are relatively common
in minerals (Krivovichev et al. 2013; Hawthorne 2014), particu-
larly (O*Cu3"), (0% Pb3"), (0> Hg3"), and (N*Hg3"). However,
the C* anion had not been found bonded to Hg?* in a mineral
prior to the discovery of mikecoxite, and as the latter occurs
with kleinite and terlinguacreekite, both containing (N*Hg3*)
groups (Cooper et al. 2013), characterization of the C* anion
is of particular importance. The chemical-analytical data for C
in mikecoxite was acquired after the final interpretation of the
crystal structure. There are four criteria arising from the refine-
ment that is indicative of atom identity: (1) the relative magnitude
of the refined site-scattering; (2) the interatomic distances to
bonded atoms; (3) coordination number; and (4) the requirement
for electroneutrality of the structure.

Refined C-site scattering

As a general rule, structural sites with low-coordination num-
bers are fully occupied, a result of the valence-sum rule (Brown
2016; Hawthorne 2012, 2015). If a tetrahedrally coordinated site
is fully occupied by a single scattering species, then the correct
scattering factor will refine to an occupancy of ~1.0, and any
incorrect scattering factor will refine to an occupancy signifi-
cantly different from 1.0. For mikecoxite, the atoms potentially
bonded to Hg?" are the light scatterers O, N, and C (with Z =

’ ] ) - TABLE5. Selected interatomic distances (A) and angles (°) for the
as minerals are metallic phases with substantial metal-metal [CHg,OCI] layer in mikecoxite
bonding and interstitial carbon of indeterminate valence state.  CHg1 2.093(6) Hg1-Cll  2.3592(18) C-Hg1-Cll  179.7(4)
However, electroneutrality in mikecoxite, (CHg,)OCl,, requires ~ ¢-Hg2 2.065(6) Hg2-0  2088(5  CHg2:0  179.1(2)
hat th bon be a C* anion. The four Ha sites in mik it C-Hg3 2.054(13) Hg3-0 2.080(8) C-Hg3-0  177.1(3)
that the carl on. e a anion. The four Hg sites in mikecoxite g4 2.080(13) Hg4-0 21149) C-Hga-0  177.003)
are fully occupied by Hg?"; Hg'* invariably occurs as [Hg*-Hg*] =~ <C-Hg> 2,073
dimers with Hg—Hg distances of ~2.53 A [e.g., magnolite (Grice :g::gz:g; :?g': g; ngg:g::gi :ég'ggg
1989), hanawaltite (Grice 1999), vasililyevite (Cooper and  Hgi-c-Hg4 1103(5) Hg2-0-Hg4 109.7(3)
Hawthorne 2003), tedhadleyite (Cooper and Hawthorne 2009)],  Hg2-C-Hg3 1134(5)  <Hg-O-Hg> 1071

. . Hg2-C-Hg4 112.3(6)
and this arranger_ngnt was not presgnt in the .st.ructure. In crystal Hg3-C-Hg4 106,63)
structures containing Hg?, there is an anticipated near-linear  <Hg-C-Hg> 109.5
TABLE4. Atom positions, occupancy, and displacement parameters (A)? for mikecoxite
Site Occupancy x/a y/b z/c Ueq
Hg1 Hg 0.40677(2) 0.05330(2) 0.24980(8) 0.02782(7)
Hg2 Hg 0.10095(2) 0.24087(2) 0.25532(6) 0.02346(6)
Hg3 Hg 0.84448(6) 0.09441(6) 0.50243(5) 0.02318(17)
Hg4 Hg 0.84393(6) 0.09377(6) 0.00871(5) 0.02367(17)
0 ¢} -0.0248(5) 0.0835(4) 0.2587(15) 0.0218(10)
C C 0.7229(6) 0.1017(6) 0.753(2) 0.0242(13)
an a 0.55343(16) 0.22760(16) 0.2540(6) 0.0308(3)
c2 ClosssBrooaae 0.34116(18) 0.11223(16) 0.7441(8) 0.0418(7)
UH UIZ U33 U23 UB U12

Hg1 0.02534(12) 0.02904(13) 0.02908(12) 0.0003(3) -0.0009(4) -0.00320(9)
Hg2 0.02141(11) 0.02696(11) 0.02203(11) 0.0005(3) 0.0001(3) -0.00213(9)
Hg3 0.0219(4) 0.0279(4) 0.0198(2) -0.00027(13) 0.0017(2) 0.0004(2)
Hg4 0.0217(4) 0.0295(4) 0.0197(2) 0.00027(14) -0.0013(2) 0.0003(2)
0 0.025(2) 0.026(2) 0.014(2) 0.009(4) 0.007(4) 0.0021(17)
C 0.022(3) 0.030(3) 0.021(3) 0.009(5) -0.004(6) -0.003(2)
an 0.0307(7) 0.0299(7) 0.0318(8) 0.0038(16) -0.0016(14) -0.0028(6)
c2 0.0309(9) 0.0362(10) 0.0584(14) 0.0034(18) 0.010(2) -0.0017(7)
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8, 7, and 6, respectively) and the medium-strength scatterers S
and Cl (Z =16 and 17, respectively). For the anions coordinat-
ing the four Hg sites in mikecoxite, initial anion site-scattering
assessment revealed two configurations: (1) X—-Hg—X; and (2)
X-Hg-Y, where X is a light scatterer (Z =8, 7 and 6); and Y is
a medium-strength scatterer (Z = 16 and 17).

For mikecoxite specifically, extreme oversampling during
data collection for a small crystal resulted in the rigorous deter-
mination of the empirical absorption correction. The resulting
high-quality structure refinement allowed accurate discrimina-
tion of such scattering differences because systematic error from
absorption effects had been almost completely eliminated. There
are two crystallographically distinct light-anion sites (currently
labeled L1 and L2). For both sites, the site occupancies were
refined independently with each of the scattering factors for C,
N, and O, and freely refining anisotropic-displacement param-
eters. The resulting refined occupancies for the two sites are as
follows: “'[C1 g3, N1z, @and Oyg7¢] and “[Cy gz, No7e(z), and
Oos3]. The differing refined site occupancies are compelling
support for L1 = O and L2 = C, and the respective anions were
so assigned. This test was vital in reliably establishing that the
L2 site is occupied by C and not N in mikecoxite, as this anion
site is tetrahedrally coordinated by four Hg atoms with bond
lengths and coordination compatible with either N* or C* as
the anion, leaving the site-scattering difference as the only direct
structure-refinement criterion available to make the distinction.
The O site is coordinated by three proximal (and two distal) Hg
atoms, compatible with O%; such a coordination is not expected
for either N¥ or C* anions based on a survey of other mercury
structures.

Interatomic distances

There are four Hg sites in mikecoxite, with strong axial
C-Hg-0 and C-Hg-Cl bonds, in addition to weaker equatorial
bonds to distant O and Cl anions (Fig. 4). For configuration (2):
X—Hg-Y, the Hg—Y distance of 2.36 A indicates that Y is Cl (the
presence of Cl was later substantiated by chemical analysis).

The C* anion is tetrahedrally coordinated by four Hg?* cat-
ions, and the O% anion by three proximal and two distal Hg?*
cations (Table 5; Figs. 5a and 5b). The refined C—Hg distances
of 2.054-2.093 A fall within the range 2.04-2.11 A observed
in synthetic compounds with (CHg,) groups (Mili¢ et al. 2009).
Moreover, the <C-Hg> distance of 2.073 A in mikecoxite is
nearly identical to the grand <N-Hg> distance of 2.072 A for
the 10 well-refined (NHg,) groups in gaildunningite (Cooper et
al. 2019). As we are not aware of any published bond-valence
parameters for the C*—Hg?* bond, we propose here the values
R, =2.073, b =0.37 based on the well-refined C-Hg distances
in mikecoxite. This provides a bond-valence sum of 4.00 v.u.
for the C atom and, in turn, provides a measure of the bond-
valence received by the Hg?* cation from the C* anion (Fig.
5a). The three strong bonds formed between the O% anion and
coordinating Hg?* cations range from 2.080-2.114 A (Table
5) and are all slightly longer than the <O-Hg> distance of
~2.07 A for 0% coordinated by only three Hg?* cations (Cooper
et al. 2013). However, the O%* anion in mikecoxite also re-
ceives two additional weaker bonds from more distant Hg?*
cations. The resulting bond-valence sum of 2.02 v.u. for the

Ficure 4. Cation coordination environments for the four Hg sites
in the mikecoxite structure. Hg = black; C = gray; O = red; Cl = green
circles; strong axial bonds: thick black lines, weak equatorial bonds: thin
black lines. Bond lengths in angstroms.

FIGURE 5. Anion-coordination environments for the (a) C and (b) O
sites in the mikecoxite structure. Legend as in Figure 4. Bond-valence
contributions to the central anion are in valence units.

O% anion [using Hg?*~O?% bond-valence parameters of Brese
and O’Keeffe (1991); Cooper et al. (2013)] from all five bonds
to Hg?* supports [5]-coordination of this anion (Fig. 5b). The
bond-valence sums for the four Hg sites range from 1.81 to
1.94 v.u. using the Brese and O’Keeffe (1991) parameters for
Hg*-CI-bonds. The bond-valence sum at the C11 anion is 1.01
v.u., and 0.45 v.u. at the CI2 anion that occupies a void and
forms eight longer bonds (3.058-3.512 A) to neighboring Hg?*
cations. Some degree of positional disorder is often associated
with the more loosely bound halogens in Hg?* structures, and
the bond-valence sums for both the Hg?" cations and these
halogens are not generally ideal.
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BOND TOPOLOGY

Three (CHg,) tetrahedra link via bridging O atoms to form
triangular rings that further link to form layers of composition
[CHg,OCI]* parallel to (010) (Fig. 6a). The fourth vertex of the
(CHg,) tetrahedron (not involved in layer connectivity) contains
a strongly bonded terminal CI- anion that alternately projects
above and below the layer. This layer carries a 1+ charge, and
is distinctly corrugated, with an additional charge-balancing CI-
between layers (Fig. 6b). Weaker equatorial bonds extend from
Hg? to O* and CI- in adjacent layers and to the interlayer CI-,
linking the layers into a three-dimensional structure.

RELATION TO OTHER STRUCTURES

Mikecoxite, a mercury-oxide-chloride-carbide mineral
containing a C atom coordinated by four Hg atoms (a permer-
curated methane derivative), is the first of its kind as a mineral
species. This unexpected result is supported by: (1) the refined
scattering at the C site; (2) the presence of a C peak in the elec-
tron microprobe analysis; (3) the lack of an Hg—N peak in the
Raman spectrum; (4) the satisfaction of the valence-sum rule at
the C site for occupancy by C*; and (5) the electroneutrality of
the overall structure.

There are only a few synthetic structures known that contain
a (CHg,) group, and only one of these, [(CHg,)(OH)(H,0),]
(CF3S03)3(H,0), is polymeric, containing (CHg,) groups linked
via strong —Hg—OH-Hg— linkages to form chains (Mili¢ et
al. 2009). The (CHg,) group stereochemically resembles the
tetrahedral (NHg,) group that has been described in several

FI1GURE 6. The crystal structure of mikecoxite: (a) looking onto the
[CHg,OCl] layer, viewed down an axis 10° from [010]; (b) looking along
the corrugated [CHg,OCl] layers, stacked along [010] with additional
CI2 atoms residing between layers, viewed down an axis rotated 5° from
[001]. Legend as in Figure 4 with gray-shaded (CHg,) anion-centered
tetrahedra (central layer has (CHg,) tetrahedra shaded yellow to highlight
the individual highly corrugated [CHg,OCI] layers).

American Mineralogist, vol. 108, 2023

mercury-halide-nitride minerals (e.g., gaildunningite, coman-
cheite, gianellaite, kleinite, mosesite). Mercury nitrides contain-
ing —-N*—Hg*—N3— bridges tend to freely polymerize, whereas
mercury carbides are unlikely to polymerize via—C*—Hg*-C*—
bridges due to the relative difference in incident bond-valence
at Hg?*. The Hg#*—N?®- bond has a bond valence of ~0.75 v.u.,
whereas the Hg?*—C* bond has a bond valence of ~1.0 v.u.,
which results in an incident bond-valence of 1.5 v.u. at Hg?*
for a—N*—Hg*-N*- bridge, and 2.0 v.u. for a—-C*—Hg*-C*-—
bridge. The Hg?" coordination commonly includes weak
equatorial bonds approximately orthogonal to the near-linear
(anion)-Hg?*-(anion) axis. The bond-valence deficiency of 0.5
v.u. at the Hg?* atom in a -N3—Hg*-N*— bridge allows that
additional equatorial-anion interaction, whereas the incident
bond-valence of 2.0 v.u. at Hg?" in a -C*-Hg*-C*— bridge
precludes such an interaction. Synthetic Hg-carbides with re-
fined structures are generally monomeric, containing C(Hg—X),
groups (X = an anion group) with only weak intermolecular
bonding. Polymerization of (CHg,) groups in mikecoxite oc-
curs via incorporation of bridging O% anions that reduce the
overall bond-valence contributed to the neighboring Hg?* ion
and allow additional weak equatorial bonds. The bridging
(OH)- anion in synthetic [CHg,(OH)(H,0),](CF3S05)3(H,0)
facilitates simple -Hg—OH-Hg- linkage between two neighbor-
ing (CHg,) groups, forming linear chains. The only compound
thought to contain an O anion that bridges three (CHg,) groups
is Hofmann’s Base, (CHg,)O(H,0)(OH),, which is of unknown
structure but is thought to contain a tetramercuriomethane-
oxide layer (Mili¢ et al. 2009) that is topologically similar
to that in mikecoxite. Mikecoxite is the first mineral known
to contain a (CHg,) group, and also the first direct structural
evidence supporting the tetramercuriomethane-oxide layer
topology of Hofmann’s Base.

IMPLICATIONS

Mikecoxite is the first discovery of dissolved Hg?* reacting
with organic compounds in nature to form an insoluble crystal-
line solid. The source of carbon for mikecoxite in the volcanic
high-desert environment of the type locality appears to be
methane, with the reaction catalyzed by microbiota. However,
the chemical and likely structural similarity between mikecoxite
and Hoffman’s Base suggests that the mineral could also form by
a mechanism similar to that which produces Hoffman’s Base in
the laboratory: attack by [HgOH]* ions on the terminal methyl
group of a B ketone or alcohol under alkaline conditions. Such
functional groups in organic humate polymers could produce
mikecoxite on the reaction of these abundant soil constituents
with alkaline saline groundwater containing Hg?*, even in the
absence of catalytic microbes. Chlorine in treated water is known
to react with humate to produce chloroform by the analogous
haloform reaction (Reckhow et al. 1990).

The existence of mikecoxite at the type locality shows that
appropriate microbes can achieve immobilization of mercury
through full mercuration of carbon atoms beyond the first stage that
produces the volatile and highly mobile methylmercury, [CH;Hg]*,
a potent neurotoxin that is known to accumulate in marine food
chains (cf. Villar et al. 2020). This possibility suggests a novel way
to immobilize mercury for environmental remediation.
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