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S1. Adsorption experiments

The peats were extracted from the top 10 cm of sediment in Water Conservation Areas (WCA)
2A (F1) and 2B (2BS) of the Florida Everglades, washed with deionized water, separated into a 74-105
pum fraction by wet-sieving, air-dried, and chemically analyzed.”? After washing, the peats contained 98
(F1) and 180 (2BS) ppb Hg. The porewater at Site F1 contained more sulfide, sulfate, and DOM, and less
oxygen than water at Site 2BS (0.22 vs. 0.063 x 10 mol/L HyStora; 470 vs. 69 x 10 mol/L SO,%; 38 vs. 17
mg C/L; and, 10 vs. 100 x 10 mol/L 0,, respectively).3 Sediment monomethylmercury concentrations
were 1.4 x 107 for the F1 site and 1.3 x 10® mol/L CH3Hg for the 2BS site.* Sawgrass (Cladium
jamaicensis) is the dominant plant at the 2BS site but cattail (Typha domingensis) has dominated at the
eutrophic F1 site since the mid 1970s as a result of nutrient addition from canal waters.> ® Using peat
accumulation rates measured in 1996,” the top 10 cm at each site would largely represent these two
different plants. Periphyton is also present at both sites. F1 periphyton has been characterized as green
filamentous algae with relatively high chlorophyll a and bacteriochlorophyll® and no calcareous material.
2BS periphyton is calcareous.® Both sites have diatoms.

Experiments used 100 mg of peat in 0.25 L of 0.01 M NaNO; adjusted to an initial pH of 6.0 +
0.03 after which aqueous Hg(Il) was added in the form of Hg(NO,), at initial concentrations of 3 x 107 to
2 x 10” mol/L. Experiments lasted 15 h, sufficient for equilibration of the bulk adsorption reaction based
on results where no change in the amount of adsorbed Hg(ll) occurred after 1 h.®> The difference
between initial and final aqueous Hg(ll) concentrations yielded the sorbed amount (Table S1, Figure S1).
The peat was separated from the solution by centrifugation and freeze-dried for EXAFS analysis.

Released amounts of dissolved organic carbon (DOC) were 20 to 50% of those expected based
on previous results.> Between 0.6 and 1.2% of the initial peat mass dissolved (2.55 to 4.71 mg C/L) in no
pattern except that the least dissolution occurred for the highest initial Hg concentrations (2BS-99 and
F1-99). In 6 out of 7 cases, the 2BS peat produced slightly less DOC at a given initial Hg concentration.
Final pH after reaction decreased by 0.2 to 0.7 pH units with lower values corresponding to higher Hg(ll)
loadings. Within the error of the pH measurement (x 0.02 pH units), the observed changes are within
those expected for simple exchange of two hydroniums for every Hg** adsorbed.

Table S1. Data for adsorption experiments.

Expt. Hg(Il)pesr DOC Srea/HE EXAFS
mgkg® mgLt (molmol®) spectra

2BS-0001 0.9 4.12 57500 na
2BS-0004 4.2 3.74 12300 na
2BS-006 59 3.43 880 RT
2BS-03 326 4.17 160 RT
2BS-4 4170 4,71 12 RT
2BS-19 19000 3.78 2.7 RT
2BS-99 99100 2.55 0.50 RT, He-T
F1-0001 1.0 4.64 78300 na
F1-0006 5.6 4.50 14000 na
F1-007 69 3.65 1140 RT, He-T
F1-03 353 4.62 220 RT, He-T
F1-4a 4120 nd 19.0 na
F1-4b 4180 4.44 18.7 RT, He-T
F1-18 18400 4.46 4.3 RT, He-T
F1-99 99100 3.11 0.80 RT, He-T

F1 peat has 1.79 wt. % S (1.25 wt.% S,cq); 2BS peat has 1.27 wt. % S (0.83 wt. % S,.q)( see section S2)
DOC = Dissolved Organic Carbon; na = not applicable; nd = not determined
RT = spectra measured at room temperature; He-T = spectra measured at liquid helium temperature (8-16 K)
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Samples F1-4a and F1-4b demonstrate experimental reproducibility.
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S2. XANES spectroscopy
S2.1. Measurements and data analysis

Sulfur K-edge XANES spectra were acquired at the Advanced Light Source (ALS, Berkeley) on the
microfocus beamline 10.3.2.° Spectra for the 2BS and F1 peats were measured by fluorescence
detection with a 7-element Ge detector and those for sulfur-containing standards in total electron yield
(TEY) detection mode to prevent signal distortion by over absorption effects.'” ™ For TEY
measurements, a thin layer of fine powder was spread onto conductive graphite tape to minimize
distortion to the signal induced by sample charging. Each spectrum is the average of four to ten
statistically invariant scans. Energy was calibrated by setting the CaSO, peak to 2482 eV. Spectra were
normalized to unity using a polynomial, then least-squares fit to known standards to determine the
relative amounts (in atom % S) of S species, defined here as a type of functionality with the same
'oxidation index".** Nine standards were selected, based on previous studies®®' **? to best represent the
major forms of S possible in NOM: dibenzyl disulfide (R-SS-R, CAS 150-60-7), DL-cystine (R-SS-R, CAS 923-
32-0), dibenzyl sulfide (R-S-R, CAS 538-74-9), L-methionine (R-S-CH3, CAS 63-68-3), L-cysteine (R-SH, CAS
52-90-4), dibenzothiophene (R-S-R, CAS 132-65-0), DL-methionine sulfoxide (R-SO-R, CAS 62697-73-8),

sS4



sodium sulfite (Na,S, CAS 7757-83-7), cyclohexanesulfonic acid (R-SOs-H, sulfonate), and sulfate (CaSOj,).
Pyrite (FeS,) was also tested as a possible component, although its concentration was expected to be
below the limit of sensitivity for the fitting procedure. The fitting precision is typically within 5 % when
comparing data collected under the same conditions and analyzed with the same set of reference
spectra.” The fitting accuracy is more difficult to assess because it depends on indeterminate biases
during data measurements (e.g., detector linearity), systematic errors during data reduction (e.g.,
background subtraction and normalization), and how well the chosen references represent the variety
of sulfur functionalities. A case in point is the sulfate peak whose height is difficult to measure
accurately in fluorescence mode because of over absorption effects, and in TEY mode because of the
relatively limited linearity of electron detectors. Therefore, the method is not necessarily more accurate
for sulfate than for sulfides, despite the factor of five difference in peak height. Overall, we agree with™*
that the accuracy of S species composition can be estimated to within 10 % of the relative amounts
obtained in the fit, as long as experimental errors are carefully minimized.

An estimate of the amount of reduced S contributed by Fe-sulfide minerals was obtained using
X-ray fluorescence mapping, micro-XANES spectroscopy, and micro-diffraction. Fluorescence maps
were recorded at 4.033 keV with a resolution of 15 x 15 um? and 200 ms counting time. The diffraction
pattern was recorded in transmission mode at 17 keV with a Bruker 6000 CCD binned to 1024 x 1024
pixels.

S2.2. Results

Five components sufficed to model the F1 and 2BS data: cystine, cysteine/methionine, sulfoxide,
sulfonate, and sulfate (Figure S2a,b; Table S2). The data were fit equally well with the amino acids
cysteine or methionine because their spectra cannot be distinguished in a mixture. Cysteine is produced
by all organisms and is common in metallothionein (MT) proteins, whereas methionine is made only by
plants and is rarer in proportion in MT. Cystine, the dimer formed by a disulfide bridge between two
cysteines, stabilizes the tertiary structure of proteins. A 6-component fit to F1 added 7% dibenzyl sulfide
and subtracted 6% of the cysteine and 1% of the cystine, but did not change the total amount of
reduced sulfur (Table S2; Figure S2c). This fit was rejected because (1) the fit quality was improved
insignificantly; (2) adding dibenzyl sulfide did not also improve the fit to the 2BS peat, which was
sampled from a nearby location and expected to be similar to the F1 peat; and, (3) dibenzyl sulfide,
which has a reduced sulfur peak only slightly narrower than those of cysteine and methionine and is
therefore indistinguishable in a mixture, has a ‘non-thiolate’-like highly symmetrical sulfur binding
environment, which is unlikely to occur in this proportion in OM. None of the fits supported the
presence of pyrite.

The sum of methionine, cysteine, and cystine in whole Cladium jamaicensis (sawgrass) from a
site in WCA-1 of the Florida Everglades was about 0.7 mg g, whereas the decayed surface litter and
upper 5 cm of peat formed from sawgrass contained about 1.7 mg g, ?* of which approximately 0.5
mg g™ was cysteine. In comparison, the amounts of cysteine in the F1 and 2BS peats as determined by
S-XANES were 28 and 16 mg g, respectively. The amount of cysteine in the plant litter and upper few
cm of sawgrass peat is equivalent to 2.3 to 2.5 mol S,.q per mol of Hg adsorbed in the F1-03 and 2BS-03
peat samples, respectively, enough to form multinuclear clusters of composition Hg,S, with x = 8 to 10.

The majority of the S in the peats is organic and micro-X-ray fluorescence maps of S distribution
corroborate the relative difference in amounts as determined by bulk chemical analysis® (Figure S2d). A
small amount of the S,eq in the peats is associated with Fe (Figure S2d), and at least some of this S,¢q is
pyrite based on micro-diffraction of one bright spot of S and Fe in the 2BS peat (Figure S2e). The S,eq
peak in the micro-XANES spectrum of this spot is clearly distinct from those of bulk 2BS and F1 peat
(Figure S2f), yet the S is still dominantly organic. This peak was fit with 16% pyrite, 20% cystine, and 29%
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cysteine. The fractions of S associated with Fe to total S in the XRF images are 6% for 2BS and 8% for F1
as obtained by summing the Ka(S) fluorescence counts from pixels containing both S and Fe and
normalizing to the total S fluorescence counts. Assuming all of the Fe-S associations contain the same
proportion of pyrite, the percentage of total S speciated as pyrite in the two peats are estimated as 1%
in 2BS and 1.3% in F1.

Table S2. Fraction of S in species from the linear decomposition of S-XANES spectra

Cystine  Sulfide Cysteine Sulfoxide Sulfonate Sulfate Sum (’l\’gﬁ)
F1
5-component  0.29 - 0.41 0.11 0.16 0.06 1.02 3.29
6-component 0.28 0.07 0.35 0.11 0.16 0.06 1.03 3.20
2BS
5-component 0.31 - 0.34 0.09 0.23 0.07 1.04 3.27

NSS is the normalized sum-squares fit residual defined as sum[(yexp-yﬁt)z]/sum[yexpz].
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S3. EXAFS spectroscopy
S3.1. Measurements and data analysis

Mercury Ls-edge X-ray absorption spectra were measured at room (RT) and 8-16 K (He-T) with a
liquid helium cryostat on the FAME spectrometer (French Absorption spectroscopy beamline in Material
and Environmental science - beamline BM30B?) at the European Synchrotron Radiation Facility (ESRF,
Grenoble). Measurements were performed on 5 mm diameter pressed pellets in fluorescence-yield
detection mode with a 30-element Ge detector.

The two solid references cinnabar (o-HgS; ABCR GmbH & Co KG) and metacinnabar (B-Hgs,
Strem Chemicals) were diluted in boron nitride to minimize over absorption,'® and the aqueous Hg-
(cysteine), complex (2 x 10”° mol/L) was prepared in a 20-25% glycerol solution. The solution reference
was initially flash-frozen in liquid nitrogen. Peat samples were diluted as needed in glucose. Integration
times varied from 3 s in the edge region to 15 s at k = 14 A™ for a total scan time of ca. 45 min. Multiple
scans varying from 4 sweeps for concentrated to 8-10 sweeps for diluted samples were performed to
optimize signal-to-noise (S/N) ratios, and the pellets were moved by 500 um after each scan to access
fresh material and improve statistics. Caution was taken that all individual spectra were statistically
identical before summing them. The EXAFS oscillations were extracted, Fourier transformed, and least-
squares fitted using the WinXAS 3.2 program.** The photon energy (E) was converted into k space using
a threshold energy (E,) set to the middle of the absorption jump. The EXAFS signal was weighted by k° to
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compensate for the decreased amplitude at high k; the k3;((k) vs. k spectrum was Fourier transformed to
real space with a Bessel apodization function; and structural parameters of the various coordination
shells around Hg were determined by fitting data over the distance range (R + d) of interest. Theoretical
amplitude and phase functions were calculated ab initio with FEFF v. 7, using Hg(SCH;),*® as the
structure model for the Hg-S pair and S-Hg-S multiple scattering, metacinnabar (B-Hg527) for the Hg-S
and Hg-Hg pairs, and mercury di-acetate (Hg(CHs;COO0),*®) for the Hg-O and Hg-C pairs. The phase
functions were used in the model-fits to correct the R + & bond distances, as obtained from the Fourier
transformation, for the phase-shift term (8), which depends on the nature of the atomic pair (e.g., Hg-S,
Hg-0, Hg-Hg,...). For this reason, the R + d values reported on the x-axis of the Fourier transforms are
apparent crystallographic R values. The uncertainty in the fitted distances, coordination numbers, and
Debye—Waller factors were estimated at the 95 % confidence level by varying successively each fit
parameter by a certain percentage and restarting the refinement with this parameter fixed.

S3.2. Results

The metacinnabar (B-HgS) reference contained 16% cinnabar based on Rietveld analysis *° of its
powder X-ray diffraction pattern (Figure S3a). The cinnabar (a-HgS) reference was pure. Therefore, we
removed 16% of the RT EXAFS spectrum of cinnabar from the RT EXAFS spectrum of metacinnabar, and
16% of the He-T EXAFS spectrum of cinnabar from the He-T EXAFS spectrum of metacinnabar.

Simulations to the spectral data and corresponding Fourier transforms are provided in Figures
S3b to S3z in the order: cinnabar (a-HgS), metacinnabar (B-HgS), F1-03 (S;eq/Hg = 220), F1-4 (S;eq/Hg =
18.7), Hg(Cys), reference, 2BS-99 (S,.q/Hg = 0.50), and F1-99 (S,.s/Hg = 0.80). A theoretical simulation of
the effect of temperature on the amplitude of the EXAFS signal for F1-03 is included in Figure S3I
immediately following the data and simulations for F1-03. All data are presented in red in both k-space
and R-space. Simulated spectra are in purple and simulated Fourier transforms are in blue. Only the
modulus of each actual and modeled Fourier transform is shown for simplicity. When the actual and
modeled EXAFS spectra (k-space) are in-phase, then the imaginary parts of their Fourier transforms (R-
space) are in-phase as well. The nearest neighboring atoms to target element Hg are denoted above the
peaks indicating their apparent bond distances (uncorrected for phase shift) in the Fourier transforms.
All fit parameters, including the bond distances corrected for phase shift, are listed in Table S3. Plots in
k-space are labeled k3X on the ordinate and k [A] on the abscissa. Plots in R-space are labeled FT(k3x)
on the ordinate and R+d [A] on the abscissa. When several fit strategies were attempted, the best
simulation is Model 1, unless otherwise noted. Shortcomings of other models are described below each
figure.

F1-18 (S,eq/Hg = 4.3) was not modeled ab initio because it is clearly a mixture of three different
structural environments as determined by linear combination fitting (Figure S3x). F1-03 is not a linear
combination of F1-4 (the Hg(SR), linear structure) and cinnabar as shown by comparison of the spectra
at RT (Figure S3y).
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Figure S3a. Powder X-ray diffraction pattern of metacinnabar (Strem Chemicals). The amount-of-substance (i.e.,
mole) fraction of cinnabar = 16 % as determined by Rietveld analysis.”®
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Figure S3b. Cinnabar (a-HgS) RT - Model 1. At RT, the Hg-S distance is dominant in the Fourier transform (right)
and the Hg-Hg distance is weak in comparison. Data are in red; the modeled spectrum in k-space in purple (above
left); and the modeled Fourier Transform (R-space) of the spectrum in blue (above right).
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Figure S3c. Cinnabar (a-HgS) RT - Model 2. In comparison to Model 1, the second peak is modeled as multiple
scattering from the S-Hg-S linear bonds. The two models are indistinguishable, and both multiple scattering (MS)

and Hg-Hg pairs likely contribute to the peak at R + § ~ 4 A.
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Figure S3d. Cinnabar (a-HgS) He-T. The two long-distance Hg-Hg pairs are at 5.67 A and 6.82 A. The peak at k =
6.1 A" was reproduced by adding to the fit the four-legged MS path from the collinear S-Hg-S coordination.
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Figure S3e. Metacinnabar (B-HgS) RT. The measured spectrum was adjusted by removing the contribution from
cinnabar which equaled 16 % as shown in Figure S3a.
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Figure S3f. Metacinnabar (B-HgS) He-T. The measured spectrum was adjusted by removing the contribution from
cinnabar which equaled 16 % as shown in Figure S3a. The resulting spectrum and Fourier transform are similar to
those of cinnabar at He-T. The misfit at k =6.1 A comes from the omission of the S-Hg-S MS path in the simulation
(see Figure S3d).
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Figure S3g. F1-03 - RT - Model 1. The Hg-Hg pairs from the Hg,S, clusters are detected at room temperature, and
the longer Hg-S2 distance is required to fit the main peak, labeled Hg-S. Statistical analysis with the F-test®®?!
showed that the long Hg-S distance at 2.53 to 2.57 A contributes to the right tail of the first peak.

S13



0.04
20 F

N PN T o R 2
|

0.03

I 2

i 5002
< = U.
30.0» : (.
10k ] 0.01}
'2-0_. N B N RPN B e —

4 6 8 10 12
k[A1] R+3[A]

Figure S3h. F1-03 - RT - Model 2. When the peak at R + & = 4 A is fit with MS paths and CN(MS) is allowed to float
during the fit, the o’ value is negative.
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Figure S3i. F1-03 - RT - Model 3. When the peak at R + & = 4 A is fit with MS paths and CN(MS) = CN(Hg-5S1), as
required for a collinear geometry, the quality of fit is less good by a factor of almost two compared to Model 1.
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Figure S3j. F1-03 - He-T - Model 1.
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Figure S3k. F1-03 - He-T - Model 2. When the Fourier transform peak at R + & = 4 A is fit with MS paths between
collinear S-Hg-S atoms, as in the T-shape32 three-coordinate model proposed previously33, the fit quality is
degraded by 50 % (Table SI-3) and the data are poorly reproduced in the 4-7 A™ k interval (first two oscillations).
Also, the o-z(S <> Hg < S)=0.002 A% value is unrealistically low because this S-Hg-S MS path should have higher
effective disorder (higher value of o) than the Hg-S single-scattering (SS) path (aZ(Hg—S) =0.005 A% in the model of
ref 31) (e.g., asin ref 32 and 333 %),
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Figure S3I. Why the amplitude of the EXAFS signal for F1-03 decreases with temperature. The top two figures
show the effect of anisotropy of the thermal motions of short and long Hg-S bonds on RT data. Theoretical EXAFS
interference functions (1) and Fourier transforms (2) were calculated for the hypothetical atomic pairs:

Red: two S atoms at 2.34 A and & = 0.005 A’

Blue: one S atom at 2.53 A and o = 0.01 A°.

Black: sum
The long bond affects the phase only at low k, because the d(Hg-S)=2.53 A wave is damped (i.e., is attenuated at
high k) as a consequence of the softer character of this longer bond. In real space, the long bond gives a weak
shoulder at about R + AR ~ 2.5 A which can be easily mistaken for a side lobe of the Fourier transform.

The bottom two figures show the effect at He-T. Theoretical EXAFS interference functions (3) and Fourier
transforms (4) were calculated for the hypothetical atomic pairs :
Red : two S atoms at 2.34 A and & = 0.005 A”.
Blue : two S atoms at 2.34 A, but & = 0.004 A>. Diminishing the Debye-Waller factor mimics the effect of
lowering the temperature. The amplitudes of the EXAFS signal and FT peak increase when the disorder term
(i.e., thermal agitation) decreases.
Orange : one S atom at 2.53 A and ¢ = 0.004 A%. The wave frequency is shifted to the left at low k, to the right
at high k, and is out-of-phase in the k region where the amplitude of the signal from the short-distance pair is
maximum, i.e., at k=7-9 A™.
Black : Sum of the orange and blue curves. The composite signal from the 2S + 1S pairs is weaker than the
single shell signal from the 2S pair. This counter-intuitive effect of a reduction of the EXAFS signal at low
temperature is observed when two shells are amplified differently at low temperature. The longer Hg-S bond
has a higher thermal motion (i.e., is ‘softer’), therefore is barely detected at room temperature but appears
clearly at He-T.
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Figure S3m. F1-4 - RT.

T T T T T T T
20 - i
0.04
1.0 - 0.03
= L
<
'_
22 [ L
% 0.0F : ' : : 0.02
-1.0F 0.01
2.0 L ! 1 1 T
5 7.5 10 12.5
KA R+5[A]

Figure S3n. F1-4 - He-T. The modeled distance is 4.61 A, i.e., twice the distance for single scattering between Hg
and S, and the MS scattering paths consequently have a higher Debye-Waller factor than the single-scattering
paths®® (6” =9 x 10> vs. 4 x 10° A%, Table S3).
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Figure S30. Hg(Cys), He-T.
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Fig. S3p. 2BS-99 - RT - Model 1.
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Figure S3g. 2BS-99 - RT - Model 2. The five-membered chelate ring (with two O shells) is also detected at room
temperature. The data cannot be satisfactorily reproduced with a single O shell. However, the distant C shell at
about 3.3 A is undetected.
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Figure S3r. 2BS-99 - He-T - Model 1. The best model suggests a five-membered chelate ring. A similar chelate ring
model was reported for a monomethyl mercury-humic acid complex.37 However, the acetate-like bidentate
structure®” has unusually short bonds of 2.66-2.67 A to C along with bonds of 2.81-2.85 A to O. This type of
structure should have nearly equal Hg-C and Hg-O distances as in methylmercury bonded to tryptophan (2.78 A
and 2.83 A%®) and acetate dehydrate (2.89 A and 2.94 A”®).
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Figure S3s. 2BS-99 - He-T - Model 2. Considering a linear O-Hg-O complex instead of a five-membered chelate ring
structure (with two O shells) decreases the fit quality by more than one order of magnitude.
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Figure S3t. 2BS-99 - He-T - Model 3. The fit quality of Model 2 can be restored by allowing GZ(C) to float, but the
fitted value (0.022 A%) is meaningless and CN(C) is unrealistically high.
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Figure S3u. F1-99 - RT. The S shell is detected also at room temperature, but not the second C shell at about 3.3 A.
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Figure S3v. F1-99 - He-T - Model 1
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Figure S3w. F1-99 - He-T - Model 2. When the S shell is omitted and the o parameters fixed to their optimal
values for 2BS-99 (aZ(Hg—O)=O.OO3 A? ¢*(Hg-C)=0.005 A?), the fit quality decreases by a factor of 7 because the
model fails to reproduce the amplitude, phase and structure of the signal at low k.
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Figure S3x. F1-99 - He-T - Model 3. When the S shell is omitted and o’ allowed to float, the fit quality is restored
but o-Z(Hg-O) and CN(C) are too high (Table S3).
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Figure S3y. F1-18 - He-T. No fit was attempted because the spectrum is reproduced by a linear combination of F1-

4 and F1-99, indicating a mixture of the linear Hg(SR), structure with the five-membered chelate ring and the
thiolated aromatic environments. The precision on each species is about 10 % total Hg.** *
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Figure S3z. RT Spectra for F1-03, F1-4, and Cinnabar. F1-03 is not a linear combination of the linear Hg(SR), and

cinnabar structures because its spectral oscillations are not consistently intermediate between those of F1-4 and
cinnabar. Note the leftward shift at ~ 4.3-4.6 and ~6.1-6.6 A™ and the rightward shift above ~9.5 A™ of F1-03
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Table S3. Model parameters from EXAFS least-squares curve-fitting. When several models were tested, the one retained is Fit Model 1.

Fit

AE

R+3 (A)

T Hg-O Hg-S Hg-C Hg-H S-Hg-S Ro (9
Model '8 g & gne & (eV) window p (%)
RAA) cN (A RMA) cN A (R) RMA) N A A RA) cN A (R R(A) N & (A?)
a-HgS HeT 1 2.38 2.7 0.004° 3.79 5.0 0.006° 44 1.2-49 13.2
3.07 2.3 0.004° 411 9.0 0.006°
3.26 2.4 0.004°
RT 1 2.38 1.8 0.004 414 2.9 0.011 48 13-45 9.1
2 2.38 1.8° 0.004 473 1.8° 0.009 4.3 1.3-45 105
B-HgsS HeT 1 2.40 1.2 0.006° 410 6.5 0.005 0.6 1.3-46 146
298 1.9 0.006°
3.19 1.4 0.006°
RT 1 2.52 3.5 0.010 409 1.1 0.011 33 1.3-43 129
Hg(Cys), HeT 1 2.32 1.5° 0.002 3.31 1.5° 0.005 4.64 15° 0.003 29 1.2-45 8.0
F1-03 He-T 1 234 1.7 0.005° 325 0.9 0.005 4.12 2.6 0.006 25 1.1-46 10.1
2.53 1.3 0.005°
2% 2.34 1.7 0.005° 3.23 1.0 0.005 4.61 2.2 0.002" 08 15.2
2.51 1.3 0.005°
RT 1 2.35 2.1 0.006° 414 1.6 0.008 4.3 5.6
2.57 0.6 0.006°
2 2.35 2.1 0.005° 4.63 05 -0.003" 3.0 4.2
2.57 0.6 0.005°
3 2.35 2.1° 0.006° 4.63 2.1° 0.008" 4.6 9.5
2.57 0.6 0.006°
F1-4 He-T 1 2.01 0.4 0.004° 2.33 1.4° 0.004° 461 1.4° 0009 23 1244 7.0
RT 1 2.35 2.0 0.009 6.7 5.2
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F1-99 He-T 1 2.02 1.0 0.004° 234 04 0.004° 297 1.7 0.005° 28 1.0-3.7 20
3.28 4.3 0.005°

2 2.03 0.8 0.004 2.97 4.8 0.005 2.0 13.3
3.21 6.3 0.005
3 2.11 4.2 0.019" 3.02 8.3" 0.010° 12.1 2.8
3.29 9.3" 0.010°
RT 1 2.03 1.0 0.005° 2.36 0.4 0.005° 2.88 1.0 0.005° 74 1.1-2.8 5.0
2BS-99 HeT 1 2.02 0.9 0.004° 2.87 1.0 0.005° 1.7 1.0-3.7 1.0
2.45 0.6 0.004° 3.28 1.4 0.005°
2 2.05 1.0 0.004 2.86 2.9 0.005 9.0 11.8
3.15 1.7 0.005
3 2.07 0.8 0.008 2.99 11.9" 0.022%" 13.0 7.8
3.27 12.3" 0.022°"
RT 1 2.03 0.6 0.005° 2.85 1.5 0.005° 41 1130 6.1
2,51 0.7 0.005°
2 2.04 1.8 0.010 2.88 0.6 -0.002" 47 1.1-30 18

R is bond distance, CN is coordination number, ¢” is the Debye-Waller factor, and AE is the shift of the energy threshold £0. The uncertainty in CN, R and
o at the 95% confidence level are about 20 %, 0.02 A and 0.001 A%, respectively. R, is the fit residual in percent, defined as (| Vexp-Vsit | )/Z(| Yexp | ). Typical
values for R, are a few percent, indicating that the least-squares refinement is limited by systematic errors in the model calculation. For the same quality
of fit, R, increases with the dimension of the R + & fit interval.

¢ correlated to be identical

! fixed

* model of ref 31 3

" non-physical or non-structural value
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S4. Discussion of Cinnabar and Metacinnabar EXAFS Spectra as a Function of Temperature

We reported in the manuscript that the cinnabar spectrum shows more of its crystallographic
structure, i.e., longer Hg-S and Hg-Hg bonds, at He-T than at RT because of the reduced thermal motion of its
atoms. We also reported that metacinnabar undergoes a structural transformation between RT and He-T that
suggests it is approaching the cinnabar crystal structure at low temperature. A structural transformation of
metacinnabar at He-T is plausible because it is even further from its stability field than at RT*'. The transition is
from a higher to lower degree of symmetry, similar to the high-to-low symmetry transition reported for
magnetite at 125 K.*> The question remains as to where in temperature space the transition actually occurs.
To begin to answer this question we use data from ref 1' who measured the EXAFS spectra of cinnabar and
metacinnabar at liquid nitrogen temperature (LN,-T; 77 K).

In Figure S4a, we reproduce Figures S2a and S4a of the Sl of ref 1' and in the lower part of the figure
we show our cinnabar spectrum at He-T The authors fit their spectrum of cinnabar obtained at 77 K as a linear
combination of the spectrum of cinnabar at RT and the spectrum of elemental Hg at 77 K, making the
assumption that the spectrum of cinnabar would not change between RT and 77 K. The vertical aqua band
shows a shoulder in the LN,-T cinnabar spectrum at k = 7.6 to 8.2 A™ that cannot be explained by a spectral
feature of elemental Hg. The fit shown in the middle part of this figure is poor in this region. The features in
the cinnabar spectrum marked with arrows at k ~ 5.9 A" and k ~ 9.7 A" in their Figure S2a and highlighted in
yellow are also not fit well in their Figure S4a (middle plot). We propose that all of the features marked by
arrows in their Figure S2s are actually structural features from longer bonds in cinnabar that appear at lower
temperature as shown in our Figure S3d and Table S3. Based on this new interpretation, there is no evidence
for elemental Hg in cinnabar.

Figure S4b reproduces Figure S2b of ref 1' and our metacinnabar spectrum at He-T. Our measured
spectrum was corrected by removing 16% of the cinnabar spectrum obtained at He-T based on the 16%
cinnabar impurity observed in the XRD pattern of the metacinnabar described in Section S3. We also assume
that the top two curves of ref 1! have their labels switched and instead follow the order these authors showed
for cinnabar (77 K spectrum on top; RT spectrum in the middle; elemental Hg spectrum at 77 K at the bottom)
and the order listed in their figure caption. The three arrows in their figure, marked with yellow bands in the
composite figure, all align with spectral oscillations in our metacinnabar at He-T. We see a minimum amplitude
at the position of the arrow marked with the aqua band, as do these authors. We do not see evidence for the
presence of the oscillation at k ~ 7.3 A in elemental Hg. This comparison suggests that metacinnabar has
already begun to undergo a structural transition at 77 K. The conclusion that elemental Hg is present in their
metacinnabar is ambiguous.
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Figure S4a. Comparison of cinnabar spectra at 77 K" and He-T (this study). The top two figures are taken from ref 1*
(their Figures S2a and S4a). The bottom figure is our spectrum at He-T (our Figure S3d). The yellow bands match features
in their spectra purported to arise from the presence of elemental Hg. These features match cinnabar structural features
we observed and modeled at He-T. The aqua band matches a feature in their and our spectra that is absent in their
elemental Hg spectrum.
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Figure S4b. Comparison of metacinnabar spectra at 77 K' and He-T (this study). The top figure is taken from ref 1* (their
Figure S2b). The bottom figure is our spectrum at He-T corrected for the presence of 16 % cinnabar (our Figure S3f). The
yellow bands match features in the spectra purported to arise from the presence of elemental Hg. These features match
structural features of metacinnabar we observed and modeled at He-T. The aqua band matches amplitude minima in the
two metacinnabar spectra (ref 1" and this study) that show no contribution from elemental Hg.
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