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DETAILED DESCRIPTION OF MATERIALS AND METHODS

Reference materials

Twelve Pb-bearing XAS reference minerals were purchased, synthesized, or borrowed
from curated reference sources (Table S1). Lead oxalate (Ksp=8.5xlO'9) was synthesized by
precipitation from a supersaturated solution containing PbNO; and 0.2 M (NH4),C,04-H,O at
pH=3 (Skoog et al. 1996). Compost-sorbed Pb was prepared by equilibrating 5 g of compost
(UA dairy farm) with 25 g of 0.5 mM PbNOs solution (Sigma, lot 11715TC) for 24 h in an end-
over-end mixer at 7 rpm and room temperature. Hematite (a-Fe,O3; method 4) and birnessite (-
MnO,) (McKenzie 1971; Schwertmann and Cornell 2000) were synthesized for Pb*" sorption
experiments. Hematite- and birnessite-sorbed Pb references were prepared by first washing 0.8 g
of the respective solid twice in 0.1 M NaNOs background electrolyte solution that had been
adjusted to pH 7 for hematite and pH 5 for birnessite. Solids were then equilibrated at the same
corresponding pH values with 30 g of 0.1 M NaNOs; solution containing 0.1 mM and 3 mM
PbNOs; for hematite and birnessite, respectively, for 24 h in an end-over-end mixer at 7 rpm.
Compost and mineral sorption experiments were terminated by centrifugation, removal of
supernatant solution for analysis, and preservation of the wet pellet by either refrigeration
(compost, birnessite) or freeze-drying (hematite). Sorbate (Pb) concentrations, calculated on the



basis of loss from solution, were 500, 9600, and 805 mg kg'1 for Pb-sorbed compost, hematite,
and birnessite samples, respectively.

Sequential extraction

The sequential extraction procedure (Hayes et al. 2009) was modified after (Dold 2003).
It involves addition of 1.0 g of air-dried tailings to 50 mL Teflon centrifuge tubes in triplicate
followed by the following reaction sequence: (i) “H,O”: 18MQ water extraction, 25°C, 1 h that
targets soluble salts such as gypsum; (ii) “AA”: 1.0 M ammonium acetate, pH 4.5, 25 °C, 2 h
that targets sorbed species, and calcite; (ii1)) “AAO 25°C”: 0.2 M ammonium oxalate at 25°C,
pH 3.0, 2 h that targets short-range-order Fe, Al and Mn (oxy)hydroxides and poorly-crystallized
jarosites; (iv) “AAQO 80°C”: 0.2 M ammonium oxalate at 80°C pH 3.0, 80 °C, 2 h) that targets
long-range-order Fe, Al, and Mn (oxy)hydroxides and well-crystallized jarosites; (v) “H,0;”:
30-35% hydrogen peroxide in 1.0 M ammonium acetate (pH 4.5, 60 °C, 2 h) that oxidizes
organic matter and secondary supergene sulfides; and (vi) “Acid”: 750 mg of KCIO; and 15 mL
12 M HCI (25 °C, 30 min), then addition of 10 mL of 18 MQ water followed by centrifugation
and decanting the supernatant prior to reacting pellets with 25mL of 4.0 M HNOs (90 °C, 20
min) that targets primary sulfides. After each step, the pellets were rinsed with 30 mL of 18 MQ
water. The combined supernatant and wash solutions were then collected by centrifugation,
filtered (Acrodisc, 0.22 um), acidified to pH 2 and analyzed for metal concentrations by
inductively coupled plasma mass spectrometry (ICP-MS, Perkin Elmer DRCII).

Lead in the “residual” fraction was quantified using bulk XRF using 0.6 g of residual
solid pressed into pellets with celluslose wax (3642 Cellulose binder — SPEX SamplePrep
PrepAid™) for 60 s using 22 tons of pressure. The pellets were analyzed using a Polarized
Energy-Dispersive X-ray Fluorescence spectrometer (EDXRF — SPECTRO XEPOS, Kleve,
Germany). Measurements were conducted under Helium atmosphere and 4 secondary targets
(HOPG, Mo, Al,0; and Co) were used to provide different excitation conditions at different
voltage and current settings, with a silicon drift detector. Acquisition time was 300 s for each
secondary target. Calibration of the EDXRF was performed using 25 certified reference
materials and 18 uncertified materials previously analyzed by ICP-MS following Li-metaborate
fusion.

Bulk XAS collection

Lead speciation of the tailings samples and reference materials was investigated with Pb
Ly-edge (Ep=13035e¢V) XAS spectroscopy. XAS spectra of the four tailings samples, the
efflorescent salt, and the clay size (< 2.0 pm) fractions of TS3.9 and T85,4 were collected at the
Stanford Synchrotron Radiation Lightsource (SSRL) on beam lines 10-2 and 11-2 in a liquid
helium cryostat (Oxford Instruments, Austin, TX) maintained at >10 K. Several reference spectra
(Table 1), were collected at room temperature in transmission at GSE-CARS beam line 13-BM
at the Advanced Photon Source (Argonne National Laboratory, IL). Measurements at SSRL were
made with samples held in an Oxford liquid helium cryostat operating at < 15 K, well below the



Debye temperature for Pb oxide (145 K), thereby reducing spectral contributions from lattice
vibrations (King 1958). A double-crystal monochromator with Si (220), ¢=0 crystals was used
in conjunction with three 15 cm ion chambers with nitrogen gas and a 13- or 32-element
germanium fluorescence detector. Vertical slits of 3 mm were used for all samples, and
horizontal slits were adjusted between 6 and 12 mm to maximize signal without saturating the
detector. Germanium and aluminum foil filters were used for fluorescence measurements to
attenuate elastic and Compton scattering and Fe fluorescence. A minimum of 3 scans were
collected in transmission mode (used for most reference materials) and 10-15 scans were
collected in fluorescence mode (used for tailings and sorption samples). The upper end of the
XAS-accessible energy range was limited by the bismuth edge at approximately k=10 A™ (13419

eV), because Klondyke tailings samples contain Bi concentrations ranging from 48 to 96 mg kg’
1

Linear combination fitting

Fitting of the EXAFS (k-range 3-9 A™'; k’-weighting) and first-derivative of the near-
edge region or X-ray absorption near edge spectra (XANES; 13020 to 13070 eV) spectra
proceeded independently to test for internal consistency. The linear combination fits were
constrained to be non-negative, but not forced to sum to unity. Fits were initially performed
using a reference library of 12 lead-bearing minerals (Fig. S1) that was then restricted to a
smaller set of references based on fit statistics and phases identified using other techniques:
Raman spectroscopy, electron microscopy, and X-ray diffraction.

During linear combination fitting, the total number of references was limited to three or
fewer components for each individual fit. The statistical measure, chi’, was used to compare the
relative “goodness” of successive fits. Previous work has suggested the detection limit of phases
in XANES is roughly 10% (Foster et al. 1998), thus components fit with a fraction less than
10% were removed and the spectra were refit to determine if the addition of the low
concentration phase significantly improved fit statistics, which generally was not the case. After
significant iterations of independent fits for different spectral regions, three reference spectra
(plumbojarosite, anglesite, and iron oxide associated Pb [Pb,gsre.0x]) Were chosen because they
adequately reconstructed all bulk and micro-focused sample spectra, and the use of additional
phases did not significantly improve statistics. Final fits were performed using the same three
components to fit the first-derivative XANES and EXAFS portions of the spectrum, although
Pbags-reox did not improve the statistics of bulk fits.

Shell-by-shell fitting

The Pb2 site (96% of Pb atoms) in the plumbojarosite structure (Szymanski 1985) was
used to create an atomic cluster of 353 atoms (using the program Atoms (Ravel 2003)) that was
then employed to calculate theoretical phase shift and amplitude functions for single and
multiple scattering paths from central Pb using FEFF 6 Lite (Rehr 1992). Sixpack used the
theoretical functions generated by FEFF to fit the experimental plumbojarosite reference and



tailings EXAFS spectra over the k-range 3 to 9 A with k® weighting. To limit the fit variables,
coordination numbers were confined to values of the crystallographic structure of plumbojarosite
(three shells, each with N=6) and the amplitude reduction factor (Sy”) was set to unity. For all
spectra, the fitting range had 11 degrees of freedom and seven variables. Spline error was
avoided by fitting several spline functions for each sample and reference, as described above.



Table S1: Lead reference compounds analyzed by XAFS.

Reference Formula Source® ID or [Pbyoiid]
Lead oxalate PbC,04 Syn. unknown
Pb-compost Pb sorbed to dairy compost | Syn. 500 mg kg™’
vanadinite® Pbs(VO4);Cl1 UAM unknown
anglesite PbSO, SA lot 10011KE
Pb- hematite Pb sorbed to Fe203 Syn. 9600 mg kg™
pyromorphiteb Pbs(PO4);Cl DRS unknown
wulfenite® PbMoOy, UAM unknown
Pb-birnessite Pb sorbed to 5-MnO, Syn. 805 mg kg™
plumbojarosite PbFes(S04)4(OH) 2 UAM 5751
beaverite PbCuFe,(SO4)2(OH)s RRUFF R060400
cerrusite PbCO; Wards lot 1360
galena PbS SA lot 00508MH
hydrocerrusite” Pb3(COs3),(OH), Wards lot AD3017

*Reference minerals were obtained from several sources including: Synthesized in the laboratory
(syn.), University of Arizona Mineral Museum (UAM), Da Rock Shop in Tucson, AZ (DRS),
Sigma-Alrdich (SA), Wards Scientific (Wards), and the RRUFF Project (RUFF) at University of
Arizona. ® XAS collected at room temperature.



Figure S1: XAS spectra of reference compounds listed in Table 1. A) First derivative of the XANES region (arbitrary units),
B) normalized EXAFS. Plumbojarosite and galena EXAFS spectra are plotted with 0.2 amplitude
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