
















Discussion

Trace Element Geochemistry and Speciation of the
Oxide Zone

The distribution of elements amongst minerals in each thin section
analyzed by MLA is estimated by combining the estimated average
concentrations for each mineral (Table 2) with the modal
mineralogy calculated by the MLA software (details in Stavinga
2014). Thus, the major sources of elements of interest are revealed
for each sample (Fig. 9). Reconciliation assays that compare the
total concentration of each element calculated by MLA for a thin
section agree fairly well with the overall whole rock geochemical
results, typically falling within the range of measured total element
concentrations. The heterogeneous nature of the mineralization,
however, means a direct comparison of concentrations between the

same samples is less reliable, resulting in differences of up to 19
weight percent as the material used for each analysis can vary in
mineral proportions. Nevertheless, this suggests that speciation
analysis of a large suite of thin sections could give concentrations
similar to lithogeochemical analysis of whole rock samples, and
could therefore be relatively representative of the overall geochem-
istry of the quartz-carbonate sulphide vein.

The MLA speciation assessment found that out of eight thin
sections analyzed, the following minerals acted as the primary host
(among the secondary phases) for an element of interest:

(1) Ag – cerussite (57%), anglesite (21%), acanthite (79%),
smithsonite (66%)

(2) As – arsenate (95%), smithsonite (96%)
(3) Cd – anglesite (7%), smithsonite (99%),

Fig. 7. K-edge energy spectra from
synchrotron-based μXANES of Sb targets.
Bindheimite and smithsonite-cinnabar
targets lie between the Sb(III) and Sb(V)
K-edge, suggesting a mixed valence.
Adamite matches with the Sb(V) K-edge,
suggesting it hosts primarily Sb(V).

Fig. 8. Examples of mineral maps
generated by SEM-MLA used for
calculating mineral proportions and
observing grain size and textures.
(a) Strongly oxidized sample of quartz-
carbonate-sulphide vein from the
underground mine containing abundant
anglesite (yellow); (b) Strongly oxidized
sample of quartz-carbonate-sulphide vein
from surface, containing abundant
arsenate (purple) and bindheimite
(yellow-green); (c) Cinnabar and
associated arsenate and bindheimite
inclusions in smithsonite. White areas
represent holes in the thin section.
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(4) Cu – anglesite (21%), smithsonite (98%), malachite/azurite
(89%), cerussite (47%)

(5) Hg – anglesite (36%), smithsonite (93%), cinnabar (38%),
cerussite (47%)

(6) Pb – cerussite (86%), anglesite (57%), smithsonite (57%)
(7) Sb – bindheimite (82%), cerussite (54%)
(8) Se – anglesite (87%), smithsonite (99%), cerussite (86%)
(9) Zn – cerussite (2%), smithsonite (99.8%)

The maximum percentage of the element found to be hosted by the
mineral is also listed above. Thus, in addition to the metal
carbonates smithsonite and cerussite, a wide array of other
secondary oxidation products are a major source of elements of
concern in material from the oxide zone. It is important to
understand the concentrations of elements hosted by these
secondary minerals, as the release of potentially hazardous metal
(oid)s will depend upon their stability in a mine waste setting.

Sulphide Oxidation under Alkaline Conditions

Oxidation of the sulphides is occurring at Prairie Creek although
this does not result in acid conditions due to the alkalinity and
effective buffering capacity offered by the carbonate host rocks.
While sphalerite oxidation decreases with increasing pH, it begins
to increase again above pH 7, primarily due to the influence of the
oxidant O2 (Ziping et al. 2012). Oxidation may also be aided in part
by armouring of calcite grains by gypsum and hydrous ferric oxide,
inhibiting fast neutralization of the acidic solution produced by
oxidation of the sulphides and allowing the establishment and
stability of an acidic pH within the oxidation zone (Reichert & Borg
2008). At Prairie Creek, dissolution and alteration of sphalerite is
more apparent than galena, likely due to anglesite and cerussite rims
protecting the galena from further oxidation (Stavinga 2014). This
may explain why in highly oxidized samples, the only trace of
original sulphides is typically galena, as is common in many
oxidized sulphide ores as well as in many gossans (Reichert & Borg
2008; e.g. Jeong & Lee 2003). Sulphide oxidation releases major
and trace elements to pore water, and under alkaline conditions the
aqueous concentration of some elements (i.e Zn, Pb) will be limited
by the solubility of secondary minerals hosting major concentra-
tions of these elements such as smithsonite (Zn) and cerussite (Pb).
Other elements will be limited by their inclusion as trace
constituents in major secondary minerals, like As in smithsonite
and Se in cerussite, or as major constituents of minor secondary
minerals, such as Sb in bindheimite and Hg in cinnabar. Dissolution
of these secondary minerals could result in the release of potentially

hazardous concentrations of major and trace elements in the
environment.

Prediction of Metal(loid) Mobility from Mine Waste

Samples analysed in this study were collected from quartz-
carbonate-sulphide veins in situ, except samples collected from
drill core (including stratabound replacement massive sulphides),
which have been stored at surface for up to 22 years, and the 870
underground level, which have been undergoing weathering in the
ore stockpile for c. 30 years. Little mineralogical difference was
observed between the samples collected directly from the orebody
and surface showings and those from stored drill core and the
stockpile. Upon the commencement of mining, most Pb and Zn
sulphides will be removed, and the finely ground tailings will be
mixed with binders and cement to form a paste backfill for potential
storage underground. This may or may not include the smithsonite
and cerussite fractions, depending on the final mine plan. Previous
studies (MESH Environmental Inc. 2008) have suggested that the
metal carbonates will dissolve and contribute to the alkalinity and
metal(loid) content of the mine water, with smithsonite having a
greater potential to dissolve than cerussite. This is due to the
tendency of cerussite to alter to anglesite rather than dissolve and
release Pb ions (Sato 1992); the release of Zn ions from smithsonite
should therefore occur at a greater rate. With the exception of
strongly weathered surface showings, samples usually show only
minor dissolution of the metal carbonates under the current in situ
conditions. However, should dissolution of the metal carbonates
occur, Zn, Pb and other trace elements of concern would be released
into the pore waters, increasing concentrations significantly if
conditions do not favour their attenuation. The dissolution of metal
carbonates, in addition to the oxidation of sulphides, is therefore
anticipated to be a major factor controlling the mobility of the trace
elements. Although typically present in minor abundance relative to
the metal carbonates, with the possible exception of anglesite,
results of the speciation analysis suggest that dissolution of the
secondary phases will be a prevailing factor on metal(oid) mobility.

The response to infiltration of the tailings by mine water can be
anticipated to be similar to the reactions in the ore stockpile with
rainwater infiltration. The mineralogical characterization by Skeries
(2013) of sediments present in the stockpile, which has been
exposed for 30 years, identified dissolution textures present in the
sulphides, metal carbonates (smithsonite, cerussite) and anglesite.
However, the formation of secondary rims on sulphides, such as
cerussite and anglesite on galena and goethite on pyrite, should slow
their oxidation and release of metal(loid)s. Goethite is the most
common Fe-(oxy)hydroxide formed under alkaline conditions

Fig. 9. Distribution of elements between
different minerals for a single thin section
of mineralized quartz-carbonate-sulphide
vein, based on SEM-MLA mineral maps
and measured average element
concentrations from EMP and LA-ICP-
MS analyses.
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(Bigham 1994) and is a predominant precipitate in the ore stockpile
and, along with Mn-oxide coatings, in the waste rock pile (Skeries
2013). Goethite is therefore likely to remain stable in the tailings,
possibly increasing in abundance along with Mn-oxides. Through
attenuation, goethite will act as an efficient immobilizer of the metal
(loid)s of concern. Significant amounts of precipitated azurite,
christelite, hydrozincite and possibly aurichalcite also coat the mine
adit walls, signifying these phases act as major controls on Zn and Cu
mobility once they migrate out of the quartz-carbonate-sulphide vein.

Potential flooding of the mine workings after production ends at
Prairie Creek would result in the saturation of the backfilled tailings.
Exposure to oxygen would be limited, and further oxidation of
remaining sulphides would be slowed. However, the oxide tailings
will include non-sulphide metal-hosting minerals and their
geochemical behaviour under water-saturated conditions is
uncertain (Stavinga 2014).

Conclusion

There is generally good agreement between the results of this study
and previous geochemical characterization studies (MESH
Environmental Inc. 2008; pHase Geochemistry 2010); however the
influence of previously unknown and/or unreported secondary
oxidation products on trace element mobility in the oxide zone of
the Prairie Creek deposit may be greater than has been indicated.
Processing from ore to tailings will remove significant sources for the
metal(oid)s; however, smithsonite, and possibly anglesite may
subsequently remain as the major source for many of them
(particularly Zn, Cd and Pb), with smaller to greater proportions
hosted by the other secondary minerals, including azurite/malachite,
the arsenates, bindheimite, cinnabar, acanthite and goethite. These
include significantHg (an environmental concern) andAg (a valuable
commodity) components that could potentially be in the form of
cinnabar and acanthite that is trapped within smithsonite grains.
Mobilized As may be released primarily from arsenates, with Sb
coming from bindheimite, Cu from anglesite, malachite, azurite and
covellite, and Se from a combination of anglesite, cinnabar and
arsenates.

Overall, the metals released by sulphides and sulfosalts are
largely controlled by the secondary oxidation products, which keep
release rates relatively low under the present oxidizing, alkaline
conditions. The expected near neutral to alkaline pH conditions that
will occur in a mine waste setting, including paste backfill, should
continue to limit dissolution as well as encourage precipitation and
attenuation of the metals of concern. The stability of many of the
secondary phases is highly sensitive to pH however, and a change to
even slightly acidic conditionsmay greatly increase their dissolution
along with the sulphides. Saturation of the tailings will greatly slow
sulphide oxidation, but reducing conditions could increase
dissolution of the secondary oxidation products. Metals are likely
to re-precipitate or be attenuated by more stable phases with each
change in conditions, but whether concentrations will be low
enough to meet water quality guidelines is uncertain.
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APPENDIX 1

Supplementary Field Sampling Methods

Nineteen grab samples were collected from exposures of the main
quartz-carbonate-sulphide vein in the underground 930 level adit.
Because the 870 level adit was not accessible in 2013, samples of
mineralized vein material originating from the 870 level were
collected from the historic ore stockpile on the mine site, resulting in
a total of 22 samples from the underground workings. Sample
locations from the underground adits are shown in Figure A1
(provided in the Supplementary material). Thirty-eight drill holes
were sampled in order to provide a suite of 83 samples spatially
distributed across the deposit and representative of the types of
mineralization and various degrees of oxidation and alteration.
A summary of the surface, adit and core samples selected for
subsequent analysis by one or more of the analytical methods
described in this paper are included in Table A1 (provided in the
Supplementary material).

Supplementary Lithogeochemistry Methods

Forty-three whole rock samples were analyzed for 45 elements (Ag,
Al, As, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cu, Fe, Ga, In, K, La, Li,
Mg, Mn, Mo, Na, Ni, P, Pb, Rb, S, Sb, Sc, Se, Sn, Sr, Ta, Te, Th, Ti,
Tl, U, V, W, Y, Zn, Zr). Five separate samples were used for
replicate testing. Replicate and reference material results are
included in Table A2 (provided in the Supplementary material).
Elements typically had an acceptable relative percent difference
(RPD) between originals and replicates of within 15%.

Supplementary Electron Microprobe Methods

A total of 17 thin section samples were analyzed for 13 elements
(Ag, As, Ca, Cd, Cu, Fe, Hg, Mg, Mn, Pb, Sb, Se, Zn) in 9 phases
(excluding unknowns; smithsonite, cerussite, malachite, anglesite,

sphalerite, pyrite, galena, tennantite-tetrahedrite, bournonite). LIF,
PET and TAP diffracting crystals detected element wavelengths for
each mineral phase. Large area and high intensity LIF and PET
crystals are indicated with an L and H, respectively. Measured X-
rays using the LIF crystal included: Zn Kα (smt). Measured X-rays
using the LIFL crystal included: Fe Kα (smt, mlc, cer, ang, sp, gn,
ttr, py, bnt); Mn Kα (smt, cer, ang); Cu Kα (smt, mlc, cer, ang, sp,
gn, ttr, py, bnt); Zn Kα (smt, mlc, cer, ang, sph, gn, ttr, py, bnt).
Measured X-rays using the PET crystal included: Sb Lα (smt, mlc,
cer, ang, sp, gn, ttr, py, bnt); Pb Mα (cer, ang, smt, mlc, sp, gn, ttr,
py, bnt); S Kα (sp, gn, ttr, py, bnt). Measured X-rays using the
PETH crystal included: Pb Mα (smt, cer, ang); Ca Kα (smt, cer,
ang); Cd Lα (smt, mlc, cer, ang, sp, gn, ttr, py, bnt); Sb Lα (smt, cer,
ang); Ag Lα (smt, mlc, cer, ang, sp, gn, ttr, py, bnt); Hg Mα (smt,
mlc, cer, ang, sp, gn, ttr, py, bnt). Measured X-rays using the TAP
crystal included: Mg Kα (smt, cer, ang); As Lα (smt, mlc, cer, ang,
sp, gn, ttr, py, bnt); Se Lα (smt, mlc, cer, ang). Secondary ‘working’
standards of spahlerite and tetrahedrite and a primary galena
standard were analyzed as unknowns to test the instrument
calibration for analysis of sulphides and sulfosalts. Due to a lack
of working standards, the calibration could not be tested for the
metal carbonates. The data were processed using the CITZAF V3.5
online software program for JEOL™ written by J. T. Armstrong
(California Institute of Technology).

The lower limit of detection (LLD) was calculated using the
formula below for each spot analyzed by electron microprobe.
Abbreviations are as follows: ZAF, total matrix correction factor;
std, standard; unk, unknown; bkg, background; C, concentration (wt
%); I, intensity ((s*nA)−1); t, count time (s); curr, current (nA)
(pers. comm. B. Joy, 2013).

Lower Limit of Detection (LLD) calculation for EMPA analyses.

(i) LLD (3σ) = 3*ZAF*(C_std/I_std,net)*√2*√(I_unk,bkg/
(t_unk,bkg*curr_unk))

(ii) ZAF = C_unk/(I_unk,net/I_std,net)*C_std

Supplementary Laser Ablation ICP-MS Methods

Of the 9 elements of interest detected in this study (Zn, Pb, Ag, As,
Cd, Cu, Hg, Sb and Se), Hg was not considered due to a lack of
standard data. Published and preferred data for the standards used
(GSC-1G, GSD-1G, GSE-1G and BHVO-2G) were found on
the Geological and Environmental Reference Materials database
(http://georem.mpch-mainz.gwdg.de/sample_query_pref.asp) and
are included in the Supplementary material Table A3. A total of 40
analyses were conducted on 5 phases (smithsonite, cerussite,
anglesite, azurite, galena). Analyses were conducted using the line
technique for laser ablation of in-situ minerals. Data were compiled
and interpreted using ThermoFisher Scientific PlasmaLab® software.
Concentrations one order of magnitude above or below the upper and
lower limit of the calibration curve were considered unreliable and
thus, not used (pers. comm., D. Layton-Matthews, 2014).

Supplementary Mineral Liberation Analyzer Methods

Eight thin sections were analyzed using Mineral Liberation
Analyzer Automated Mineralogy Software at Queen’s University.
The software used the back-scatter electron imagery and energy
dispersive X-ray analysis of an SEM to analyze each particle’s
shape, size, and mineralogical information. The EDS data are then
compared to a user-generated Mineral Reference Library consisting
of known phases and corresponding EDS spectra to classify each
particle (Buckwalter-Davis 2013, and references therein).

The percentage of a particular element within a thin section that is
hosted by a specific mineral phase was calculated by combining the
estimated average concentrations for each mineral with the modal
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mineralogy calculated by MLA software. Average concentrations
for elements of interest are estimated using a variety of methods.
The mean was simply used when an analysis gave all detected
values. When an analysis gave a mix of detected values and non-
detects, the maximum likelihood estimator (MLE) method was
used, as described by Helsel (2005, 2012). If the sample size was
small (typically <25) and/or an adequate distribution of the data
(e.g. Normal, Lognormal, etc.) was unable to be determined, the

nonparametric Kaplan-Meier method was used to estimate the mean
(Helsel 2005, 2012). If less than three detected values and two
separate detection limits were available, preventing reliable use of
the Kaplan–Meier method, then simple substitution using half the
value of the detection limit in place of non-detects was used.
Elements which had no detected values in certain minerals were not
given an estimated average. Computations were completed using
Minitab® software.
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