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Abstract

Bioaccessibility tests and mineralogical analyses were performed on arsenic-contaminated
tailings and soils from gold mine districts of Nova Scotia, Canada, to examine the links between
soil composition, mineralogy and arsenic bioaccessibility. Arsenic bioaccessibility ranges from
0.1% to 49%. A weak correlation was observed between total and bioaccessible arsenic
concentrations, and the arsenic bioaccessibility was not correlated with other elements. Bulk X-
ray absorption near-edge structure analysis shows arsenic in these near-surface samples is mainly
in pentavalent form, indicating that most of the arsenopyrite (As'") originally present in the
tailings and soils has been oxidized during weathering reactions. Detailed mineralogical analyses
of individual samples identified up to seven arsenic species, the relative proportions of which
appear to affect arsenic bioaccessibility. The highest arsenic bioaccessibility (up to 49%) is
associated with the presence of calcium-iron arsenate. Samples containing arsenic predominantly
as arsenopyrite or scorodite have the lowest bioaccessibility (< 1%). Other arsenic species
identified (predominantly amorphous iron arsenates and arsenic-bearing iron(oxy)hydroxides)
are associated with intermediate bioaccessibility (1 to 10%). The presence of a more soluble
arsenic phase, even at low concentrations, results in increased arsenic bioaccessibility from the

mixed arsenic phases associated with tailings and mine-impacted soils.



Introduction

Gold mines were in operation in the province of Nova Scotia, on the eastern coast of Canada,
from the 1860s to the mid-1940s (1). During this time, naturally occurring arsenopyrite was
processed and deposited with some three million tonnes of mine tailings within 64 gold-mining
districts in Nova Scotia (2). Post-depositional erosion and weathering processes have
redistributed and oxidized most of the near-surface (0-10 cm) arsenic-rich tailings. Samples of
tailings collected in Nova Scotia have arsenic concentrations ranging from 9.0 mgekg" to
310,000 mgekg" (31 wt%), (n = 433; mean = 10,000 mgekg™) (3), 99 percent of which exceed
the local regulatory level of 12 mgekg" (4). The presence of a contaminant in excess of these
guidelines may prompt a risk assessment (5), especially when the sampled locations are adjacent
to residential properties and used for recreational activities, such as in Nova Scotia. A major
pathway contributing to human health risk, especially in children, is incidental soil ingestion (6).
Once ingested, a portion of the arsenic may solubilise (i.e. become bioaccessible) in the
gastrointestinal tract, and some of this may be absorbed (i.e. become bioavailable) into systemic
circulation (7). The solubilised arsenic forms (predominantly trivalent and pentavalent arsenic
compounds) are known to be toxic and carcinogenic (8). Estimating the bioaccessibility of
arsenic from site-specific soil samples provides a more accurate approximation of the relevant

dose, and as such is an important component of risk assessment (9).

In this study, the bioaccessibility of arsenic was determined using an in-vitro physiologically-
based extraction test (PBET). This method is based on Ruby et al. (10) and Rodriguez et al. (6),

and is similar to previously published tests (11, 12). For arsenic-contaminated mine waste



samples, results obtained using a similar PBET were well correlated to in-vivo (rats and cattle)
bioavailability (13). Wide variations in arsenic bioaccessibility from previous PBET studies
(from 0.50 to 66 wt%) may be attributed to soil elemental composition and arsenic speciation (7,
14). This variability can also result from a number of parameters, including the pH of the
simulated solution (10), the chosen liquid-to-solid ratio (15), and sample particle size (16). Such
variability introduces uncertainty concerning the relevance of bioaccessibility measurements (9)

and limits the acceptance of bioaccessibility measurements by end users and regulators (17).

Furthermore, the effect of mineralogical composition on arsenic bioaccessibility has not been
thoroughly determined, and previous studies have focussed on pure mineral forms and model
soils. Arsenic sulphides (e.g. arsenopyrite FeAsS) are among the least bioaccessible forms of
arsenic from soil (< 1%) (7). Iron-arsenic oxides (especially amorphous iron oxides and
hydroxides) tend to have intermediate bioaccessibility (< 5%) (18), and arsenic trioxide is
considered comparatively more bioaccessible (7). The solubility of arsenic-bearing minerals may
be influenced by encapsulation or coating of grains, affecting their bioaccessibility (7, 17), and

the presence of dissolved organic carbon may promote the solubility of arsenic in soils (19).

The present study focussed on the multiple arsenic mineral forms present in the arsenic-enriched
tailings and soils of abandoned gold mine sites. The first objective was to assess the influence of
various PBET method parameters (€.g. liquid-to-solid ratio, particle size) in evaluating the
bioaccessibility of arsenic in mine tailings and soils. The second objective was to determine the
extent to which soil composition (organic carbon, elemental composition) and arsenic

mineralogy (oxidation state(s), bulk and detailed speciation) affect the bioaccessibility of arsenic.



X-ray Absorption Near-Edge Structure (XANES) analysis was used to determine the oxidation
state(s) of arsenic, and detailed speciation information was obtained through conventional and
synchrotron-based techniques including micro-X-ray fluorescence (u-XRF) and diffraction (p-

XRD).

Experiments

Sample description. The samples selected for this study were collected from surface tailings and
soils overlying mineralized bedrock from six abandoned gold mines in Nova Scotia. Of the 29
samples collected in 2005, five each were from the Caribou (denoted CAR), Montague (MG),
and Goldenville (GD) districts, 12 samples were collected from the North Brookfield (NB)
district, and a single sample from the Oldham (OLD) and Whiteburn (WB) districts respectively.
In these deposits, arsenic was originally present as arsenopyrite in gold-bearing quartz veins and
the surrounding bedrock. Gold was recovered through stamp mills with mercury amalgamation,
gravity separation and cyanidation (20). In addition, roasting was used at the North Brookfield
site prior to oxidative chlorination (21). The samples are primarily tailings with three forest soils
included for comparison (MG6, NB12 and NB13). Sample descriptions are provided in

Supporting Information (SI), Table S1.

Sample preparation and analyses. Samples were air-dried at 35 °C and dry-sieved to < 150
um, which includes the particle size that is likely to remain on the hands of children (22) and be
incidentally ingested. The bulk and < 150 pum particle size fractions for each sample were
analyzed for major and trace elements via inductively-coupled plasma mass spectrometry (ICP-

MS) following an aqua regia digestion as described by Parsons et al. (3).



For synchrotron bulk XANES analysis, a subsample of the < 150 um particle size fraction was
spread on Kapton® tape and mounted in four layers on an aluminum sample holder. Undiluted
solid standards of arsenic trioxide (As,Os, Fluka, reagent grade), potassium arsenate (KH,AsOs,
Fluka reagent grade), yukonite (CayFes3(AsO4)3(OH)424H,0, M990, Queen’s University Miller
Museum of Geology), scorodite (FeAsO4°2H,0, M6306, Queen’s University), and arsenopyrite
(Ward’s Natural Science) were similarly prepared. The XANES spectra of selected samples (n =
13) and standards were collected at room temperature at the Advanced Photon Source (APS)
Pacific Northwest Consortium/X-ray Operations and Research (PNC/XOR) bending magnet
facility in transmission and fluorescence mode and analyzed as described by Smith et al. (23).
Details of the mineralogical characterization (petrography, electron micro-probe) and
synchrotron micro-analysis (u-XRF, p-XRD) conducted on thin sections at the National
Synchrotron Light Source (NSLS) beamline X26A are provided in Walker et al. (24). In the case
of sample NB1, an uncoated thin section was inspected for arsenic phases using a Zeiss Evo 50
environmental scanning electron microscope (ESEM) with an Oxford Inca Energy 450 X-ray

detector.

Bioaccessibility extraction. Bioaccessibility tests were performed on the < 150 um particle size
fraction of each sample. Two subsamples were tested for each sample: one in the gastric phase
(hereafter denoted P1), and one in the gastric followed by intestinal phase (hereafter denoted P2).
All samples were tested at a liquid-to-solid ratio of 100:1 and secured in a temperature-controlled
flatbed rotation incubator (New Brunswick Scientific Innova 4230) at 37 °C and at 150 rpm

under aerobic conditions. The PBET solution composition is described by Koch et al. (12) and



was acidified with hydrochloric acid (Fisher, reagent grade) to a pH of 1.80 £ 0.05 (Accumet
Excel XL15 pH probe). The pH was measured after 30 minutes (and acidified as required), and
again at the end of the one-hour gastric phase. The time taken to measure pH (less than six
minutes per sample) was included in the overall incubation time. Once the gastric phase was
completed, P1 subsamples were centrifuged (3800 rpm = 2970+g; 20 min), and filtered (0.45 pm,
PVDF membrane, Millipore). At the beginning of the four-hour intestinal phase, the pH of the
gastric solution in the remaining subsamples (P2) was raised to 7.0 £ 0.2 with a saturated
Na,COj; (Fluka, reagent grade) solution and adjusted as required after two hours. At the end of

the experiment, P2 subsamples were centrifuged and filtered as described for the P1 subsamples.

Selected samples (n = 12) were tested at liquid-to-solid ratios up to 5000:1. At these ratios, only
one extraction was prepared per sample, and an aliquot of solution was removed by syringe,
filtered (0.45 um, PVDF membrane, Millipore) at the end of the gastric phase, and replaced with
fresh PBET solution (reversing the filter to ensure no loss of solids), restoring the appropriate
liquid-to-solid ratio. A second aliquot was collected after completing the intestinal phase as
described for the 100:1 experiments. Sample aliquots were diluted with 2% nitric acid (Fisher,

trace metal grade) solution for analysis of total arsenic as described by Koch et al. (25).

All samples were extracted in random order in batches of 9 to 12, which included three
duplicates, one blank and one standard reference material: NIST 2710, which is a contaminated
soil with elevated trace element concentrations (26) for each phase. Arsenic concentrations were
determined by ICP-MS (Thermo Electron Corporation X-Series') in collision cell mode as

described by Smith et al. (27). All blanks were below the limit of quantification of 3 pgeL™. All



standard reference material results were within laboratory control limits (SI, Table S2). The

average of the relative percent difference (RPD) between the extraction duplicates was 7.2%.

Bioaccessibility results are reported as either a concentration or percent value. The bioaccessible
arsenic concentration corresponds to the quantity of arsenic extracted (in mg) from each kg of
sample (dry weight). Dividing the bioaccessible arsenic concentration by the total arsenic
concentration in a given sample and multiplying this quotient by 100% yields the percent arsenic

bioaccessibility.

Results and Discussion

The 29 samples have distinct visual and physical characteristics that represent the variability in
near-surface tailings and soils encountered at the mining sites (SI, Table S1). On average, the <
150 pm particle size fraction makes up less than 19 wt% of the bulk material in these samples. A
notable exception is sample GDS5, which is mainly composed of fine, silt-sized particles
(typically < 20 pm). Of the three soil samples, two (MG6, NB13) contain the lowest
concentration of arsenic (< 320 mgekg™") in the whole dataset. The third soil sample, NB12, was
collected near a former (1886-1906) roasting and chlorination plant and has a much higher
arsenic concentration (9200 mgekg'). Samples CAR2 and GDI represent mill concentrate
residue and contain very high arsenic concentrations (> 200,000 mgekg', 20 wt%). Seven
tailings samples from North Brookfield are low in arsenic (< 1000 mgekg™) relative to the other
sites, but four samples, NB6B, NB6C, NB11A, and NB11B were collected from a smaller

tailings area near the processing plant and have a higher arsenic concentration (> 4000 mgekg™).



The Oldham and Whiteburn tailings samples are similar in composition and arsenic

concentration to those collected in Goldenville and Montague (3).

Bioaccessibility Results: Total arsenic concentrations in the 29 samples tested range from 320 to
310,000 mgekg”, (31 wt%) The measured bioaccessible arsenic concentrations from these
samples are much lower than the total arsenic concentrations, and ranged from 8.0 to 3400
mgekg” in the gastric phase (P1), and 4.0 to 3900 mgekg™” in the gastric followed by intestinal
phase (P2). The bioaccessibility results are summarized in Table 1, and in Figure S1 (SI). The
average percent arsenic bioaccessibility was relatively low at 13% (range from 0.1 to 49%,
median 8.4%), which is similar to the results obtained for arsenic mine tailings by Palumbo-Roe
and Klinck (28) (0.6 to 61%, median 5.0%). The present results are also consistent with previous
bioavailability results, which show that arsenic from soils can be one-fifth as bioavailable as

synthesized forms of arsenic (e.g. disodium arsenate heptahydrate (Na,AsO4*7H,0) (29, 30).

Effect of extraction phase, liquid-to-solid ratios and particle size. To address the issues of
variations in bioaccessibility results, which may be attributed to the choice of liquid-to-solid
ratios and particle size, the validity of the bioaccessibility results of the present study is first

examined based on the influence of these parameters.

For 89 percent of the samples tested, arsenic bioaccessibility is greater in P2 than in P1 (Table
1), although the variation in percent arsenic bioaccessibility (P2 — P1) is less than 10% in all
cases except NB12 (11%) and WBI1 (16%). The higher bioaccessibility in P2 most likely

indicates that arsenic-bearing phases in these samples dissolved to a greater extent at the neutral



extraction pH of P2. Arsenic minerals that formed through weathering under acidic conditions
are likely more susceptible to dissolution at higher pH (14, 31), such as that found in P2. These
findings may reflect the result of this weathering phenomenon. Indeed, arsenic-bearing minerals
in many of the tailings samples likely formed under acidic conditions (24), the exceptions being
samples observed to contain calcium carbonates (see further discussion below). From a risk
assessment perspective, the higher result of either P1 or P2 is chosen as a conservative estimate
of bioaccessibility, (although P2 simulates the intestinal conditions under which systemic

absorption occurs).

A comparison between bioaccessible arsenic (using the highest of either P1 or P2 results) and
total arsenic concentrations from Table 1 reveals that the percent bioaccessibility is generally
lower in the samples with greater arsenic concentrations (as shown in Figure S1), and this
correlation is statistically significant (n = 29, r = 0.3, p = 0.002). This could indicate solution
saturation with respect to arsenic-bearing phases (9). To investigate the possibility of saturation,
tests were performed at various liquid-to-solid ratios on 13 samples representing a range of
arsenic concentrations and bioaccessibilities. Bioaccessibility results (Figure 1) were consistent
over the range of liquid-to-solid ratios (1-way ANOVA, p > 0.54), demonstrating the
repeatability of the method, and confirming the results of the 100:1 liquid-to-solid ratio as the
percent arsenic bioaccessibility results did not increase at higher ratios. The largest variation
between ratios is noted for sample GD35: the percent arsenic bioaccessibility varied between 33%
and 48%, corresponding to an RPD of 26%. This RPD is considered acceptable for duplicate
analyses and may be attributed to the more reactive nature of this sample relative to others tested

during this study. Therefore, the arsenic bioaccessibility results for these samples are insensitive
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to different liquid-to-solid ratios, and the 100:1 ratio is considered to be an acceptable liquid-to-

solid ratio.

The effect of selected particle size could not be studied for the specific sample set described here
because of the limited quantity of sample material. Nevertheless, a parallel study was conducted
on a similar sample set collected from the Goldenville and Montague districts in 2006. Results
(Figure S2, SI) show that arsenic bioaccessibility varies between the < 45 pm, < 150 pm, and <
250 um particle size fractions within each sample. However no systematic variation attributes a
greater arsenic bioaccessibility with a specific particle size fraction, and the results indicate that
there is no statistically significant differences in bioaccessibility between the three particle size
fractions. Further tests should be conducted to determine the particle size range deemed most
appropriate for assessing risk from ingestion (16). However, based on the current findings, the <

150 pum particle size fraction was retained as representative for the purposes of the present study.

The next step was to examine the effects of soil composition on bioaccessibility measurements.
The organic carbon content and soil elemental composition were investigated first, followed by
the bulk mineralogical composition, and finally detailed arsenic speciation. Each increasingly
detailed analytical method provided further information to explain the effect of soil composition

and mineralogy on the bioaccessibility of arsenic.

Effect of organic carbon and soil composition The presence of organic carbon may result in

increased arsenic bioaccessibility (19) but the average organic carbon concentration in the 29

samples tested was very low (0.74 wt%). Two of the three soil samples (MG6 and NB13) contain
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nearly 5 wt% organic carbon and yet returned arsenic bioaccessibility results consistent with
most of the tailings samples. Thus for this sample set, the organic carbon content does not
account for variations in arsenic bioaccessibility (n =29, r = 0.03; p = 0.38). Such an effect may
require a greater range in organic carbon content, as was previously observed for samples with

total organic carbon varying from 0.3 to 40 wt% (32).

Principal components analysis (SI) was carried out to examine the potential correlation between
arsenic bioaccessibility and elemental composition in the sample set. Three groups of samples
emerged from this analysis (Figure S3, SI), revealing similarities that were attributed primarily to
site location. However, bioaccessibility results varied to the same extent within each group, and
no relationship was observed between sample groups and arsenic bioaccessibility. Bulk soil
properties did not explain observed variations in arsenic bioaccessibility and a more detailed

analysis of the mineralogy of these samples was required.

Bulk Mineralogical Analysis. The major mineral phases in the sample set were identified by
XRD analysis (24), and a summary is given in Table S1 (SI). Arsenic-bearing phases were
identified in 13 of these samples. The percent arsenic bioaccessibility is very low where the main
arsenic-bearing mineral is sparingly soluble. Indeed, less than one percent bioaccessibility was
observed for samples CAR2 (dominated by arsenopyrite) and GD1 (dominated by scorodite)
(Table 1). Bioaccessibility of the remainder of the samples could not be explained by the bulk
XRD analysis, although samples containing calcium carbonate minerals generally showed higher
than average bioaccessibility, and the results obtained for these samples in the acidic P1 did not

generally increase in pH neutral P2. In contrast, the arsenic bioaccessibility of samples without
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carbonate minerals (overall < 10% arsenic bioaccessibility) generally increased in the pH neutral

P2 (Table 1).

Although this analysis provides useful information on dominant mineralogical characteristics,
poorly crystalline or amorphous arsenic-bearing phases could not be identified by conventional
XRD analysis in some samples even where the arsenic concentrations are high. Furthermore, the
arsenic bioaccessibility may be influenced by arsenic-bearing phases present in quantities or
proportions too small to be detected by conventional XRD. A more sensitive analytical method

was required to identify these phases.

Bulk XANES Analysis. X-ray absorption spectroscopy can be a powerful tool for determining
arsenic speciation in solid samples and is effective for both amorphous and crystalline materials.
Of the 13 samples analyzed (Figure S4, SI), only two (NB8 and NB6C) appear to contain
arsenopyrite (As'-S, 11,867.6 eV). The XANES spectrum of sample NB6C is consistent with
that of arsenopyrite, whereas the spectrum of sample NB8 shows a mixture of arsenopyrite and
arsenic in pentavalent form (As™-O, 11,875.3 eV). There was no evidence of trivalent arsenic
(As™-0 11,871.7 V) in any of the samples tested. The spectra obtained for the other 11 samples
(CARI1, CARS, GD1, MG1, NB1, NB6A, NB7, NB10, NB12, OLD4 and WBI1) are consistent
with As™-O. Previous findings (33, 34), indicate that various forms of pentavalent arsenic bound
to iron cannot be differentiated by XANES analysis. For example, the calcium-iron arsenate
yukonite may represent the major arsenic solid phase in some samples, yet its XANES spectrum

is largely analogous to that of scorodite. Nevertheless, XANES analysis confirmed the findings
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for the dominant arsenic phases identified by bulk XRD. Bulk XANES analysis was also

effective at identifying unoxidized As'-S (arsenopyrite) (Figure S4, SI).

Detailed Mineralogical Analysis. Analytical methods described in the previous sections could
not explain the bioaccessibility results for most of the samples. Further investigation was carried
out (details can be found in Walker et al. (24) to determine the abundance (dominant, major,
minor, trace, or not observed) of the arsenic phases present. In the present study, the results of
this mineralogical analysis for 19 samples are compared with respect to their measured arsenic
bioaccessibility. A summary is presented in Table 2. The arsenic phases belong to seven groups:
1- sulphides (arsenopyrite, realgar (AssS4), arsenic-bearing pyrite (FeS;)), 2- iron arsenates
(scorodite, amorphous forms, pharmacosiderite (KFes(AsO4);(OH)46-7H,0), kankite
(FeAsO4°3.5H,0)), 3- arsenic-bearing iron (oxy)hydroxides (goethite (a-FeO(OH)),
lepidocrocite (y-FeO(OH)), akaganeite (B-FeO(OH)*xH,O°yCl), amorphous forms), 4- roaster-
generated arsenic-bearing iron oxides (hematite (a-Fe,Os), maghemite (y-Fe,Os)), 5- sulphates
(tooeleite  (Feg(AsO3)4(SO4)(OH)4+4H,0), arsenic-bearing jarosite (KFe'™3(OH)s(SO4)0),
arsenic-bearing schwertmannite (Fe3+16016(OH)12(SO4)2), 6- undifferentiated clay minerals
(generally iron-bearing), and 7- calcium-iron arsenates (yukonite, amorphous forms) (3, 24). In
Table 2, the samples are presented in increasing percent arsenic bioaccessibility (from left to
right), which allows the approximate ordering of arsenic species from less to more soluble (from
top to bottom) based on previous studies of pure mineral phases (7), and according to the results
of this study. Within each group, arsenic associated with the amorphous material is generally
assumed to be more bioaccessible than a more crystalline form. However, this may not strictly

apply in the case of arsenate, which binds to iron oxides and oxyhydroxides in a similar
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arrangement regardless of crystal structure (35). Arsenic in the roaster-derived iron oxides (e.g.
hematite) may also exhibit unique characteristics given their complex ore processing history (21,

33).

As previously noted, samples that are dominated by sparingly soluble arsenopyrite (e.g. CAR2)
or scorodite (e.9. GD1) have very low percent bioaccessibilities. The very low bioaccessibility
results for sample GD1 (predominantly scorodite) are consistent with the low solubility of this
phase, and cannot be attributed to limited available surface area since the scorodite in this sample
is present as micro- to nano-crystalline aggregates (24). Furthermore, the bioaccessible arsenic
concentration of 671 mgekg" (0.32%) at the neutral pH of P2, compared to only 277 mgekg
(0.13%) in P1 is consistent with the pH dependent solubility behaviour of pure scorodite (31). In
general, the presence of iron arsenates other than scorodite (e.g. kankite, amorphous iron
arsenate) and iron oxyhydroxides increases bioaccessibility to between 2 and 7%. The high
surface area and texture of these aggregates (24) may contribute significantly to the level of
dissolution. However, their relative contributions cannot be discerned from the data given their

presence as mixed phases.

The influence of mixed arsenic phases on the bioaccessibility of arsenic is evident when
comparing samples CAR2 (predominantly arsenopyrite) and MG4 (small proportion of
arsenopyrite) (SI, Table S1). Specifically, the contributions of amorphous iron arsenates and
amorphous arsenic-bearing iron (oxy)hydroxides in sample MG4 are sufficient to increase the
overall arsenic bioaccessibility to 2.7% compared to the very low 0.62% bioaccessibility from

the arsenopyrite-rich sample CAR2. Traces of sparingly soluble realgar (36) in sample MG4 are
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not expected to contribute to the increased bioaccessibility. Samples GD2 and OLD4 both
contain major iron arsenate phases, but the greater arsenic bioaccessibility in sample OLD4
(9.7%) may result from a major phase of arsenic-bearing jarosite, which is only found in trace
quantities in sample GD2 (4.1%). For samples with mixtures of less and more soluble phases
(even when insoluble arsenic forms are present as major phases) the minor presence of more

soluble phases can increase the arsenic bioaccessibility.

Detailed mineralogical analysis confirmed the presence of calcium-iron arsenates as major
phases in samples MG3 and GDS5 (Table 2), both of which have higher than average percent
arsenic bioaccessibility (Table 1). The lower bioaccessibility of arsenic in MG3 compared to
GDS5 may in part be related to the presence of pharmacosiderite detected as a major phase in
MG3, but not GD5. The presence of calcium-iron arsenates was also observed in oxidized
calcite-bearing tailings from North Brookfield, along with trace quantities of roaster iron oxides.
The elevated percent bioaccessibility in sample NB11A (16%) may result from two different
phases. In this sample, arsenic may be released from the abundant roaster iron oxides (mostly
hematite containing < 2 wt% arsenic), or from the less abundant arsenic-bearing schwertmannite
(which typically contains an order of magnitude more arsenic per grain). Sample NB12 is also
unique in that it shows no evidence of solid roaster or weathered sulphide products. In this
sample, arsenic may have been introduced in soluble form, and is primarily associated with iron,
as reaction products or precipitates among clays and phyllosilicates (3). The higher percent
arsenic bioaccessibility (29%) in this sample may result from the high surface area of clay
minerals. Some arsenic may be weakly bound to clay and oxide surfaces, compared with strongly-

bound inner-sphere sites. In the latter case, the arsenic-clay association may be disrupted under both

16



gastric (low pH) and intestinal (neutral pH) extraction conditions to a greater degree than arsenic

bound to iron oxyhydroxides (37).

Based on the detailed mineralogical data, higher percent bioaccessibility results are thus
attributed to the presence of arsenic hosted as calcium-iron arsenates, arsenic-bearing
schwertmannite, arsenic-bearing jarosite and clay minerals. Among the samples studied, samples
GDS5 and NB12 stand out because their percent bioaccessibility (49% and 29%) are much greater
than the next highest result (16% for sample NB11A). Additional sample characteristics, such as
fine overall grain size (silt and clay) and high surface areas of arsenic-bearing grains described

earlier, may be factors leading to elevated arsenic bioaccessibility for these samples.

Bioaccessibility and mineralogy data from the present study indicate very low percent arsenic
bioaccessibility results where scorodite and arsenopyrite appear alone. Amorphous iron arsenate
and arsenic-bearing iron (oxy)hydroxides, even in the presence of sparingly soluble arsenic
phases, increase bioaccessibility by an order of magnitude over scorodite and arsenopyrite. The
presence of calcium-iron arsenates coincides with the highest percent bioaccessibility among the
samples tested, even where relatively insoluble arsenic phases (arsenopyrite) are present (€.9.
GDS5). In most samples, the presence of a more soluble arsenic phase, however minor, increases
the overall arsenic bioaccessibility. These results are consistent with previous findings, where the
small intestine bioaccessibility of arsenic was found to be an order of magnitude greater for a
calcium-iron arsenate-bearing sample (GD site) than a scorodite and iron arsenate sample (MG

site) (38).
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Samples with similar arsenic mineral phase compositions may exhibit different arsenic
bioaccessibilities. These variations may be attributed to different proportions of the mixed arsenic
phases present as well as to the texture and grain size distribution within the < 150 pm particle size
fraction. Despite the complexity of the mixed arsenic phases identified in this study, clear
geochemical trends (e.g. importance of carbonate buffered vs. acidic tailings) emerge from this study
that may be applicable to other sites. Furthermore, weathering processes in geochemically young
materials (such as tailings) may result in changes in mineralogy (24) and associated arsenic

bioaccessibility over a time scale relevant to risk assessment.

The elevated bioaccessible arsenic concentrations reported for tailings and soils in the present
study highlight potential risks to human health, and even the lowest percent arsenic
bioaccessibilities may reflect risks where total arsenic is present in high concentrations. The
mineralogical data presented help to explain the trends observed in arsenic release during
bioaccessibility tests. The very low organic carbon content in the mine tailings did not affect the
bioaccessibility of arsenic in the present study; however, soil amendments (e.g. increased organic
carbon content, or liming) may lead to increased bioaccessibility. Liming could provide a labile
source of calcium at neutral pH and lead to alteration of iron-arsenates to calcium-iron arsenates
with a corresponding increase in arsenic bioaccessibility. When combined with site-specific
bioaccessibility measurements, the results from this study can be used to better understand the

risks associated with exposure to arsenic in tailings and soil.
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Figures and Tables

Table 1. Bioaccessible arsenic in Nova Scotia gold mining district samples®.

total arsenic bioaccessible arsenic percent arsenic

concentration concentration® bioaccessibilityd
sampleb (mg°kg'l) (mgOkg'1 dry weight) (%)

P1 P2 P1 P2

CARI1 77,000 1,600 3,800 2.1 5.0
CAR2 310,000 1,900 850 0.62 0.27
CAR3 21,000 620 1,400 2.9 6.8
CAR4 15,000 590 1,000 3.9 6.5
CARS 73,000 340 1,000 0.50 1.4
GD1 210,000 280 670 0.13 0.32
GD2 19,000 460 790 2.4 4.1
GD3 39,000 620 1,300 1.6 33
GD4 49,000 600 1,200 1.2 2.5
GD5 7,200 3,400 3,500 47 49
MGl 62,000 1,300 2,300 2.1 3.7
MG2 24,000 440 810 1.8 34
MG3 24,000 2,700 2,800 11 12
MG4 21,000 430 580 2.0 2.7
MG6 320 8.0 4.0 2.5 1.4
NB1 410 100 100 24 25
NB3 650 140 150 22 24
NB6A 740 120 130 16 18
NB6B 7,200 280 410 3.9 5.6
NB6C 6,300 30 28 0.48 0.44
NB7 460 140 160 31 34
NBS8 890 110 100 12 11
NBI10 2,300 450 550 20 24
NBI11A 6,300 950 1,100 14 16
NB11B 5,300 810 1,400 16 26
NB12 9,200 1,200 2,700 13 29
NBI13 200 21 32 11 17
OLD4 34,000 1,400 3,300 4.2 9.7
WBI1 19,000 1,600 3,500 8.3 19

*Test results for the < 150 um particle size fraction. ®Bold script indicates samples
containing calcium carbonates, where similar results were noted between P1 and
P2. °P1 = Phase 1 (gastric); P2 = Phase 2 (gastric + intestinal). ‘Calculated as

100 » bioaccessible arsenic concentration * (total arsenic concentration)’
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Table 2. Arsenic mineralogy and bioaccessibility”.

arsenic mineralogy® (wt percent arsenic)®

1 sulphides

2 iron
arsenates

3 arsenic-
bearing
iron(oxy)
hydroxides

4 roaster iron
oxides

5 sulphates

6 clay minerals®

7 calcium-iron
arsenates

arsenopyrite  (46%)
realgar (18%)
pyrite (< 1%)
scorodite (33%)
kankite (29%)

pharmacosiderite (26%)

amorphous  (20-30%)
goethite® (< 10%)
lepidocrocite (< 10%)
akaganeite (< 10%)
amorphous® (< 10%)
hematite (<2%)
maghemite  (<2%)
tooeleite (28%)
jarosite’

schwertmannite (< 10%)

undifferentiated"
yukonite (25%)
amorphous  (20-30%)
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?Arsenic mineral phases are presented in order of their increasing contribution to arsenic bioaccessibility
(numbers 1 to 7), based on the empirical results of this study; qualitative abundance for each arsenic
phase is indicated as D = dominates sample; M = major; m = minor; t = trace amounts observed. "Mineral
determination for NB1 is by petrography and ESEM only. “For samples containing calcium-iron
arsenates, the iron oxyhydroxides also bear calcium. “Weight percent arsenic concentration is determined
experimentally, except for arsenopyrite, realgar, scorodite, kankite and tooeleite, for which the
stoichiometric values are given. Arsenic content of these phases in sample MG6 is < 1 wt%. "Amount of
arsenic in these phases was not determined. ®Generally iron-bearing clay minerals. Clay mineral
associated arsenic was identified as a major phase in NB12. This association may be present as a trace or
minor phase in other samples. "Undifferentiated arsenic mineral within each arsenic-bearing phase.

26



percent arsenic bioaccessibility

50

S
<

(%]
=]

[
=}

o
<

liquid-to-solid ratios
m 100:1
0 250:1
& 500:1
0 1000:1
@ 2000:1
& 5000:1

s

SRR

e
e
P ==
O e

s,

A
e

4
.

[__H

[

B e e e e e e
B o o e oo o P

R
RN ==

samplesin increasing order of arsenic concentration

Figure 1. Liquid-to-solid ratio comparison for the percent arsenic bioaccessibility in
selected samples (abbreviations are described in the text). Results for the < 150 pm particle
size fraction tested at 100:1, 250:1, 500:1, 1000:1, 2000:1 and 5000:1 liquid-to-solid ratios
are presented for the higher value of either the gastric (P1) or the gastric + intestinal phase
(P2) in each case. The value for P2 was selected in 96% of cases for this series of tests.
Error bars (£ 7.2%) represent the average of the relative percent difference between
duplicates.
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Brief

The more soluble arsenic phases exert the greatest influence on the bioaccessibility of arsenic in
tailings and soil samples containing a complex mixture of arsenic minerals.
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