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• Arsenic bioaccessibility assessed in 16
arsenate and arsenic trioxide mineral
(oid)s.

• Wide range of bioaccessibility from
0.15% to 100% under gastric
conditions.

• Complete dissolution of Co, Cu, Pb, and
Zn arsenates occurred in acidic
conditions.

• Mineral solubility and soil retention ca-
pacity strongly affect As
bioaccessibility.
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A B S T R A C T

The potential risk to humans from incidental ingestion of As-contaminated soil and mine waste is influenced by
the mineralogical composition of the As phases present. Using the Solubility Bioaccessibility Research Con-
sortium in vitro assay, simulating gastric conditions, we determined the oral bioaccessibility of As in 16 envi-
ronmentally important As mineral(oid)s commonly found in mine waste and contaminated soils. Our results
revealed a wide range of bioaccessibility values closely related to the solubility of the mineral(oid)s. Bio-
accessibility values ranged from 0.15% in minerals with great environmental stability such as scorodite and
pharmacosiderite, to complete (100%) release from minerals such as adamite, erythrite and pharmacolite. In-
termediate bioaccessibility levels were observed in minerals such as arsenolite and yukonite, ranging from 6% to
67%. In mixtures with soil, the bioaccessibility of As in mineral(oid)s with low solubility was significantly
reduced, with bioaccessibility values up to 8.7 times lower due to the effective adsorption of As by the soil. We
conclude that the bioaccessibility of As in natural soil and mine waste is intricately influenced by both the
mineralogical composition of As phases and the As retention capacity of natural materials under acidic condi-
tions of gastric fluids.
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1. Introduction

Arsenic (As) is a potentially carcinogenic metalloid that commonly
occurs as a contaminant in mine wastes and soils affected by mining and
ore processing operations. In areas affected by these activities, inci-
dental oral ingestion and/or inhalation of dust from these materials
often represent a primary exposure pathway of As, and the actual health
risk depends on the bioaccessibility (soluble under gastrointestinal
conditions) and therefore bioavailability of As (absorbed into the sys-
tematic circulation) in the ingested material [1,2]. Bioaccessibility is
measured through several in vitro bioaccessibility (IVBA) assays that
offer an inexpensive and expedient method simulating the dissolution of
solid phase As in the gastrointestinal tract and have been validated by
several animal model studies [3-5]. Estimating bioaccessibility from
site-specific materials provides a realistic approximation of the relevant
human exposure and, as such, is an important component of the health
risk assessment.

Secondary arsenic minerals and mineraloids, the latter defined as X-
ray amorphous natural phases with variable composition and structure,
are among the most important scavengers of As in mine wastes and
highly As-polluted soils [6,7]. The number of secondary arsenic mineral
(oid)s is very high (nearly 520 arsenates and arsenites; [8]), but only a
limited number of them have been repeatedly documented in mine
wastes and soils [6,9]. These widespread As mineral(oid)s that can be
considered ‘environmentally important’ phases are represented by sta-
ble and metastable arsenate and arsenic trioxide phases that vary
significantly in stability and solubility [10]. Many studies have shown
that the solubility of As mineral(oid)s is positively correlated with As
bioavailability and bioaccessibility [11-15]. Arsenic minerals charac-
terized by a notably low bioaccessibility comprise sparingly soluble
sulfides and sulfosalts such as arsenopyrite (FeAsS), orpiment (As2S3),
realgar (As4S4), arsenian pyrite (FeS2), and enargite (Cu3AsS4) [16-18,
13,19]. Crystalline and stable Fe(III) arsenates, such as scorodite
(FeAsO4⋅2 H2O) and pharmacosiderite [KFe4(OH)4(AsO4)3⋅nH2O], were
also reported to have very low bioaccessibility [17,18,20] due to their
very low solubility [21,22]. Amorphous Fe(III) arsenate (HFA),
As-bearing Fe(III) (oxyhydr)oxides (e.g., As sorbed to ferrihydrite
[~Fe5HO8⋅4 H2O] or goethite [α-FeOOH]), or (hydroxy)sulfates (e.g., As
incorporated into jarosite [KFe3(SO4)2(OH)6] or schwertmannite
[Fe8O8(OH)6SO4]) increase bioaccessibility by more than an order of
magnitude over sparingly soluble sulfides and crystalline Fe(III) arse-
nates [23,16,24,18,25]. Ehlert et al. [26] reported As bioaccessibilities
of up to 7.3 % in synthetic HFA-ferrihydrite coprecipitates and found
that bioaccessibility was strongly dependent on the mineralogical
composition of the coprecipitate. Coprecipitates dominated by ferrihy-
drite exhibited lower bioaccessibility as a result of readsorption and/or
surface precipitation of As released into the gastric solution. Addition-
ally, Mikutta et al. [27] documented the precipitation of As-rich Fe
(oxyhydr)oxides in gastric extracts during bioaccessibility testing of
contaminated soils. In these tests, the bioaccessible As originating from
As(V)-adsorbed ferrihydrite constituted 5–35% of the total As content.
Generally, higher bioaccessibilities of As were documented in samples
where As was predominantly sequestered by naturally occurring jarosite
or schwertmannite [16,18], while other studies have recommended the
intentional formation of synthetic jarosite-group minerals, such as
plumbojarosite and beudantite, to decrease the bioaccessibility of As in
contaminated soils [28]. However, the highest bioaccessibility coincides
with the presence of Ca-Fe arsenates such as arseniosiderite [Ca3
Fe4(OH)6(AsO4)4⋅3 H2O] and yukonite [Ca2Fe3(AsO4)3(OH)4⋅4 H2O]
[17,18,29], which are highly unstable under the low pH conditions of
gastric solutions [30]. It is important to note that As mineralogy alone is
not the sole physicochemical parameter influencing As bioaccessibility.
Other factors, such as pH, organic matter content, Fe (oxyhydr)oxide
mineralogy and content, texture, and redox conditions of soils and mine

waste, also play significant roles, as evidenced by notable differences in
bioaccessibility values between samples with similar As mineral com-
positions [16,18,29]. For example, Fe content and speciation have been
identified as significant explanatory variables dictating the heteroge-
neity of bioaccessibility results in natural samples ([14] and references
therein). Yang et al. [31] reported a significant relationship between As
(V) adsorption and Fe (oxyhydr)oxide content in soils, which generally
reduces As bioaccessibility with increasing Fe content in natural sam-
ples. On the contrary, Fe complexation by glycine can promote the
mobilization of As associated with Fe(III) mineral(oid) [32].

Although there is a widespread consensus that the bioaccessibility of
As is closely associated with dominant secondary As-containing mineral
(oid)s in mine waste and highly polluted soil [23,12,18,13,28,14], only
a limited number of studies have investigated the bioaccessibility of As
in pure phases or mineral systems. Beak et al. [33] and Ehlert et al. [26]
investigated the bioaccessibility of As in amorphous coprecipitates of
the HFA-ferrihydrite system, while Meunier et al. [17] reported the
bioaccessibility of As in scorodite-rich and yukonite-rich materials. To
date, no systematic study on the bioaccessibility of As in environmen-
tally important As mineral(oid)s and its controlling factors has been
conducted, despite its critical importance in understanding and evalu-
ating the potential health risks associated with mine wastes and polluted
soils. To address this research gap, we prepared and characterized
sixteen As mineral(oid)s that are commonly encountered in mine wastes
and highly polluted soils. While As-bearing phases like jarosite,
schwertmannite, and Fe(III) (oxyhydr)oxides are commonly dominant
in these environments, our study specifically focuses on environmentally
important As mineral(oid)s where As is a primary stoichiometric
component, such as arsenates and arsenic trioxide. By focusing on
mineral(oid)s in which As is an integral part of the crystal structure, we
aimed to directly assess As bioaccessibility in its most concentrated and
environmentally significant natural phases.

We evaluated their As bioaccessibility using the Solubility Bio-
accessibility Research Concortium gastric phase (SBRC-G) extraction
test, which is now part of EPA’s Test Methods for Evaluating Solid
Waste: Physical/Chemical Methods SW-846 as EPA Method 1340 [34].
This information was used to (i) provide comprehensive data on the
bioaccessibility of As from environmentally important supergene As
phases, which are essential for better understanding the bioaccessibility
of As in complex natural samples, and (ii) determine potential factors
influencing the varying levels of As bioaccessibility associated with
these mineral(oid)s.

2. Materials and methods

2.1. Preparation and characterization of As mineral(oid)s

The samples selected for this study represent 16 environmentally
important supergene arsenate and As trioxide mineral(oid)s. The syn-
thetic analogues of adamite, annabergite, arseniosiderite, erythrite,
mimetite, olivenite, pharmacosiderite, schultenite, scorodite and
yukonite were prepared according the well-established synthesis pro-
tocols [35-37,22,38,30,39-41] in the laboratory at the Charles Univer-
sity and University of Jena. A brief description of their syntheses and
purification is outlined in the Supplementary Information. An X-ray
amorphous ferric arsenate (HFA), arsenolite, bukovskýite, kaňkite,
pharmacolite, and picropharmacolite samples used here were natural,
from the abandoned mining wastes and underground spaces near the
municipality of Jáchymov (HFA, kaňkite, pharmacolite, and pic-
ropharmacolite) and Kutná Hora (bukovskýite) in the Czech Republic
[42-44]. Arsenolite was obtained from the Arsenic Plant in the Tsumeb
Smelter Complex, Namibia.

Total element contents (Al, As, Ca, Co, Fe, K, Mg, Na, Ni, P, Pb, S, Si,
Zn) were determined in triplicate by inductively coupled plasma-optical
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emission spectrometry (ICP-OES; Agilent 5100, USA) after acid diges-
tion of the solids in 7 N HCl. Quality control samples were run every
approximately 20 samples and consisted of blanks and certified solu-
tions (NIST SRM 1643 f and 1640a). Values for certified solutions were
within ± 6%.

Powder X-ray diffraction (XRD) and Raman spectrometry (RMS)
were used to confirm the solid phases present. The XRD data were
collected from 5 to 70◦ in 2theta using a X’Pert Pro diffractometer
(PANalytical, the Netherlands) with a X’Celerator detector, Cu Kα ra-
diation (40 kV, 30mA), 0.02◦ in 2theta step size, and 150 s dwell time/
step. X’Pert High Score plus 3.0 software coupled with the ICDD PDF-2
database was used for analysis of the XRD patterns. The RMS mea-
surements were performed using a Renishaw InVia Reflex Raman
spectrometer (785 nm of a diode laser, laser power of 0.1–5%, trans-
lating into an output of 0.12–6mW at the source, 20 s exposure accu-
mulation, 10–20 accumulations).

2.2. Solid preparation and characterization for bioaccessibility
determination

The reactivity of pure arsenic phases in the gastric conditions was
studied in both composite quartz dust and soil dust samples. Quartz was
chosen because it is a nonreactive material, ensuring that the results
correspond specifically to the As bioaccessibility in As mineral(oid)s.
However, considering the interaction that can occur between As and soil
compounds, a soil mixture offers a more representative scenario for
ingestion. The quartz sand (Sklopísek Sťreleč, Czech Republic) and soil
(Lufa Standard 2.2. soil, Lufa Speyer, Germany) were sieved to
< 150 μm, representing the particle size that is more adherent to human
hands and thus more likely to be ingested [45]. Both composite quartz
and soil samples were prepared by mixing 475± 3mg of quartz or soil
dust with 25.0± 0.2 mg of arsenic phase. Due to the limited quantity of
the arsenic phases, surface area measurements of arsenic phases were
not performed; however, the particle size was standardized to < 150 µm
to minimize variability in surface area effects on dissolution rates.

Major minerals of Lufa soil dust (<150 µm) and its clay fraction were
determined by XRD. The pH of the soil dust was measured in distilled
water and 1M KCl solution (soil-to-solution ratio (w/v) = 1:5) using a
freshly calibrated glass electrode (SenTix® 41 electrode, WTW). Total
sulfur (S), organic carbon (TOC), and inorganic carbon (TIC) were
determined using an Eltra CS 530 and Eltra CS 500 TIC analyzers. Total
element contents of soil dust were determined by ICP-OES after
microwave-assisted digestion in mineral acids (HNO3, HF, and HClO4).
The accuracy of the analytical determinations was checked by triplicate
measurements of NIST SRM 2711a standard reference material and was
found to be ≤ 8% of relative standard deviation for most elements
(Table S1). Poorly crystalline metal-(oxyhydr)oxides with associated As
in the soil and quartz dust were extracted in triplicate with 0.2M
ammonium-oxalate solution (solid-to-solution ratio (w/v) = 1:100, pH
3) for 2 h (100 rpm) in the dark [46]. To determine retention capacity
for As(V) and As(III), single-point adsorption experiments were con-
ducted in triplicate for soil and quartz dust. The experiments used a
0.1M NaCl solution containing 200mg⋅L–1 As(V) (Na2HAsO4⋅7 H2O) or
200mg⋅L–1 As(III) (As2O3), with a solid-to-solution ratio (w/v) of 1:50.
The tests were performed at pH 6.0 and pH 1.5, with equilibration times
of 1 hour or 24 hours, 100 rpm and 37 ◦C. All extracts were analyzed by
ICP-OES after 0.22-µm filtration (Fisherbrand nylon membrane filters,
Germany).

2.3. Bioaccessibility of arsenic

Arsenic bioaccessibility (IVBAAs) was determined with EPA SW-846
Test Method 1340 [34] (also known as SBRC-G, Simplified Bio-
accessibility Extraction Test or SBET), which has undergone inter- and
intra-lab validation for predicting relative bioavailability (RBAAs) in soil
and for which As in vitro bioaccessibility data are strongly correlated

with mice and swine RBA [3,47]. EPA Method 1340 consists of one
compartment representing the stomach in which mixture of glycine,
HCl, and water simulates human stomach fluid at fasting pH [34,48].
The synthetic gastric fluid, prepared from N2-purged 0.4M glycine so-
lution (reagent-grade glycine in deionized water) adjusted to pH 1.5
with concentrated HCl (Suprapure grade, Merck), was added to solid
samples in a liquid-to-solid ratio of 100 (v/w). The mixtures were gently
rotated (80 rpm) at 37 ◦C for 1 h in a GFL 3032 incubator (GFL, Ger-
many). The pH was regularly checked and manually adjusted by addi-
tion of HCl in case of any pH drift caused by the high buffering capacity
of the samples (final pH = 1.50± 0.01); at the end of incubation, the
redox potential (Eh; SenTix® ORP redox electrode, WTW) was
measured. Subsequently, the suspensions were filtered through a
0.45-µm nylon filter, diluted, and the filtrates were analyzed by
ICP-OES. The bioaccessibility of As and Pb and extractability of metals
(EXMetal; Ca, Co, Cu, Fe, K, Ni, Mg, S, and Zn) were expressed in g⋅kg–1

and converted to their percentage of the total content. All extractions
were performed at least in triplicate. A reference soil (NIST 2710a) was
extracted in five replicates for quality control and the results (As bio-
accessibility = 32.0± 0.8%; Pb bioaccessibility = 53.5± 0.9%;) were
comparable with the ranges reported for an intra- and interlaboratory
assessments for standard reference materials [49,50]. The surface and
chemistry of HFA, arsenolite, and yukonite were evaluated before and
after bioaccessibility testing using a TESCAN VEGA scanning electron
microscope (SEM) equipped with an Oxford Link X-Max 50
energy-dispersive X-ray spectrometer (EDS).

Solubility curves for As mineral(oid), their saturation indices (SI),
and the speciation of metal(loid)s in glycine extracts were calculated
using PHREEQC software [51]. The LLNL and MINTEQ.V4 databases
were augmented with the solubility products of the mineral(oid)s from
the literature (Table S2).

3. Results and discussion

3.1. Elemental and mineralogical composition of mineral(oid)s and
composite materials

Table 1 summarizes the elemental composition of all mineral(oid)s
(complete data provided in Table S3). Arsenic and stoichiometric metal
content (Ca, Co, Cu, Fe, Mg, Ni, Pb, Zn) of the mineral(oid)s ranged from
156 to 736 and from 31 to 741 g⋅kg–1, respectively. These concentrations
correspond to 7800–36,800mg⋅kg–1 As in the composite samples, a
range realistic for highly contaminated mine wastes [6,18]. Their
chemical composition, as well as mineralogical characterization using
XRD and RMS, indicate the purity and crystallinity of the phases,
whether synthesized or collected from natural environments (Figure S1
and S2). The content of nonstoichiometric components was consistently
lower than 23 g⋅kg–1 (Table S3) and corresponded mainly to anions
(PO4

3– and SO4
2–) incorporated into natural samples by substituting for

AsO4
–3 [52,53], or occasionally reflected the chemical composition of the

reagents in the synthetic protocols (Na and SO4
2– in arseniosiderite,

pharmacosiderite, and yukonite).
Quartz dust (<150 µm) is a monomineralic material with very low

amounts of metal (oxyhydr)oxides (≤27mg⋅kg–1 of oxalate-extractable
Fe, Al, or Mn), resulting in a negligible retention capacity for both As
species (Table S4). Within the fine fraction of the Lufa soil (< 150 μm),
quartz and organic matter are the predominant constituents, while
minor minerals include K-feldspar, plagioclase, and clay minerals such
as vermiculite and illite (Figure S3). The total concentration of As
(16mg⋅kg–1) and trace metals (Co, Cu, Ni, Pb, or Zn≤45mg⋅kg–1) in soil
is relatively low. The presence of organic matter, clay minerals, and
metal-(oxyhydr)oxides (particularly Fe(III) (oxyhydr)oxides), as indi-
cated by oxalate extractions (269–3470mg⋅kg–1 of oxalate-extractable
Fe, Al, or Mn), aligns with the elevated adsorption capacity of the soil
for both As species (Table S4). Lufa soil dust generally sorbed more As
(V) than As(III) at equivalent pH levels and equilibration times, likely

P. Drahota et al. Journal of Hazardous Materials 485 (2025) 136838 

3 



due to the stronger electrostatic interactions or inner-sphere complex-
ation of As(V) species with positively charged surface sites. The reten-
tion capacity was higher at pH 1.5 than at pH 6, consistent with other
studies demonstrating a decrease in As(V) and often in As(III) sorption
with increasing pH [54,55], which can be attributed to the higher pos-
itive surface charge at lower pH. Despite the incomplete retention of As
species in 1 hour (25–90% sequestered within 24 hours), our data show
that the soil can adsorb 730mg⋅kg–1 As(V) and 180mg⋅kg–1 As(III)
under the conditions of the IVBA assay (1 hour, pH 1.5, and 37 ◦C).

3.2. Arsenic bioaccessibility and metal extractability in mineral(oid)s

The bioaccessible As concentrationmeasured for the mineral(oid)s in
the quartz dust ranged from 0.5 to 363 g⋅kg–1 (Table S5). These values
indicate that the IVBAAs in the mineral(oid)s are highly variable, ranging
from 0.15% to 101% (Table 1). The measured bioaccessible Pb and
extractable metal (Co, Cu, Fe, Ni, or Zn) concentrations ranged from 0.4
to 441 g⋅kg–1 (Table S5), with corresponding IVBAPb and EXMetal ranging
from 0.14% to 102% (Table 1). The latter values are similar to the
IVBAAs, with a mean percentage difference of 2.2%. The paired t-test
(p= 0.479) and Wilcoxon signed-rank test (p= 0.418) indicate no sig-
nificant difference between the IVBAAs and corresponding IVBAPb or
EXMetal, with variations ranging from − 13.2 to 7.6%.

Based on their IVBAAs,Pb and EXMetal levels, the mineral(oid)s can be
classified into five groups. Scorodite and pharmacosiderite are almost
insoluble minerals in gastric solution, with IVBAAs ≤ 0.3%. Kaňkite and
HFA exhibit relatively low IVBAAs (1–3%), while arsenolite, arsen-
iosiderite, and bukovskýite display moderate IVBAAs (6–12%). High
IVBAAs (59–67%) are found in mimetite, yukonite, and annabergite.
The remaining As minerals, including adamite, erythrite, schultenite,
olivenite, pharmacolite, and picropharmacolite are completely soluble
in the simulated gastric solution (Table 1). These values are generally
consistent with limited IVBAAs values reported for pure phases in the
literature. Specifically, they correspond to the IVBAAs values of
2.9–7.3% for HFA-rich coprecipitates [26], but are higher than those
found for scorodite-rich (0.03–0.08%) and yukonite-rich (10–19%)
materials [17]. This difference may stem from the different methodo-
logical conditions of the PBET assay (pHGastric = 1.8; absence of glycine)
used by Meunier et al. [17], as well as the composite nature of their
samples.

The arsenic mineralogy is not the only factor influencing the IVBAAs
of composite materials, but it often plays a significant or even exclusive
role. Arsenic bioaccessibility documented for composite samples of mine
wastes andmining-impacted soils with defined arsenic mineralogy spans
a wide range, with values between 0.3% and 90% [56,18,29,20,19]. In
accordance with our results, the lowest IVBAAs (≤0.6%) were docu-
mented in samples, where scorodite was confirmed as the only dominant
As-bearing mineral [18,20]. However, the As mineralogy of mine waste
and soil samples is usually more complex with scorodite commonly
associated with metastable ferric arsenates such as HFA and kaňkite, as
well as As-bearing Fe(III) (oxyhydr)oxides and (hydroxy)sulfates such as
ferrihydrite, goethite, jarosite, and schwertmannite [6]. The
co-occurrence of these more reactive mineral(oid)s with less reactive
scorodite or pharmacosiderite increased IVBAAs of composite materials
to values ranging from 2.5% to 41% [18,20,19]. Such a wide range of
percentages cannot be easily related to the relative abundance of As
mineral(oid)s with variable reactivity, as shown in the results of Meu-
nier et al. [18] and Whitacre et al. [19]. This discrepancy suggests that
other factors influence the varying IVBAAs of natural samples with
complex As mineralogy. These factors likely include differences in the
availability of mineral surfaces for dissolution reactions and the pres-
ence of minor to rare, highly reactive As phases. The availability of
mineral surfaces is critical for dissolution, and the specific surface area
of As mineral(oid)s should be considered. This is particularly important
when comparing the dissolution behavior of synthetic and natural
phases, as differences in crystallinity can lead to variations in the surface
area of each phase (see [21]). Although we were unable to measure the
specific surface area of As mineral(oid)s in our study due to limited
sample quantities, their crystallinity can be indicated by their XRD
patterns (Fig. S1). To minimize variability related to particle size effects,
all samples were powdered and sieved to a uniform particle size of
< 150 µm, ensuring consistency in surface area-to-volume ratios among
the samples. The presence of minor, highly reactive As phases may also
help explain the discrepancy between lower IVBAAs observed in pure
arsenolite (6%; Table 1) and higher values found in arsenolite-rich
smelter dust samples (35–77%) from Tsumeb (Namibia) [56]. The
notably higher As bioaccessibility in the smelter dust may be attributed
to the presence of minor Al, Cu, and Pb arsenate phases such as alarsite
(AlAsO4), conichalcite [CaCu(AsO4)(OH)], johnbaumite [Ca5(A-
sO4)3(OH)], and mimetite [57]. Unlike arsenolite, Cu and Pb arsenates

Table 1
Elemental composition of minera(loid)s, their nominal formula, and molar metal/As ratio, As bioaccessibility (IVBAAs), and metal extractability (EXMetal) for mineral
(oid)s in the quartz dust or soil dust.

Mineral(oid)a
As Metalc Metal/As IVBAAs EXMetal Metal/As IVBAAs EXMetal Metal/As

Quartz dust Soil dust

(g⋅kg–1) (mol⋅mol–1) (%) (%) (mol⋅mol–1) (%) (%) (mol⋅mol–1)

Scorodite FeAsO4⋅2 H2O 342 253 0.99 0.15 0.14 0.92 0.07 — —
Pharmacosiderite KFe4(OH)4(AsO4)3⋅nH2O 273 274 1.34 0.30 0.26 1.18 0.09 — —
Kaňkiteb FeAsO4⋅3.5 H2O 289 218 1.01 1.1 1.1 0.98 0.33 — —
HFAb FeAsO4⋅nH2O 220 233 1.42 2.8 2.7 1.39 0.33 — —
Arsenoliteb As2O3 736 — — 5.9 — — 1.3 — —
Arseniosiderite Ca3Fe4(OH)6(AsO4)4⋅3H2O 296 211 0.96 7.5 5.7 0.73 5.1 — —
Bukovskýiteb Fe2(AsO4)(SO4)(OH)⋅9H2O 177 247 1.87 12 16 2.44 5.5 8.3d 2.79d

Mimetite Pb5(AsO4)3Cl 159 741 1.69 59 60 1.71 63 66 1.77
Yukonite Ca2Fe3(OH)4(AsO4)3⋅4H2O 273 181 0.89 68 59 0.77 60 43d 0.64d

Annabergite Ni3(AsO4)2⋅8H2O 257 317 1.57 67 64 1.52 58 58 1.55
Adamite Zn2(AsO4)(OH) 278 468 1.93 98 97 1.91 87 87 1.93
Erythrite Co3(AsO4)2⋅8 H2O 256 336 1.67 94 95 1.49 92 95 1.55
Schultenite Pb(AsO3OH) 156 444 1.03 101 98 1.00 102 103 1.05
Olivenite Cu2(AsO4)(OH) 211 339 1.89 100 101 1.90 104 106 1.92
Picropharmacoliteb Ca4Mg(AsO3OH)2(AsO4)2⋅11 H2O 331 153 0.86 99 102 0.89 97 99d 0.88d

Pharmacoliteb Ca(AsO3OH)⋅2 H2O 362 180 0.93 100 102 0.95 92 93d 0.93d

a Arsenic mineral(oid)s are listed in order of their increasing As bioaccessibility.
b The mineral(oid)s denote natural origin, while the remaining are synthetic.
c Metals are represented by Fe, Pb, Ni, Zn, Co, Cu, or Ca, with a preference for Fe, when mineral(oid) contains two metals.
d The extractability of Fe or Ca was calculated by subtracting the extractability in pure soil from that in the mixture of soil and As mineral.
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were not detected in the extraction residues of the smelter dust [56],
corroborating our findings of their complete solubility in the gastric
solutions (Table 1). However, Co, Cu, Pb, and Zn arsenates almost al-
ways occur as minor or rare As minerals in mining-impacted materials
[6]. Consequently, the highest IVBAAs (19–90%) were documented in
materials, where As is predominantly bound to Ca-Fe arsenates such as
arseniosiderite and yukonite [18,29]. The wide range of IVBAAs
(19–90%) in their samples cannot be solely explained by the variable
distribution of arseniosiderite and yukonite in the samples, which
display different As bioaccessibility (Table 1), but reach a maximum of
only 70% (yukonite). It is possible that the higher IVBAAs (≤90%) in
natural samples from the gold mining region of Victoria (Australia)
could be attributed to the minor presence of soluble As phases, such as
Ca and Mg arsenates, which are expected in high-pH environments rich
in Ca or Mg [44], similar to those found in the natural samples. Another
contributing factor may be the increased dissolution kinetics of Ca-Fe
arsenates in these natural samples, potentially due to a greater surface
availability or the different crystallographic nature of the natural min-
erals compared to synthetic ones.

3.3. Controls on arsenic bioaccessibility in mineral(oid)s

Numerous studies have indicated that the bioaccessibility of As
mineral(oid)s is closely linked to their solubility [11-14]. Calculated
solubility of the mineral(oid)s showed a strong pH-dependance (Fig. 1)
and indicated that, independently of the quality of the available ther-
modynamic data, the solubility order at pH 1.5 generally corresponds to
IVBAAs (Table 1). At this pH, scorodite exhibits the lowest solubility and
similar or even lower solubility can be expected for pharmacosiderite,
which shows no signs of dissolution in 5 N HCl, even after one day [22].
According to the IVBAAs values, the minerals with high solubility
include Ni, Co, Cu and Zn arsenates, while Ca and Ca-Mg arsenates are
the most soluble minerals (Fig. 1). Although the IVBAAs of several
minerals slightly deviated from the solubility predictions, schultenite
and arsenolite showed the most significant differences; schultenite dis-
solved readily, while arsenolite exhibited limited solubility in gastric
solution. The latter phenomenon can be ascribed to a slow dissolution of
arsenolite. It is important to note that the solubility results in Fig. 1
reflect equilibrium conditions, whereas the 1-hour bioaccessibility test is

likely far from reaching equilibrium for arsenolite. In fact, laboratory
experiments with arsenolite dissolution reported that the system may
reach equilibrium after several months or perhaps even after a year [58].
This slow dissolution process suggests that the limited solubility
observed in short-term bioaccessibility tests may not fully reflect
long-term behavior of arsenolite under equilibrium conditions. The
explanation for the high level of IVBAAs in schultenite is not clear.
However, thermodynamic data for schultenite, determined from a sol-
ubility study on a natural sample [59], could be problematic because the
authors did not provide any chemical analyses, proof of homogeneity, or
evidence ruling out microscopic impurities.

To assess the potential for As precipitation in the glycine extract,
saturation indices for As-bearing phases were calculated. The results
indicate an undersaturation for all investigated As mineral(oid)s (SI ≤
–1.5) and for all other As-bearing phases (SI ≤ –2.1), including Fe(III)
(oxyhydr)oxides. Saturation was observed only for scorodite (SI=+0.1)
in the yukonite sample, but its formation is unlikely during a 1-h
extraction at 37 ◦C and pH 1.5 [60]. This suggests that homogenous
As precipitation did not influence the IVBAAs in the studied mineral(oid)
s. It should be noted that the mobilization of As from mineral(oid)s is
facilitated by the formation of glycine complexes with cationic species
[61,62]. Speciation modeling indicates that 84–97 % Fe(III) and up to
27 % Ca are stabilized in the solution through the formation of
[FeHGly]3+ and [CaHGly]2+ complexes, respectively. The ability of
glycine to complex with these cations enhances the dissolution of Fe-
and Ca-bearing As mineral(oid)s. In contrast, the complexation of other
metals by glycine is low (4 % for Cu) or negligible (Co, Mg, Ni, Pb, and
Zn). Consequently, glycine may result in higher IVBAAs in these phases
compared to IVBA assays without glycine [32]. This highlights the
importance of glycine in simulating gastrointestinal conditions, as its
presence can increase the bioaccessibility of As, particularly in complex
environmental samples containing Fe (oxyhydr)oxides. However,
glycine is not the only factor influencing the dissolution of As phases in
IVBA assays. For example, soluble phosphate, present in the gastroin-
testinal system, can both desorb As from Fe (oxyhydr)oxides [63,64] and
promote the dissolution of arsenates such as HFA and yukonite [53].
Similarly, reducing agents like ascorbic acid or pepsin, naturally
secreted in the stomach, lower the redox potential of gastric solutions
and may facilitate the dissolution of As-bearing Fe phases [11,24]. These

Fig. 1. Calculated solubility for the arsenic mineral(oid)s. Mineral abbreviations: adamite (Ad), amorphous ferric arsenate (HFA), annabergite (Anb), arseniosiderite
(Assd), arsenolite (Aso), bukovskýite (Buk), erythrite (Ery), kaňkite (Kňk), mimetite (Mim), olivenite (Oli), pharmacolite (Pmc), picropharmacolite (Ppm), schultenite
(Slt), scorodite (Scd), yukonite (Yuk).
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and other differences in IVBA operational parameters can lead to vary-
ing IVBAAs values for the same samples, highlighting the need to
consider multiple physiological factors when assessing As bio-
accessibility and exposure risks.

The molar metal/As ratios in the extracts were quite similar to the
molar metal/As ratios in the solids (Table 1), indicating a congruent
dissolution of the mineral(oid)s in the glycine solution. Fig. 2 illustrates
the relationship between the molar metal/As in the extract and the
metal/As in the solids for all mineral(oid)s in both the quartz and soil
composite samples. Nearly all solids dissolved congruently in both
sample types, displaying similar releases of metal and As, with the
exception of several complex Fe arsenates, where the congruence was
less pronounced. Specifically, Ca-Fe arsenates (arseniosiderite and
yukonite) with lower Fe/As in the solids exhibited a slightly higher
release of As compared to Fe, while bukovskýite (high Fe/As ratio in the
solid) released more Fe than As (Fig. 2). A comparable trend, with
significantly higher variations in the molar ratios, was observed for
HFA-ferrihydrite coprecipitates and was attributed to As readsorption
and/or surface precipitation at higher Fe/As solid ratios [26]. Ehlert
et al. [26] reported an incongruent dissolution of HFA-ferrihydrite
coprecipitates, but also showed that increasing the liquid-to-solid ra-
tios from 100 to 5000 leads to a congruent dissolution. Consistent with
their findings, our liquid-to-mineral(oid) ratio of 2000:1 was sufficiently
high to ensure congruent or near-congruent dissolution in the bio-
accessibility testing of pure As mineral(oid)s.

3.4. Effect of soil on arsenic bioaccessibility in mineral(oid)s

The bioaccessible As concentration measured for mineral(oid)s in
soil dust ranged from 0.2 to 334 g⋅kg–1, with the corresponding values of
IVBAAs between 0.07 % and 104 % (Table 1 and S5). The calculated
values of IVBAPb and EXMetal were nearly identical to the IVBAAs values
for most mineral(oid)s where these calculations were possible (for
minerals with EXMetal ≥ bukovskýite, Table 1). This indicates congruent
or near-congruent dissolution of these minerals in the soil dust, similar
to the congruent dissolution observed in quartz dust (Fig. 2). On the
basis of the IVBAAs,Pb and EXMetal values, the mineral(oid)s could be
categorized in a manner similar to quartz dust samples. However, the
IVBAAs values for many mineral(oid)s in soil dust are considerably lower
than those found in quartz dust samples (Table 1). While the soluble
minerals (adamite, erythrite, schultenite, olivenite, pharmacolite, and
picropharmacolite) in the quartz dust samples dissolved almost
completely in the soil samples, three previously defined groups of
mineral(oid)s with the lowest solubility in the glycine solution exhibited
significantly lower IVBAAs in the soil dust. Specifically, scorodite and

pharmacosiderite showed IVBAAs lower than 0.1 %; kaňkite and HFA
displayed IVBAAs of 0.3 %, and the minerals with moderate IVBAAs
(arsenolite, arseniosiderite, and bukovskýite) exhibited values between
1.3 % and 5.5 % (Table 1). These IVBAAs values are 1.5–8.7 times lower
than those for the corresponding mineral(oid)s in the quartz dust sam-
ples, exhibiting a general trend of decreasing differences as bioaccessible
As concentrations increase. These findings are consistent with the
sequestration of As by the soil. In agreement with our results, the
retention capacity of the Lufa soil, estimated at 730 mg⋅kg–1 As(V) and
180 mg⋅kg–1 As(III) (Table S4), indicates negligible relative sequestra-
tion of As(V) (<8 %) released from highly soluble phases such as
yukonite and other more soluble minerals listed in Table 1. This reflects
the fact that the amount of As released from these highly soluble min-
erals far exceeds the retention capacity of the soil. In contrast, the low
IVBAAs values for scorodite, pharmacosiderite, kaňkite, HFA, arsen-
iosiderite, and bukovskýite in soil mixtures can be completely attributed
to the adsorption of As onto soil sorbents. Here, the increasing amount of
adsorbed As increases with bioaccessible As concentrations in the min-
eral(oid)s (Fig. 3), likely reflecting the adsorption isotherm of As(V) in
soils [54,55].

Another aspect that could potentially reduce the bioaccessibility of
As and was tested in our mixed samples is the mechanical barrier on the
surface of As mineral(oid)s caused by the trapping of soil particles.
Unlike the quartz samples, the surface of HFA and yukonite after bio-
accessibility extractions in soil samples revealed the presence of alu-
mosilicate particles (Figure S4a,b), which, however, covered only a
small portion of mineral(oid) surfaces and therefore likely did not play a
significant role in reducing bioaccessibility values in soils. The absence
of alumosilicate cover on arsenolite surfaces (Figure S4c) suggests that
the large difference between the bioaccessibility of As in quartz and soil
samples, which cannot be completely attributed to As(III) sorption in
soil, may be caused by other factors related to the very slow oxidation
and dissolution of this mineral in the soil environment [58].

4. Conclusion

In the study, we investigated As bioaccessibility in 16 environmen-
tally important supergene arsenate and As trioxide mineral(oid)s. Bio-
accessibility varied widely (0.15–100 %), driven primarily by the
differential solubility of the mineral(oid)s under acidic gastric condi-
tions. Stable and crystalline phases (e.g., scorodite, pharmacosiderite)
exhibited low IVBAAs, while less crystalline or metastable phases (e.g.,
HFA, kaňkite, yukonite) showed higher IVBAAs. The highest bio-
accessibility was observed in minerals stable under alkaline conditions,
such as Ca and Ca-Mg arsenates, and arsenates of Cu, Co, Ni, Pb, and Zn.

Bioaccessibility in soil mixtures was frequently lower than in quartz
dust due to the retention of As released by soil sorbents, highlighting the

Fig. 2. Relative changes in the molar Metal/AsExtract ratio with increasing
molar Metal/AsSolid ratio. Metals include Co, Cu, Ni, Zn (black symbols), Fe (red
symbols), or Ca (blue symbols). The dashed line indicates the line of congruent
dissolution. Arseniosiderite (Assd), bukovskýite (Buk), yukonite (Yuk).

Fig. 3. Relationship between the difference of bioaccessible As concentrations
in quartz (IVBAAs,quartz) and soil dust (IVBAAs,soil) and the dissolved As con-
centration in the quartz dust (Asquartz) for scorodite, pharmacosiderite, kaňkite,
HFA, arseniosiderite, and bukovskýite.
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influence of sorption capacity on IVBAAs in natural samples. These re-
sults emphasize the importance of considering both mineral(oid)
composition and sorption capacity when assessing As exposure risks in
contaminated soils and mine wastes. When integrated with site-specific
bioaccessibility measurements, our findings contribute to a deeper un-
derstanding of the potential health risks associated with exposure to As
in contaminated soils and mine waste.

Environmental Implications

This study demonstrates that arsenic bioaccessibility varies signifi-
cantly (0.15–100 %) among 16 arsenate and arsenic trioxide mineral
(oid)s, commonly found in contaminated soils and mine waste. A novel
finding is that arsenic bioaccessibility is primarily controlled by the
mineralogy of these phases, which relates to their solubility, and the
retention capacity of the surrounding materials, such as soil and waste.
These insights emphasize the need for targeted remediation strategies
that consider both mineral composition and soil retention to effectively
mitigate arsenic exposure risks in contaminated environments.
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Conceptualization. Vojtěch Ettler: Writing – review & editing, Visual-
ization, Investigation, Funding acquisition, Formal analysis. Filip
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