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Abstract Enrichment of As and Au at the overgrowth rims
of arsenian pyrite is a distinctive feature of Carlin-type
gold ores. Revealing distribution of such key elements in
high resolution is of fundamental importance yet often
proves challenging. In this study, repeated non-oxidative
acid etching of ore samples from Shuiyindong gold deposit
was applied to enable elemental depth profiling of gold-
bearing arsenian pyrite grains. ICP-OES and AAS were
used to determine the dissolved Fe, As, and Au concen-
trations in each of the etching solutions, and XPS was
carried out to exam the etched mineral surfaces. In contrast
to conventional ion beam etching that may cause substan-
tial sample damage, our acid etching method does not seem
to significantly alter the composition and chemical state of
the samples. The etched depths directly converted from the
measured elemental concentrations can reproducibly reach
a very high resolution of ~ 1 nm, and can be conveniently
controlled through varying the etching time. While the Fe
and As depth profiles consistently reflect the surface
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oxidation property of arsenian pyrite, the Au profile dis-
playing an obvious upward trend reveals the ore fluid
evolution at the late stage of mineralization. Based on our
experimental results, we demonstrate that our wet chem-
istry method is capable of effective depth profiling of gold
ore and perhaps other geological samples, with advantages
surpassing many instrumental techniques including negli-
gible sample damage, nanoscale resolution as well as iso-
tropic etching.

Keywords Wet chemistry - Acid etching - Depth
profiling - Carlin-type gold deposits - Arsenian pyrite

1 Introduction

Carlin-type gold deposits are of great economic signifi-
cance, as exemplified by the over 800t of gold reserve in
just Dian-Qian-Gui “Golden Triangle” area in Southwest
China (Su et al. 2018). The major gold-bearing mineral in
such deposits is arsenian pyrite, which often shows a core-
rim structure with As and Au enriched in the overgrowth
rims (Muntean et al. 2011; Simon et al. 1999b). High
resolution techniques such as NanoSIMS have revealed
heterogeneous distribution of Au and As exhibiting an
oscillatory zoning feature underneath the mineral surface
(Barker et al. 2009; Li et al. 2020; Yan et al. 2018).
Mechanistic interpretation of compositional correlation
between As and Au (in the form of either Au™ or Au
nanoparticles) as well as the formation process of Au
nanoparticles was proposed through linearly relating the
solubility of Au in arsenian pyrite to the As content
(Deditius et al. 2014; Reich et al. 2005), while alternative
explanations on gold existing forms were also reported
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(Mikhlin and Romanchenko 2007; Moller and Kersten
1994). The concentration, chemical state of elements such
as Au and As, along with their spatial distributions, are all
essential properties of Carlin-type gold ores, which provide
crucial insights into the complex ore fluid evolution as well
as the mineralization processes (Agangi et al. 2013; Barker
et al. 2009; Reich et al. 2013; Zhao et al. 2018). On the
other hand, comprehensive understanding of such occur-
rence states of ore-forming elements also helps to improve
metallurgical technology for the refractory Carlin-type
gold ores (Mao 1991). Therefore, discovering the occur-
rence states of elements in arsenian pyrite grains have
always remained as an extensively studied topic (Fleet and
Mumin 1997; Hu et al. 2017; Large et al. 2009; Su et al.
2012; Zheng et al. 2016).

A number of in-situ instrumental techniques were used
to perform spot or area analysis of elemental contents on
gold-bearing minerals, including electron probe microan-
alyzer (EPMA), laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS), secondary ion mass
spectroscopy (SIMS), etc. (Cepedal et al. 2008; Hou et al.
2016; Li et al. 2020; Reich et al. 2005; Zhang et al. 2003;
Zhao et al. 2018). To determine the compositional or
structural properties as a function of depth beneath the
mineral surface (i.e., depth profiling), surface etching
methods typically involving energetic beams (such as ion
sputtering and laser ablation) were used to remove and
expose surface materials stepwise. Such physical etching
techniques usually equipped with sensitive analytical
instruments (as shown above) have the advantage of
achieving in-situ analytical results with up to ppb level
detection limits (Della et al. 2017; Dowsett and Adriaens
2004; Hnatyshin et al. 2020; Yamaguchi et al. 2020). Yet,
such depth profiling methodology suffers several substan-
tial drawbacks mainly due to the nature of high energy
etching. While the depth is quantitatively converted from
the etching timescale, the composition-dependent etching
rate (matrix effect) prevents straightforward calibration for
often unspecified geological samples (Wang et al. 2009).
The potential radiation damage may change the chemical
state (e.g. valence) of certain labile elements and create
distortion to the elemental ratios (Brijs et al. 1993; Nobuta
and Ogawa 2009). Besides, in contrast to chemical etching,
physical etching is usually anisotropic with high energy
beams directed at arbitrarily selected mineral surfaces,
which may lead to biased analytical signals.

In this research, we developed a simple but effective wet
chemical method with non-oxidizing acid to etch gold-
bearing arsenian pyrite in a controlled manner. We
demonstrate that depth profiling of arsenian pyrite through
wet chemistry can successfully obtain the spatial distribu-
tion features of key elements with satisfactory sample
representativeness. Eventually, these characterization

results are expected to promote advancing the minerogen-
esis and metallurgy in Carlin-type gold deposits.

2 Materials and methods
2.1 Sample preparation

Ore samples used in this study were collected from
Shuiyindong, a super-large Carlin-type gold deposit in
Guizhou, China (Zhang et al. 2010). The grade of our ore
samples was determined to be ~ 220 ppm. Arsenian pyrite
is the major gold-bearing mineral and the host rock is
mainly composed of carbonate (Liang et al. 2013; Su et al.
2008). Since natural gold-bearing pyrite samples discussed
in this paper all contain As, we do not distinguish pyrite
from arsenian pyrite hereinafter. Ore samples were grouped
into bulk and powder respectively, with bulk sample
mechanical polished. A portion of bulk sample was cru-
shed, milled (< 200 mesh), ultrasonicated (1 h in deionized
water) and panned to collect powder sample, which was
dried and stored in vacuum, and named SG-0.

To perform wet chemical etching, the initial pyrite
powder sample SG-0 was soaked with 3 M HCI in an
ultrasonic bath (100 W, 40 kHz) for 90 min, with the solid-
to-liquid ratio maintained at 1:50. The temperature in the
ultrasonic bath was found to raise from ~ 20 to ~ 45 °C
till the end of the etching process. Subsequently, the sus-
pension was separated by centrifugation, and the resulting
aqueous solution sample was named SG-0,y. The remain-
ing solid powder sample, washed with anhydrous ethanol at
least 9 times, then dried and stored in an anaerobic tank
(Luo et al. 2018), was named SG-1. And the etched pyrite
layer (from calculation) in the Ist acid etching turn was
designated as SG-0,. The above procedure was repeated
(for up to 8 times) to obtain samples SG-N,q, SG-N, and
SG-N,, respectively, with N indicating the acid etching
step(s) experienced by the powder samples (SG-N).

2.2 Instrumental characterization

The Au, As, Fe and S contents and distributions in bulk ore
samples were obtained by EPMA (JEOL, JXA-8230) with
spot size of 1 um. The total elemental contents of pyrite
powders were analyzed by X-ray fluorescence spectrome-
try (XRF, ARL Perform’X 4200, Thermo Fisher, USA).
And the mineral composition was determined by X-ray
diffraction (XRD, Empyrean, PANalytical B.V, NL) with
Cu-Kuo radiation. Morphology of solid powder samples
were observed by scanning electron microscopy (SEM,
Scios, FEI, USA), and the ImageJ software was used to
estimate the average particle size of pyrite. Fe and As
concentrations in etching solutions (SG-N,q) were detected
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by inductively coupled plasma optical emission spectrom-
etry (ICP-OES, VISTA-MPX, Varian, USA). To obtain the
Au content, etching solutions were first digested by fresh
10% (V/V) aqua regia, then analyzed with atomic
absorption spectroscopy (AAS, 990SUPER, Persee,
China).

Furthermore, the chemical state and content of elements
at the surface of pyrite grains from our powder samples
(SG-N) were analyzed by X-ray photoelectron spec-
troscopy (XPS, AXIS SUPRA, Shimadzu, Japan), with Al-
Ko exciting radiation (1486.6 eV, 450 W), 300 x 700 pm
analysis size, 0.05 eV step size and 500 ms dwell time, and
6-8 sweeps. All spectra were analyzed by the CasaXPS
software and calibrated with the adventitious Carbon
Is peak at 284.8 eV. The Shirley type background sub-
traction was applied, and high resolution spectra were fitted
with the Gaussian (30%)-Lorentz (70%) function
(Artyushkova et al. 2007). Finally, the concentrations of
elements on etched pyrite surfaces were roughly estimated
by CasaXPS.

2.3 Concentration and depth estimations

To estimate the elemental contents in the dissolved surface
layer of pyrite, we used a commonly accepted pyrite for-
mula as FeAsxS(.x), assuming during the formation of
arsenian pyrite, one sulfur atom was substituted by one
arsenic atom, and neglecting all other trace elements in
pyrite (Liang et al. 2013; Su et al. 2012; Wang and Zhu
2015). Thus, the atomic percentage of Au or As in the
dissolved pyrite after each acid etching was calculated with
the Eq. (1) below:

NAu or NAs

As or Au (at.%) = AN
Fe

x 100% (1)
where Ny, Nas and Ng. denote the atomic quantity of Au,
As and Fe in the dissolved pyrite respectively.

Moreover, to simplify the calculation of the thickness of
the etched/dissolved pyrite layer, all pyrite particles were
reasonably assumed to be cubic in shape, and the etched
depth in each etching step was estimated with Eq. (2):

ap 2 20V

5 @)

where D represents the side length of pyrite cubes, m is the
total mass of pyrite in SG-N, and Am stands for weight loss
due to pyrite dissolution (the etched pyrite layer), respec-
tively. To calculate Am, the measured Fe and As contents
in SG-N,q, and the converted S content based on the fixed
atomic ratio of Fe:(S + As) = 1:2 were added up.

@ Springer

3 Results and discussions
3.1 EPMA analysis of bulk sample

The Au and As contents and their distributions in arsenian
pyrite are important characteristics of Carlin-type gold
deposits. We first used EPMA to characterize elemental
contents and distributions on the surface of the polished
bulk samples. Previous researches have demonstrated the
existence of overgrowth rims in arsenian pyrite grains, with
Au enriched in As-rich rims (Gopon et al. 2019; Palenik
et al. 2004), and the overgrowth rims generally have much
higher Au concentrates than the core (Mao 1991; Zhao
et al. 2018). Consistently, pyrite in this study from
Shuiyindong Carlin-type gold deposit also shows such
characteristics (Fig. 1), with Au in the arsenic-rich rim
reaching up to 0.07 mol%. Based on EPMA elemental
mapping, As may be distributed in both the core and rim of
pyrite grain as shown in Fig. 1d, with the outer rim having
relatively higher As, and Au being enriched in this As-rich
rim. Fe distribution in the whole grain appears relatively
homogeneous, whereas S is slightly poor in the rim.
Meanwhile, a relatively strong negative correlation
between S and As with regard to both their concentrations
and spatial distributions has been observed (Fig. 1f),
compatible with the well-established isomorphic substitu-
tion of S™ by As™ (Liang et al. 2013; Su et al. 2012; Wang
and Zhu 2015). The occurrence of As (as As™) was also
confirmed in our XPS analysis (see Sect. 3.4).

3.2 Composition of powder samples

The Shuiyindong ore samples are known to be mainly
composed of dolomite, silica, pyrite, and a small amount of
clay mineral (Su et al. 2008), which is verified by XRD
analysis (not shown) of our initial powder sample SG-O.
The 1st round of acid treatment with HCI almost appeared
to completely dissolve dolomite from SG-0, and thus sig-
nificantly concentrated pyrite in SG-1. Specifically, the
resulting total content of pyrite in SG-1 became 32 wt%
(from XRF analysis), corresponding to ~ 24 wt% pyrite in
SG-0, with the weight lost from the first acid treatment step
(~ 42 wt% of SG-0) attributed to the acid removal of
carbonate minerals. Based on SEM image analysis, the
average grain size of pyrite was below 20 pum in both SG-0
and SG-1, and practically little difference in pyrite mor-
phology and size was detected between the two samples.
Furthermore, despite of stepwise mineral etching by the
non-oxidative acid (HCI) of relatively high concentration
(3 M), the overall compositions as well as the morphology
of pyrite in samples SG-N (N = 1-7) remained nearly the
same.
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As (mol%)

Fig. 1 Backscattered electron image of a pyrite grain (a), Fe (b), S (¢), As (d) and Au (e) mapping by EPMA, and a negative correlation between

As and S concentrations (f)
3.3 Acid etching of pyrite

It should be noted that Fe, S, As and Au contents detected
in etching solutions are all assumed to originate from dis-
solution of pyrite, as supported by general knowledge of
Carlin-type gold ores (Deditius et al. 2014; Simon et al.
1999a). Therefore, here we focus our discussion on acid
etching of pyrite, with the Fe, As and Au concentrations
data presented in Table 1 As shown in Fig. 2a—c, the
overall variations of Fe, As and Au contents with each
etching solution appear somewhat similar. The elemental

concentrations always showed the highest values at the first
acid etching step, dramatically decreased at the second
step, and then became relatively steady after several
repeated steps. For example, As in SG-0,q was 36.74 ppm,
nearly 100 times higher than that of SG-1,4, while Fe in
SG-0,q (518.88 ppm) was ~ 27 times higher than that of
SG-1,q and ~ 320 times higher than that of SG-2,,

~ SG-7,4 (1.60 ppm on average). For Au, the concen-
tration in SG-1,4 was ~ 9 times higher than that of the rest
samples. It is commonly understood that pyrite (a sulfide
mineral) can be easily oxidized in aerobic or moist

Table 1 Fe, As and Au contents in the acid etching solution (SG-N,q) and the etched pyrite surface layer (SG-Nj) respectively

Solution Fe(.q) (ppm) Asig) (ppm)  Augag) Surface As (at.%) Aug, (at.%) Etched depth
samples (x 107" ppm) samples (nm)
SG-0,9 518.88 +24.74 36.74 £ 1.47 2.36 £ 0.40 SG-0, 1.76 £+ 0.04 0.0043 £+ 0.0009 416.4
SG-14g 19.03 £ 0.94 0.31 £ 0.01 0.29 + 0.08 SG-1 0.41 £ 0.03 0.014 £+ 0.005 15.4
SG-244 244 + 0.12 0.18 £ 0.02 0.24 £ 0.05 SG-2; 1.80 £ 0.33 0.09 £ 0.02 2.0
SG-3,4 2.02 £ 0.07 0.15 £ 0.01 0.23 + 0.03 SG-3, 1.87 £ 0.08 0.11 £ 0.01 1.7
SG-4,4 1.63 £ 0.02 0.13 £ 0.01 0.29 £ 0.03 SG-4, 2.05 £0.11 0.17 £ 0.02 1.3
SG-5,q 1.25 + 0.07 0.11 £ 0.01 0.19 + 0.07 SG-5, 2.17 £ 0.19 0.14 £ 0.05 1.1
S6-6,4 1.46 + 0.19 0.11 £ 0.01 0.23 + 0.04 S6-64 1.99 +0.17 0.15 £ 0.03 1.2
SG-7yq 1.43 + 0.17 0.10 £ 0.03 043 +0.14 SG-7, 1.67 £ 0.30 0.29 + 0.13 1.1
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Fig. 2 Fe (a), As (b), and Au (c) concentrations in acid etching solutions SG-N,q (N = 0-7) from powder samples SG-N (N = 0-7), estimated
contents of As (d) and Au (e) in etched pyrite layer SG-Ng (N = 0-7), and approximate etched depth in each step (f)

environment, and the oxidation product such as Fe(OH); or
SO,*~ can be easily removed by an acid solution (Qiu et al.
2018; Zhu et al. 2018). Thus, the observation of the highest
elemental contents at the first acid etching step is attributed
to the existence of an oxidation layer on the outermost
surface of pyrite, which is also confirmed in our XPS study
(Sect. 3.4). We speculate that the ore powder SG-0 was
most likely oxidized during the pretreatment and storage
processes.

When normalized by the amount of each etched layer of
pyrite (SG-Ny), the As and Au contents in terms of atomic
percentages in the etched pyrite present a totally different
variation pattern (as shown in Fig. 2d—e). The calculated
percentages of As in SG-N; were relatively stable in the
range of 1.7-2.2 at.%, except in SG-2, where it dramati-
cally dropped to a minimum of ~ 0.4 at.%. This
“anomalous” minimal value is probably due to the higher
oxidizing speed of As in comparison with that of Fe and S,
and thus easier migration of As to pyrite surface (Schaufuss
et al. 2000). Consequently, a certain amount of As origi-
nally in the surface of SG-1 might have migrated into SG-
0, which was sufficient enough to make SG-1; As-poor
comparing with other layers. In contrast, the Au concen-
trations practically maintained a persistent rising trend with
the increasing etched depths. It should be emphasized that
the above phenomenon might have reflected the very
important pattern of ore fluid evolution at the final stage of
pyrite mineralization, when Au became depleted as a
consequence of deposition on pyrite overgrowth but As still
remained in adequate supply (Kusebauch et al. 2019).

@ Springer

The etched depths (Table 1) were derived from Eq. (2)
based on the mass of dissolved pyrite, and essentially
depended on the Fe and As contents in the etched solutions.
Thus, it is straightforward to see that the etched depths (in
SG-Ny) resemble the Fe and As contents (in SG-N,q) in
terms of their variation with increasing etching steps. For
instance, the maximal dissolved amount of Fe from SG-0
corresponded to the thickest etched depth of ~ 416 nm in
SG-0;. Then the etched depth of SG-1; decreased to
~ 15 nm, still much higher than the subsequent steady
etched depths (< 2 nm), indicating perhaps considerable
degrading of crystal structure in the surface of SG-1 due to
oxidation. Noticeably, the stabilization of etched depths
reaching ~ 1 nm suggests that pyrite etching is control-
lable under well-defined acid etching condition. Further-
more, combined with other techniques, such a wet
chemistry etching method is demonstrated to enable depth
profiling of arsenian pyrite to obtain important analytical
data (e.g., Table 1) at nanoscale resolution.

3.4 XPS analysis

XPS spectra of powder samples SG-N are presented in
Fig. 3. The binding energies of Fe 2p, S 2p and As 3d in
SG-0 all showed remarkable blue shift compared with
other samples, signifying existence of an oxidized surface
layer of pyrite in SG-0 (Moulder et al. 1992), which also
complies with the oxidation-promoted dissolution dis-
cussed in Sect. 3.3. For unoxidized pyrite (SG-1-SG-7), Fe
2ps, binding energy located at ~ 706.8 indicates the
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Fig. 3 Fe 2p (a), S 2p (b) and As 3d (c) XPS spectra of samples SG-N (N = 0-4, from bottom to top) respectively

reduced chemical state of FeS, (Binder 1973), while for
SG-0, the major peak of Fe 2ps3, at ~ 711.2 eV suggests
the oxidized form of Fe>™ and the much smaller peak at
lower binding reveals a minor amount of unoxidized FeS,
(Oku and Hirokawal976). Similarly, the S 2p binding
energy at 168.8 eV for SG-0 indicates the oxidized SO4*~
species, and the smaller peak at 161.9 eV (same as that for
SN-1-4) suggests minor unoxidized FeS, (Karthe et al.
1993; Volmeruebing and Stratmann 1992). The coexis-
tence of both oxidized and unoxidized species in SG-0 may
be due to partial detachment of the oxidation products from
pyrite surface during milling and ultrasonication, which
resulted in exposure of some detectable “fresh” pyrite.
Again, As 3d peak in SG-0 at ~ 44.8 eV verifies nearly
complete oxidation to As®T (Mizokawa et al. 1978). And
the binding energies of As 3d in SG-1-4 were all at
~ 41.0 eV corresponding to the valence state as As~
(Chanturiya et al. 2019; Liang et al. 2013), which is in
accordance with the isovalent substitution of As for S in the
pyrite lattice (Cook and Chryssoulis 1990; Reich et al.
2005), and also compatible with the negative correlation
between As and S shown in Fig. 1f.

The Fe, S and As contents in samples SG-N (N = 0-4)
were calculated by peak fitting of XPS spectra with
CasaXPS software (Table 2). Sample SG-0 was found to
have the highest atomic percentages of Fe and As, but the
lowest S content among all tested samples. Such charac-
teristic of the surface-oxidized sample SG-0 is most likely
due to partial elution of some dissolvable oxidized S spe-
cies (e.g., sulfate) during powder sample pretreatment (e.g.,
sonication, panning in water) combined with better
preservation of the less dissolvable Fe and As oxidation
products. The Fe, S and As contents in samples SG-1-4 all
changed very little, inferring insignificant influence on the

Table 2 Atomic percentages of Fe, S and As in samples SG-N
(N = 0-4) based on XPS spectra fitting

Fe (at.%) S (at.%) As (at.%)
SG-0 43.25 £ 4.87 48.03 £5.22 8.72 + 0.44
SG-1 32.72 £ 2.17 65.30 + 2.05 1.98 + 0.12
SG-2 32.26 + 1.14 65.82 + 1.08 1.92 £ 0.07
SG-3 31.12 £ 2.20 66.83 + 2.13 2.06 + 0.07
SG-4 32.66 £+ 0.06 65.31 £+ 0.07 2.02 + 0.03

composition and structure of the deeper “clean” pyrite by
our repeated acid etching procedure.

Caution should be advised when a cross-comparison is
attempted between the etching solutions (Sect. 3.3) and
XPS analysis (Sect. 3.4) results, since disagreement seems
to be inevitable (especially for the shallow oxidation-af-
fected samples) because of not only the differences in the
targeted samples (dissolved vs. solid surface), but also a
mismatch in the detection depth between acid etching and
XPS (normally ~ 10 nm) (Benoit 2003).

3.5 Ion sputter etching

Since ion sputtering is a conventional technique to help
analyze materials layer-by-layer (Hofmann 1991), we
applied ion (Ar") beam sputtering on sample SG-4 in order
to draw a comparison with our acid etching method. As
clearly shown in Fig. 4, after Ar' sputtering for just 1 min,
the Fe 2p, S 2p and As 3d peaks were dramatically
broadened compared with the original spectra, while fur-
ther accumulating the sputtering time to 2 min did not
seem to cause additional apparent changes in peak shape.
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Fig. 4 Fe 2p (a), S 2p (b) and As 3d (¢) XPS spectra of SG-4 after Ar™ ion sputtering for 0, 1 and 2 min respectively

Meanwhile, after ion sputtering, the S 2p XPS spectra
shifted to relatively lower binding energy, whereas the Fe
2p and As 3d XPS spectra shifted to higher binding ener-
gies (standing for more oxidized valence state). According
to the peak fitting results (Table 3), ion sputtering for 2 min
decreased the atomic percentage of S from 65.6% to
57.8%, and adversely increased Fe from 32.2% to 40.3%.
This phenomenon can be attributed to the preferential
sputtering of lighter element S in comparison with the
relatively heavier elements Fe and As (Brijs et al. 1993;
Koslowski et al. 2020). Nevertheless, in view of the severe
sample damage due to Ar' ion sputtering as discussed
above, our wet chemistry method, acid etching has
demonstrated superior advantages in conducting depth
profiling of pyrite samples.

3.6 Acid etching of synthetic pyrite

The ore samples in our acid etching experiments contain
mixtures of minerals including pyrite with polydisperse
size. Such non-uniformity in composition and size may add
complication (e.g., necessity of reasonable assumptions) to
the interpretation of the depth profiling data. We thus
further test the acid etching method on synthetic single-
component pyrite (P) and arsenian pyrite (AP ~ 2.3 wt%
As) samples, respectively. Samples were prepared

following a previously reported synthetic method and were
both cubic with a uniform size of ~ 600 nm (luo et al.
2018). The Fe, As contents and the etched depths (shown in
Fig. 5) all display roughly the same variation pattern with
increasing etching steps as that of our natural ore samples
from Carlin-type gold deposit, which features the highest
elemental contents and etched depth at the first etching step
due to oxidation, and then dramatically decreased and
stabilized such values at the subsequent etching steps. The
above consistence clearly corroborates the effectiveness
and reproducibility of our acid etching method on ore
samples as well as different types of mineral samples.

3.7 Extension of acid etching time

We have demonstrated depth profiling through non-ox-
idative acid etching with several advantages over many
modern instrumental techniques, including negligible
sample damage and nanoscale etching resolution. It is
obviously desirable to gain further control on the etching
process through manipulating the wet chemistry conditions
(e.g., etchant composition, etching time). Here we tested
whether etching steps could be conveniently enlarged by
simply extending the etching time. As shown in Fig. 6, the
dissolved Fe content kept raising almost linearly with
increasing etching time from 90 to 360 min. Thus, it can be

Table 3 Fe 2p3/2, S 2p3/2 and

o . Element Cumulative etching time 0 min 1 min 2 min

As 3d binding energies and
corresponding elemental Fe Bind energy (eV) 706.9, 708.3 707.1, 708.3, 710.2 707.3, 708.8, 710.2
contents of sample SG-4 after .
different duration of Ar™ ion Content (at.%) 322 347 403
beam sputtering S Bind energy (eV) 162.2 162.1 162.1

Content (at.%) 65.6 63.1 57.8

As Bind energy (eV) 40.7 41, 42.4 40.8, 42.2
Content (at.%) 2.2 2.2 2.0
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Fig. 6 Fe contents from samples SG-3 in acid etching solutions with
increasing etching times

seen that the etched depth can be expanded not only by
repeating etching cycles (e.g., from SG-0 to SG-7), but also
by accumulating a single acid etching time (e.g., from 90 to
360 min). The above results also imply that the equilibrium
of pyrite dissolution was far from being reached under our
experimental conditions, which is also consistent with our
calculation based on the solubility constant.

4 Conclusion

Depth profiling of arsenian pyrite was successfully con-
ducted based on non-oxidizing acid etching combined with
other analytical techniques. In contrast to conventional
surface etching methods (such as ion beam etching)
potentially suffering severe sample damage, our wet
chemistry method is considered to cause insignificant
alteration to the elemental composition and chemical state
of the arsenian pyrite samples. The etched depth is directly
estimated through the Fe and As contents in etching solu-
tions (instead of through calibration), and can easily and
reproducibly reach nanoscale resolution surpassing that of
many modern characterization techniques. In addition, in
comparison with ion sputtering toward one direction, wet
chemistry etching on all facets of mineral grains is more
isotropic and thus endows statistically enhanced sample
representativeness. The high resolution As and Au depth
profiles revealed in this study can provide critical new
insights into the ore-forming process in Carlin-type gold
deposit. We also expect expanded application of such wet
chemistry methodology in additional areas of studies.
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