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ARTICLE INFO ABSTRACT

Keywords: Arsenical copper artifacts from prehistory often display silvery CusAs surface layers whose origin has been
Cu3As debated for decades. To clarify the mechanisms, we reproduced the phenomenon experimentally by exposing
Cu-As alloys Cu-As alloys (6-11 wt.% As) to acetic acid and vinegar-salt solutions, mimicking accessible prehistoric mate-
)S(%'EDXS rials. Surface and microstructural characterization (LOM, SEM-EDXS, XRD) combined with ICP-AES analysis
ICP-AES demonstrates that these conditions trigger selective copper leaching and progressive surface enrichment of
LOM CusAs. The resulting layers form banded morphologies with penetration depths up to 400 pm, closely resembling

archaeological specimens, and enhance corrosion resistance. We introduce the term arsenification for this pro-
cess of CusAs surface enrichment. Beyond providing insights into the earliest known case of intentional surface
modification, these results establish a model for alloy surface engineering via controlled dealloying under mild

acidic and saline conditions.

1. Introduction

Arsenical copper is the first intentionally produced human-made
alloy, appearing in the archaeological record as early as c. 5000 BCE
on the Iranian plateau, and later in Central Europe in the fourth and
early third millennia BC [1-4]. As outlined in [2], more than 40
archaeological Cu-As objects with CusAs surface layers are currently
known; most of them are weapons, of which more than 30 are daggers.
They are found from Spain in the west to Palestine in the east and date
from the Copper Age to the Late Bronze Age [5-8]. Surprisingly, all of
these objects (tohugh containing far less than 15. wt.% As in the bulk)
show at least partially a silvery surface, which is usually attributed to As
concentrations in alloys greater than 15 wt. % As [9]. The silvery color
derives from the formation of CugAs, containing about 29.5 wt. % As,
and the (a + y)-eutectic, containing about 21 wt. % As [10-11]. Ac-
cording to the recrystallized (annealed) microstructure of the studied
bronzes, these phases’ formation could not have resulted from the
casting process but took place afterward. It has been hypothesized that
the silvery color slowly appears after long periods of internment or due
to gradual phase changes that occur over thousands of years: for an
overview on previous research see [2]. However, previous experiments
have shown that the formation of CusAs on the object’s surface
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presumably can also be triggered by depositing arsenical copper alloys
in a sand and salt mixture for several months [8]. The reproduction of
these experiments by the authors though remained without success.
Further experiments have not yet been carried out with Cu-As alloys.
Studies most similar to the one presented here, but with a different goal
and on different alloys, include a study on the kinetics of growth and
lateral spreading of an intermetallic layer along a free surface during the
surface interdiffusion of Cd2:Nis and CusZns [12], the diffusion
spreading of two intermetallic phases in the Cu-Sn system along a free
surface [13], and the growth of Cu-Sn intermetallics at a pre-tinned
copper-solder interface [14].

Archaeological references to similar techniques, but with different
materials, are for instance known from pre-Hispanic Colombia and third
millennium BCE Ur (depletion gilding [15-16]), or medieval Northern
Europe and Roman “Corinthian” bronze (depletion silvering; [17-18]).
Dezincification describes a similar, even though historically much
younger process [19-20]. From a corrosion-science perspective,
numerous studies have examined how specific environmental conditions
can promote the preferential dissolution of one constituent of a metallic
alloy through galvanic coupling and subsequent reprecipitation pro-
cesses. In Cu-Al alloys [21] and Cu-Zn alloys [20,22-24] extensive work
has demonstrated how microstructural heterogeneities and
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phase-selective electrochemical responses lead to element-specific
leaching, surface enrichment, and the formation of corrosion-derived
layers with distinct chemical signatures. Comparable behaviors have
also been observed under controlled chemical treatments, where selec-
tive etching  conditions can  reproduce similar  dis-
solution-reprecipitation pathways [25]. In this paper we aim to
determine, once and for all, the formation criteria for prehistoric
silvery-surfaced arsenical copper alloys. To achieve this goal, the for-
mation of CugAs on the sample’s surface will be instigated through
exposing different Cu-As alloys [26] to selected solutions also available
during prehistory, which will infer whether prehistoric metalsmiths
intentionally altered the surface of CuAs-objects to achieve a desired
color, or whether it is the result of long-term changes to the alloy’s
phases. The alloy samples were then studied using electron microscopy
(SEM-EDX), light optical microscopy (LOM), X-ray diffraction (XRD)
and an inductively coupled plasma atomic emission spectrometer
(ICP-AES). Further analyses using XPS (X-ray photoelectron spectros-
copy) were planned, but unfortunately had to be postponed due to
technical issues. The authors are, however, currently preparing a second
paper on the topic, focusing on the formation mechanism of these CusAs
features, which will include XPS analyses. This research has the poten-
tial to prove whether the surface of Cu-As alloys was deliberately silvery
colored by depletion, which would be the oldest known evidence of such
a process.

2. Methodology
2.1. Synthesis and sample preparation

Samples with a nominal composition Cu-As with 6, 8, and 11 wt. %
As (for a total mass of 50 g each) were prepared by vapor-solid reaction
between Cu and As. The starting metals used were Cu in small pieces
(99.997 wt. % purity, Metallwerke Brixlegg, Brixlegg, Austria, MB-
OF101 certified) and As in lumps (99.99 wt. % purity, Alfa Aesar,
Haverhill, MA, USA). The elements were sealed inside a quartz tube
under vacuum and slowly heated (in steps of 40 °C above 250 °C) until
liquid (between 980-1030 °C). The samples were subsequently air-
quenched. The as-cast samples were then cold rolled and reduced to
about 80 % (“D” in sample name); a second set of samples (“R” in sample
name) underwent additional annealing at 600 °C for 18 h with subse-
quent quenching in air. The samples’ surfaces were then smoothed with
up to 1000 grit. Table 1 provides information on the treatment of the
samples in two different liquids: acetic acid (5 %; pH 2.5) and apple
cider vinegar (5 %) + 1 M NaCl.

Table 1
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2.2. Optical microscopy

For microstructural analysis, cross-sections of each sample were
mounted in cold epoxy resin and polished using 400-1200 SiC papers
followed by a diamond suspension paste of up to 1 pm granulometry.
The samples were characterized using optical microscopy in both bright
and dark fields.

2.3. SEM-EDXS

Electron microscopy (SEM) was carried out at the Swedish National
Heritage Board in Visby. Analyses were performed on the samples pre-
pared for microstructural analysis (polished cross-sections) under high
vacuum (less than 1 mPa) using a JEOL JSM-IT500 SEM with a tungsten
hairpin filament. All imaging was executed using an objective lens
aperture with a diameter of 30 um and either a backscattered electron
silicon P-N junction semiconductor detector under “composition” mode
or secondary electron Everhart-Thornley detector. Elemental analysis
was performed for quantitative and semi-quantitative chemical analysis,
following gold coating of the samples using an X-ray radiation silicon
drift detector with Peltier cooling. ZAF correction (as implemented in
the JEOL software) was applied to the data, yielding reliable results for
elements with atomic number Z > 11. Accelerating voltage for both
imaging and EDS analysis ranged from 15 to 20 kV. Lighter elements,
such as oxygen, and concentrations below 0.3 wt. % were considered
semi-quantitative and reported only when clearly identifiable in the
spectrum. Trace elements below the detection limit were excluded.
Reported compositions represent the average of at least three mea-
surements on non-corroded regions. Image analysis was performed at
200x magnification over 5 different areas of the samples with the Soft-
ware Fiji-ImageJ, version 1.49b [27] to estimate the evolution of the
volume percentage of the main phases (Cu(a) and CugAs) at the interface
with the solution.

2.4. XRD

Powder X-ray diffraction (XRD) patterns were obtained for structural
characterization using a Bruker D4 Endeavour diffractometer with Cu
Ko radiation within a 28 range of 5-100°, a step size of 0.02°, and a
counting time of 4 or 6 s/step. Pure Si was utilized as an internal stan-
dard (a = 5.4308(1) ;\). Measurements were carried out directly on the
sample surface. Samples were placed directly on a single-crystal Si zero
background sample holder. Lazy Pulverix software [28] was used for
pattern indexing.

Treatment of the samples in different solutions for specific amounts of time (R=annealed; D=deformed; I or II indicates the series in the sample’s name).

Series solution treatment samples solution samples metal sample names
5 weeks 10 weeks 16 weeks 5 weeks 10 weeks 16 weeks
I acetic acid (5 %) CuAs-8 80 % def. 6 ml 6 ml 6 ml 1.8DA 1.8DAA 1.8DAAA
CuAs-11 80 % def. 6 ml 6 ml 6 ml L.11DA 1.11DAA 1.11DAAA
apple cider vinegar (5 %) + 1 M NaCl CuAs-8 80 % def. 6 ml 6 ml 6 ml 1.8DB 1.8DBB 1.8DBBB
CuAs-11 80 % def. 6 ml 6 ml 6 ml 1.11DB 1.11DBB 1.11DBBB
Series solution treatment samples solution samples metal sample names
8 weeks 15 weeks 23 weeks 8 weeks 15 weeks 23 weeks
I acetic acid (5 %) CuAs-6 80 % def. 10 ml 6 ml 10 ml I1.6DA II.6DAAA
CuAs-6 80 % def., annealed 10 ml 6 ml 10 ml IL6R.A IL6R.AA IL.L6R.AAA
CuAs-8 80 % def., annealed 10 ml 6 ml 10 ml IL.8R.A IL.8R.AA IL.8R.AAA
CuAs-11 80 % def., annealed 10 ml 6 ml 10 ml IL11R.A II.11R.AA IL11R.AAA
apple cider vinegar (5 %) + 1 M NaCl CuAs-6 80 % def. 10 ml 6 ml 11.6DB 11.6DBBB
CuAs-6 80 % def., annealed 10 ml 6 ml 10 ml 1L.L6R.B 11.6R.BB 11.6R.BBB
CuAs-8 80 % def., annealed 10 ml 6 ml 10 ml IL.8R.B 11.8R.BB I1.8R.BBB
CuAs-11 80 % def., annealed 10 ml 6 ml 10 ml IL11R.B II.11R.BB II.11R.BBB
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2.5. ICP-AES

The inductively coupled plasma atomic emission spectrometer (ICP-
AES) used was an axially-viewed Varian (Springvale, Australia) Vista
PRO. The sample introduction system consisted of a glass concentric K-
style pneumatic nebulizer joined to a glass cyclonic spray chamber (both
from Varian). The main operating conditions are listed in Table SI.
Ultrapure water for the dilution of the samples and preparation of the
standards was supplied by the four-column ion-exchange system Milli-Q
fed by the reverse osmosis system Elix 3, both from Merck Millipore
(Burlington, MA, USA). Single-element standard solutions (1000 mg/L)
of As and Cu were obtained from Sigma-Aldrich (St. Louis, MO, USA)
and Merck. Suprapur grade nitric acid (65 %) was provided by VWR
International (Leuven, Belgium). Samples were properly diluted (2-100
fold) and analyzed by ICP-AES, using Lu (c = 10 mg/1) as an internal
standard to compensate for the physical interferences and instrumental
drift. A 5-point calibration curve was built (0-5 mg/1 for As, 0-200 mg/1
for Cu), with an obtained R%>0.999 for all the selected wavelengths. The
standard solutions were prepared in 1 % (v/v) nitric acid by proper
dilution with ultrapure water.

3. Results and discussion
3.1. Microstructural analyses (LOM)

The as-cast and 80 % deformed samples still show CuzAs and (o+)
eutectic deriving from the casting, as well as deformed dendritic struc-
tures. After exposure of the samples to various solutions, new banded
CusAs formed, particularly on and near the surface of the samples
directly exposed to the solutions:

The exposure of deformed samples to acetic acid for 5 weeks resulted
in the first formation of banded CusAs on the sample 1.8DA, whereas
nothing was observed on sample 1.11DA; the process seemed to start
after 5 weeks of exposure (see sample .11DAA). Sample II.6DA instead
contains CusAs and (a+y) eutectic from the casting process even after 8
weeks of exposure; no new formation of banded CusAs was observed.
After 15 weeks, the formation of banded CusAs was significantly
increased (samples .8DAAA and 1.11DAAA), or started after 15 weeks
(sample II.6DAAA). For the apple cider vinegar solution on deformed
samples, this was first observed on sample 1.11DB after 5 weeks of
exposure. After 10 weeks of exposure, the sample 1.8DBB also showed
the first signs of band-like CuzAs formation on and near the surface of
the sample. Sample I.6DB, on the other hand, was found to have a
sponge-like structure after 8 weeks due to Cu depletion, with the newly
formed small CusAs bands remaining. After 16 weeks of exposure, the
formation of such CusAs bands was significantly increased in both
1.8DBBB and 1.11DBBB samples. Sample I1.6DBBB also showed a sig-
nificant increase in banded CusAs after 23 weeks, forming a sponge-like
CusAs structure on the surface, possibly due to a selective dissolution of
the Cu(a) matrix.

However, the formation of banded CusAs was different in the sam-
ples that were also subsequently annealed at 600 °C for about 18 h (most
of Series II samples). In particular, the CuzAs and (a+y) eutectic still
present in the as-cast, deformed samples disappeared during annealing,
with only small areas of (a+y) eutectic remaining on some samples.
However, all samples showed the formation of CugAs along the grain
boundaries (as seen also via SEM-EDXS; Fig. 2) close to and partially on
the sample surface after 8 weeks of exposure to both acetic acid and
apple cider vinegar.

For each nominal alloy composition (CuAs-6, CuAs-8, and CuAs-11)
and corrosion condition (5 % acetic acid and 5 % apple vinegar con-
taining 1 M NaCl), surface enrichment of the CusAs phase was observed
to occur preferentially along the grain boundaries. This phenomenon
was especially evident in the annealed samples, where the grain
boundaries displayed the characteristic polygonal morphology typical of
recrystallized copper alloys. For the as-cast and deformed samples, an
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expansion of the already present Cu3As present in the interdendritic
regions is mainly observed. The “arsenification” process—defined here
as the progressive surface enrichment and inward growth of the CusAs
phase—proceeded over time, with penetration depths varying based on
alloy composition, thermal treatment, and the specific corrosive me-
dium. Notably, the formation of banded CusAs structures, similar to
those identified in archaeological artifacts [2-8], was significantly more
pronounced in samples exposed to apple cider vinegar. In these cases,
thicker CusAs bands developed, with final penetration depths ranging
from 100 to 400 pm in the as-cast and deformed alloys, and from 300 to
400 pm in the annealed ones—up to twice the depth observed under
acetic acid exposure.

Concerning the as-cast and deformed samples, the CusAs superficial
layer is denser, and thicker bands form along the direction of defor-
mation (cold lamination). These bands start at the CusAs interdendritic
regions from the original as-cast (dendritic structure) and accumulate
dense layers of CusAs close to the surface. This leads to a higher volume
fraction of CusAs on the surface of the actual metal sample (not the
surface of the cross-section) compared to the surface of the recrystallized
samples. See Fig. 1.

3.2. SEM-EDXS

SEM-EDXS analysis confirmed the LOM observations: only Cu(a),
CusAs, and (a+y) eutectic of the Cu-As binary system were observed. In
addition, a gradual increase of As was detected towards the formation of
the newly formed CugAs bands. Fig. 4 and Fig. S2 and S3 show how the
alloy interfaces evolve with the solution at the selected time points and
alloy compositions (CuAs-6, CuAs-8, and CuAs-11), as well as the ther-
momechanical treatments (as-cast and deformed or annealed) and so-
lutions (A and B). BSE observations detected a compositional gradient,
more pronounced on the surface in contact with the solution, compared
to the bulk. Point and area elemental analysis (EDXS) confirmed the
detection of the CusAs phase on the surface of each alloy.

Fig. 5a and 5b display the As wt. % calculated from the average of the
measurements of the CusAs phase for CuAs-6 and CuAs-11 for each so-
lution (acetic acid and apple cider vinegar with salt) together with the
nominal CusAs composition (29.1 to 32.5 As wt. %) taken from the Cu-
As phase diagram (dotted lines) [26]. Figs. S3a and S3b, supplementary
material, also displays the As wt. % calculated for CuAs-8. The As wt. %
in the CusAs phase remains constant throughout the test for each alloy,
slightly above the nominal concentration of the intermetallic phase,
which is compatible with the instrumental error of the EDXS analysis. A
lower amount of As (from 26.5 + 4.9 to 28.4 + 2.3 As wt. %) was
detected in annealed CuAs-6 samples of series II (IL.6R.A to IL.6R.AAA)
immersed in acetic acid and in the CuAs-8 sample of series I and II (I.8DA
to I.8DAAA and II.8R.B to II.8R.BBB) possibly due to the interaction
volume of the SEM beam averaging the signal related to the CusAs phase
and the Cu(a) matrix. Interestingly, while the As wt. % in the Cu(a)
remained stable across all experiments for the annealed alloys, notice-
able variations in As concentration were observed in the matrix of the
as-cast and later deformed samples. However, these fluctuations can be
attributed to the compositional heterogeneity introduced during the
initial casting process. This heterogeneity, clearly evidenced by
SEM-BSE imaging (Fig. 4), resulted in regions with varying As content
within the Cu(a) solid solution. Therefore, when considering the average
As concentration across both As-rich and As-poor regions of the Cu(a)
matrix, these apparent modifications in As wt. % can be regarded as
insignificant.

Image analysis was conducted to quantify the volume fractions of all
identified phases and to evaluate the influence of solution type on the
surface enrichment of the CusAs phase. As shown in Fig. 6 and Fig. S4c
and S4d (supplementary material), both the CusAs phase and the Cu(a)
matrix were examined at selected time intervals to track their evolution
throughout the experiment. The quantitative data were derived from a
representative number of measurements—at least five distinct areas on
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Fig. 1. Cu-As samples exposed to different liquids. Before exposure, all samples were cast and 80 % deformed (via rolling). Formation of banded CusAs: a) 40 pm; b)
160 pm; ¢) 180 pm; d) 230 pm; e) 100 pm; f) 400 pm. Exposure time: a) 23 weeks; b) and c): 16 weeks; d) 23 weeks; e) and f): 16 weeks.

each sample—captured at 200x magnification. Consequently, the re-
ported volume fractions correspond specifically to the surface layer
within the first 200 pm of depth from the exposed surface. The exposure
to both acetic acid and apple cider vinegar solutions containing 1 M
NaCl clearly promotes the surface enrichment of CusAs across all as-cast
and deformed alloys (CuAs-6D, CuAs-8D, and CuAs-11D, Figs. 6a, 6b,
S4c and S4d). This enrichment follows a non-linear trend, gradually
increasing over time and reaching its maximum by the end of the
experiment. Although the penetration depth of the CusAs phase is
consistently lower in samples treated with acetic acid compared to those
exposed to apple cider vinegar, the resulting CusAs layer is notably more
homogeneous and compact. In particular, in acetic acid, within the first
200 pm from the surface, the CusAs volume fraction reaches 14.2 + 2.6
% for CuAs-6, 37.4 & 8.7 % for CuAs-8 and 29.6 £ 1.1 % for CuAs-11,
indicating a substantial and uniform enrichment of the phase on the
surface of the alloy under these conditions. The relative difference in
CusAs volume fraction among the alloys could possibly be attributed to
the initial higher As wt. % that could possibly allow for a more rapid
copper depletion from the surface. In comparison, slightly lower volume
fractions of CusAs were measured in the as-cast alloys exposed to the
apple cider vinegar solution, with values of 12.4 + 4.6 % for CuAs-6,
10.6 + 1.9 for CuAs-8 and 19.8 + 5.0 % for CuAs-11. This suggests
that, although both solutions promote surface enrichment, acetic acid
may be more effective in generating a thicker and more compact CusAs
layer under the given experimental conditions.

In contrast, both solutions appear less effective for the annealed al-
loys (CuAs-6R, CuAs-8R, and CuAs-11R). Although these alloys exhibit
greater penetration depths of the CusAs phase, the enrichment remains
largely confined to the grain boundaries and does not extend signifi-
cantly into the grain core. As a result, surface enrichment in these
annealed alloys progresses at a much slower rate, with final CusAs vol-
ume fractions remaining below 6 % for samples II.6R.AAA, II1.8R.AAA
II.11R.AAA and II.6R.BBB (confirmed also by XRD analyses; see below).
An exception to this trend is observed in the CuAs-8R and CuAs-11R
alloys immersed in apple cider vinegar, which displays a marked in-
crease in CusAs formation starting from 15 to 23 weeks of exposure. In

this case, the volume fraction rises sharply to 9.4 + 0.5 % and 12.9 + 1.5
%, indicating a distinct acceleration of the “arsenification” process
under this specific set of conditions.

3.3. XRD

The XRD patterns of the surface measurements of the CuAs-sheets,
Fig. 7 and Fig. S5 (supplementary material) for the as cast and deformed
samples (annealed samples not visible due to the very low amount of
CusAs on the superficial layer of the alloys), confirm previous observa-
tions from LOM and SEM-EDXS analysis, showing that the samples
consist of Cu(a) and CusAs only [11]. However, Cu20 peaks were also
observed in the samples exposed to 5 % acetic acid for each alloy (for
CuAs-8 see supplementary material). While not quantitatively measur-
able, a qualitative increase in CusAs on the surface of the samples after
exposure to both solutions is clearly evident. This is particularly evident
in the samples exposed to 5 % acetic acid (see Fig. 4 for the as-cast and
deformed samples). The same trend, though less intense, is also evident
in the annealed samples. This can easily be explained by observing the
differences in the formation of CusAs on as-cast and deformed samples
compared with annealed samples (see Figs. 1 and 2). While the CusAs
concentration is preferentially located at the surface of the as-cast and
deformed samples, it extends deeper into the core of the annealed
samples along the grain boundaries, leading to a lower CusAs concen-
tration at the surface.

3.4. ICP-AES

To assess the impact of the solution (acetic acid or vinegar and 1 M
NaCl) on the arsenification process, solution samples were extracted
from the test environment at the conclusion of the experiment, and the
ionic release of both copper (Cu) and arsenic (As) into the solution was
quantitatively measured using inductively coupled plasma atomic
emission spectroscopy (ICP-AES). This analysis provided insight into the
extent of metal dissolution and surface transformation driven by each
corrosive medium. Results are displayed in Fig. 8 and Fig. S6
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Fig. 2. Cu-As samples exposed to different liquids. Before exposure, all samples were cast, 80 % deformed (via rolling) and subsequently annealed at 600 °C for a
duration of 18 h, followed by air quenching. Depth of the formation of CusAs along the grain boundaries: a) 250 pm; b) 120 pm; ¢) 200 pm; d) 400 pm; e) 300 pm; f)

300 pm. Exposure time all samples: 23 weeks.

(supplementary material). Copper dissolution was observed in both the
acetic acid and apple cider vinegar solutions, indicating that both en-
vironments actively promote corrosion. In addition, the effect seemed to
be generally more pronounced for the CuAs-8 and CuAs-11 alloys, which
exhibit comparable behavior (Fig. S6). In the presence of acetic acid, this
reaction is thermodynamically favorable only when oxidized copper
species—specifically Cu20 or CuO—are detected. They then react with
acetic acid to form soluble copper complexes [29-30]. XRD analysis
supported this mechanism, revealing small but distinct peaks corre-
sponding to Cuz0 on the surfaces of all tested alloys after 5 or 8 weeks of
exposure to acetic acid (see Fig. 7a and 7c Fig. S5 supplementary ma-
terial). These findings confirm the role of Cu oxidation in initiating the
dissolution process. Notably, the highest levels of copper release were
recorded in the samples exposed to apple cider vinegar in the presence of
1 M NaCl (up to 600 mg in 200 mL of solution), with concentrations
reaching up to six times those measured in the acetic acid solutions. This
enhanced dissolution may be attributed to the formation of less stable
copper compounds, promoted by the combined action of chloride ions
and acetate ions in solution. The presence of chlorides likely intensifies
surface interactions, accelerating the breakdown of the protective oxide
layer and synergistically increasing copper solubility [31].

The release of As generally follows the same trend observed for Cu,
though the absolute quantities detected in solution are significantly
lower. In the case of acetic acid, the impact on arsenic dissolution is
minimal, with ionic release ranging from 0.300 to 0.600 mg per 200 mL
of solution. A slightly higher amount of As in the solution is noted for the
CuAs-6 alloy, which could indicate a higher reactivity of the material
towards the solution. Overall, these values suggest that acetic acid exerts
only a limited influence on the dissolution of arsenic from the alloy
surface. In contrast, a markedly different behavior is observed in sam-
ples exposed to apple vinegar combined with 1 M NaCl. Here, thermo-
mechanical treatment appears to play a more significant role in
influencing arsenic release. Although still limited in magnitude, the
CuAs-6 and CuAs-11 as-cast alloys exhibit a noticeably higher ionic
release, with values ranging between 1.0 and 2.5 mg per 200 mL of

solution. In comparison, all annealed alloys (CuAs-6, CuAs-8 and CuAs-
11) release only negligible amounts of As, underscoring the influence of
microstructural features—such as grain boundary density and phase
distribution—on the corrosion-driven dissolution of this element.

4. Conclusions

The presence of CusAs layers on the surface of Copper and Bronze
Age objects, most of them weapons, provides a first indication that the
silvery colored layers were intentionally produced, as they are not found
on other objects with similar chemical composition, thermomechanical
treatment, age, and/or find context. Moreover, as all archaeological
objects with a CusAs surface layer show a (deformed and) recrystallized
microstructure, this layer cannot be the result of segregation during the
cooling process immediately after casting. Consequently, the formation
of CuzAs must have occurred after the final thermomechanical treat-
ment. One of the easiest and, according to the similarity of the micro-
structural features in the samples produced by the authors, most likely
way to produce a CusAs surface layer (as well as the inner structural
changes) is through human-induced copper depletion possibly through a
specific superficial treatment. Such a process could have been achiev-
able even in prehistoric times using accessible materials such as acetic
acid, apple cider vinegar, and salt. These solutions have proven highly
effective in promoting the arsenification process, defined here as the
surface enrichment in the CusAs phase, resulting from selective copper
leaching from the alloy. This intentional surface modification can be
considered among the earliest known techniques for altering the
appearance of metal objects—specifically to change their color-
—excluding practices of artificial patination. The resulting CusAs layer,
often forming in wavy or banded patterns on the alloy surface, closely
resembles structures observed in archaeological arsenical bronze arti-
facts. The detailed formation mechanism of these CusAs features, and
their significance in archaeological metallurgy, will be explored in a
separate publication.
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Fig. 4. SEM-images of CuAs-11 samples exposed to different liquids. The SEM-images of CuAs-6 and CuAs-8 alloys can be found as Supplementary Files S2 and S3.

Fig. 5. Arsenic wt. % evolution on the main phases of the alloys: a) CuzAs composition for alloy CuAs-6 and CuAs-11 in solution A (acetic acid 5 %); b) CuzAs
composition for alloys CuAs-6 and CuAs-11 in solution B (apple cider vinegar (5 %) and 1 M NacCl). D=as cast and deformed, R=annealed.
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Fig. 6. Volume percentage trend on the main phases of the alloys: a) CusAs volume fraction variation for alloys CuAs-6 and CuAs-11 in solution A (acetic acid 5 %);
b) CusAs volume fraction variation for alloys CuAs-6 and CuAs-11 in solution B (apple vinegar (5 %) and 1 M NaCl); ¢) Cu(x) volume fraction variation for alloys
CuAs-6 and CuAs-11 in solution A; d) Cu(a) volume fraction variation for alloys CuAs-6 and CuAs-11 in solution B. D=as-cast and deformed, R=annealed.

Fig. 7. Comparison of the XRD patterns from the surface of as-cast and deformed CuAs sheets after exposure to 5 % acetic acid (a and c) and 5 % apple vinegar + 1 M
NaCl (b and d). The top row shows a comparison of the XRD patterns of CuAs-6 samples after exposure to the solutions for different times. The bottom row shows a
comparison of the XRD patterns of CuAs-11 samples after exposure to the solutions for different times.
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Fig. 8. Ionic release in solution of Cu and As. a) Cu release for alloys CuAs-6 and CuAs-11 in solution A (acetic acid 5 %); b) Cu release for alloys CuAs-6 and CuAs-11
in solution B (apple cider vinegar (5 %) and 1 M NacCl); c¢) As release for alloys CuAs-6 and CuAs-11 in solution B; d) As release for alloys CuAs-6 and CuAs-11 in

solution B. D=as cast and deformed, R=annealed.
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