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ARTICLE INFO ABSTRACT

Copper isotopic fractionation (in §°°Cu) and leachate characterization were studied in the context of heap
leaching at the Tschudi copper mine in northern Namibia. The leached solution is of Mg-SO4 type with high Al
and Fe concentrations. The source of Mg and Al in the leachate can be from the alteration of micas such as Mg-
bearing muscovite confirmed by X-ray diffraction and scanning electron microscopy; however, the source of Mg
cannot be determined with certainty. The principal secondary minerals identified in the leached ore are gypsum
and jarosite. The value of pH in leachate is ~1.21 and the concentration of dissolved Cu, occurring mostly as
CuSOQ and Cu®", is about 2 g/L. In comparison with unleached ore (avg. §%5Cu —1.47 %o), leached ore exhibits
lighter isotopic values (avg. 8°°Cu —6.01 %o) with apparent isotopic fractionation A%®Cujeached ore-unleached ore Of
about —4.54 %o. In contrast, there is isotopic enrichment of leachate in heavier ®>Cu isotope (leachate §°°Cu 0.34
%o) with apparent isotopic fractionation A65Culeachate,unleached ore Value of +1.81 %o. These results are in good
agreement with Cu isotopic fractionation and depletion in heavier %5Cu isotope reported for dissolution exper-
iments in laboratory and groundwater linked to the porphyry copper ore deposits around the world. The leaching
of heaps can be considered an analogy of upper part of gossans, but here the supergene enrichment zone is
missing due to extremely low pH and oxidizing conditions.
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1. Introduction leaching nearly impossible (Thomas, 2021). In the case of Cu, the
pregnant leach solution (PLS) is further treated using organic extractants
dissolved in solvents such as kerosine, strong acids and then ultrapure

copper is obtained by the application of electrowinning with cathode Cu

Heap leaching is a technology based on the percolation of a leaching
solution through artificially created heaps of mined material. Leaching

solutions encounter ore minerals in the mined material and dissolves
them such that the pregnant leaching solution is collected at the bottom
with collection pipes. Principal chemicals used in the leaching process
are cyanides for gold extraction and sulfuric acid for the extraction of
copper (Cu) and other base metals, (Petersen, 2016), while alkalis may
be used for uranium, e.g., at Langer Heinrich mine, Namibia. There are
several factors affecting the efficiency of leaching, e.g., size/specific
surface area of the leached material (Lwambiyi et al., 2009), and its
tortuosity (Maghsoudy et al., 2022). The composition of gangue rock is
also very important factor, e.g., high content of carbonates can make
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as a resulting product (Watling, 2006).

The Cu isotopes experience significant fractionation in many
geochemical reactions (e.g., Albarede, 2004; Mathur et al., 2005; Bullen
and Walczyk, 2009; Plumhoff et al., 2021; Majzlan et al., 2022) and have
been used to trace sources of contamination and to describe dissolution/
precipitation processes of Cu minerals, redox reactions, and adsorption
(Bigalke et al., 2010; Wall et al., 2011; Wiederhold, 2015). In Namibia,
the Cu isotopic tracing was used to identify sources of Cu in soils and
grass shoots close to the Tsumeb smelter (Kiibek et al., 2018) and to
determine the mobility of Cu in soils near the tailing disposal site of the
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Kombat mine (Mihaljevic et al., 2019). Also, the changes in Cu isotopic
composition indicated processes related to the weathering of copper
porphyry ore deposits (Sarjoughian et al., 2024) and were used as an
indicator of proximal copper deposits for mineral exploration purposes
(Mahan et al., 2023).

In this study we collected and analyzed solid phases and leachates
from the heap leaching process at the Tschudi copper mine site in
northern Namibia, (Fig. 1a), and analyzed copper isotopes and leachate
chemistry. To our knowledge, field studies of copper isotopic fraction-
ation in heap leachate are missing in literature so far, but there are
several laboratory Cu-ore leaching studies under controlled conditions,
e.g., Mathur and Schlitt (2010), and Wall et al. (2011). The principal
objectives of this study were (1) to furnish a description of copper iso-
topes fractionation during the leaching process in the field (i.e., at an
active Cu heap leaching facility) and compare it with controlled labo-
ratory experimental results, and (2) the determination of leachate
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chemistry with a special focus on Cu speciation.
2. Site description and leaching procedure

The Tschudi mine site is located in the north-central part of Namibia
(Fig. 1a). It lies within a semiarid region with extremely seasonal pre-
cipitation of about 470 mm per year, which falls exclusively between
October and March. Maximum temperatures reach 32 °C in October,
(Van Wyk et al., 2001; Mendelsohn et al., 2002).

The Tschudi low-grade Cu deposit is located around 20 km west of
Tsumeb, in the Oshikoto Region of Namibia, and occurs as the upper
subgroup within the Otavi Supergroup. The deposit is located within the
Tschudi Formation of the Mulden Group sediments which form a part of
the Neoproterozoic Damara Belt (Schneider, 2008). The mined ores are
hosted by basal sandstones with minor conglomerates that overstep
barren carbonate sediments of the Tsumeb Subgroup. The primary ore
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Fig. 1. (a) Location of Tschudi mine and sampling sites (see text), (b) Leaching waste rock pile; sampling of leachate was from the pipe in the middle.
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consist of chalcocite, CusS, bornite, CusFeS4, chalcopyrite, CuFeS,,
covellite, CuS, and minor pyrite, FeSy. Currently mined oxidized ore
consists of malachite, Cuy(OH),COs3, and minor azurite,
Cu3(CO3)2(0OH),. The ore body is in the basal sandstone and conglom-
erate of the Mulden Group and its strike length reaches about 2500 m.
The zone of oxidized copper mineralization reaches up to 70 m depth,
and is composed mostly of malachite, and chalcocite and the deeper
sulphidic zone contains mostly chalcocite and bornite.

The mineralization is exploited as an open pit mine, about 160 m
deep using standard drill and blast methods followed by loading and
trucking of mined rocks. The ore is blended by the finger pile system and
goes through a primary jaw crusher, a secondary gyratory crusher, and
two tertiary gyratory crushers, and finally reaching particles of 16-19
mm size range. After crushing, the ore is treated in an agglomeration
plant where sulfuric acid and raffinate are added to the crushed mate-
rial. Then, the agglomerated rock is deposited on the heap leach pad 6-8
m high and is leached by sulfuric acid solution applied at the rate of 6 L
h™! m~2. After leaching, Cu leachate is collected in storage pond. The
leachate contains about 2 g/L of Cu. The leachate is then extracted by a
mixture of paraffin and kerosine. Finally, the pregnant solution is pro-
cessed by electrowinning. The product is ultrapure cathodic Cu that is
bundled and transported to the port terminal at Walvis Bay.

3. Material and methods

Solid phase samples for elemental Cu isotopic analyses were
collected from the crusher of primary rock (samples T1A,B,C; T2, T5, T6)
and from leached zone of the heap (samples T3, T7) and stored in plastic
bags. A sample of metallic Cu (T4) was taken from the electrolytic cell
(Fig. 1a) (list of samples is reported in Table S1 in the Supplementary
Material).

The acid leachate (PLS - pregnant leach solution) was sampled at the
outflow pipe at the base of leaching heap (Fig. 1b). The sample was
filtered using B-Braun Omnific 20 mL syringes through a 0.45-pm
Millex-HV PVDF Durapore filters (Millipore, USA) and measured for
physico-chemical parameters: pH and redox potential were determined
using a WTW Multi 3620 IDS multimeter equipped with a WTW SenTix®
940 pH electrode and a SenTix® ORP-T 900 redox electrode (WTW,
Germany), calibrated against a set of WTW technical buffers, 2.00, 4.01
and 7.00 and a WTW RH28 redox standard (220 mV for Pt-Ag/AgCl at
25 °QC), respectively; electric conductivity (EC) was measured using a
Mettler-Toledo Seven2Go conductometer with a Mettler-Toledo InLab®
738 ISM conductivity probe (Mettler-Toledo, Switzerland) calibrated
against a Hamilton Basic Line conductivity standard (1413 pS/cm at
25 °C). Major cations and total S and P in the leachate were determined
using inductively coupled plasma optical emission spectrometry (ICP-
OES Agilent 5110, USA) and trace elements (Ag, Al, As, Ba, Be, Bi, Br,
Cd, Co, Cr, Cu, Fe, Li, Mo, Mn, Pb, Sb, Se, Sn, Sr, Tl, V, Zn) were analyzed
with inductively coupled plasma quadrupole-based mass spectrometry
(ICP-QMS Thermo Scientific, iCAP-Q™, Germany). The accuracy of the
measurement was checked by the analysis of NIST 1643f certified
reference material (for trace elements in water) (Table S2).

The aliquot parts of the solid samples were crushed using a jaw
crusher and pulverized in a Retsch planetary mill PM 400 in agate jars.
Preliminary bulk chemical analyses of the Tschudi sample materials
were carried out by portable X-ray fluorescence spectrometer (pXRF)
using a Thermo Scientific Niton XL3t Goldd instrument with Thermo
Scientific sample holder and the AllGeo calibration mode. For further
chemical and isotopic analyses, solid samples were dissolved in mineral
acids using the following digestion procedure: 0.2 g of material was
covered with 5 mL of concentrated HNO3 in Teflon beakers (Savillex,
USA) and heated for 24 h; the mixture was evaporated to near dryness
and 5 mL of HF (38%) and 0.5 ml of HClO4 (70%) were added in two
cycles and heated on hot plate; the mixture was evaporated to near-
dryness again and diluted in 2% HNOg3 (v/v). The concentrations of
major and trace elements in the digests were determined using a
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combination of ICP-OES and ICP-QMS operated under standard
analytical conditions. The CCU-1e (copper concentrate), CZN-4 (zinc
concentrate) and SU-1b (nickel-copper-cobalt ore) certified reference
materials released by the CCRMP-Canadian Certified Reference Mate-
rials project were used to check the accuracy of the digestion and
analytical procedures (Table S2).

Selected ore samples were prepared as polished sections and exam-
ined using an electron microprobe microanalyzer (EPMA; JEOL JXA-
8530F, Japan) equipped with a field emission gun electron source
(FEG). We used this instrument for scanning electron microscopic (SEM)
imaging and the energy dispersion spectroscopic (EDS) analyses (spec-
trometer JEOL JED-2300F).

The minerals in the primary and leached ore were determined using
the X-ray powder diffraction analysis (XRPD). The samples were pul-
verized to analytical fineness in an agate mortar (Retsch PM 400 plan-
etary mill, Germany) and analyzed either using a PANalytical X’Pert Pro
diffractometer (PANalytical, the Netherlands) with an X’Celerator de-
tector (CuKa radiation at 40 kV and 30 mA, 2 theta range of 2-80°, step
of 0.02°, counting time of 150 s per step) or a Bruker D8 Advance
diffractometer with Lynxeye XE detector (CuKa radiation, 2 theta range
of 4-80°, step of 0.015°, counting time of 0.8 s per step). The X’Pert
HighScore Plus 3.0 software coupled to the Crystallography Open
Database (COD), (Grazulis et al., 2012), were used for analysis of the
XRPD patterns. The data were plotted using a combination of Prism 10
(GraphPad, USA) and Graphic for Mac (Picta, USA) software packages.

The Cu sample for isotopic composition was separated from stock
solutions prepared by ore digestion and from the leaching solution. The
detailed procedure is given in Mihaljevic et al. (2019). Resin Ag1X8 in
Poly-Prep chromatography columns (BioRad, Cl form, 200-400 mesh)
was cleaned with 20 mL of 2% HNOs3 and subsequently conditioned with
20 mL of 6 M HCI. An aliquot containing at least 500 ng of Cu was
evaporated to near dryness in a Savillex vessel and then dissolved in
concentrated HCl. The samples were repeatedly evaporated and then
dissolved in 1 mL of 6 M HCl with 0.001% H305 for subsequent loading
onto the column. Subsequently, the matrix was eluted with 4 mL of 6 M
HCl and another 4 mL of 5 M HCI; Cu was eluted with 20 mL of 5 M HCL
The column was then cleaned with 2% HNOs3.The separation was
repeated if the yield of separated Cu differed by >5% from the original
separated load. The resulting solution was analyzed using a Neptune
Plus multi-collector inductively coupled plasma mass spectrometer (MC
ICP-MS, Thermo Fisher Scientific, Germany). Mass bias drift was cor-
rected by the addition of SRM 986 (Ni isotopic standard, NIST USA) to
the 52Ni/®CNi ratio. Further correction was made by bracketing to SRM
976 (Cu isotopic standard, NIST USA) and the resulting Cu isotopic
composition was calculated as 5%°Cu (Eq. D).

85Cu (%o) = [(°Cu/**Cu) ., / (Cu/**Cu) x1000 (1)

standard71 ]

The procedural blank of the whole procedure was <5 ng. The results
of external reproducibility for 8%°Cu of BCR-2 (Columbia River Basalt,
USGS) certified reference material for the three replicates was 0.38 +
0.06 (2SD), i.e., in an acceptable range (Chapman et al., 2006).

The chemicals and acids used for digestion and separation were of
analytical grade. Acids (HF, HCl, and HNOg3) were subsequently sub-
boiling distilled using a DST 1000 PFA device (Savillex, USA), and
water for the preparation of solutions was obtained from a MilliQ+
device (Millipore, USA). All used plasma spectrometers are located in
the laboratories of the Faculty of Science, Charles University.

The composition of leachate was used for speciation performed by
the code PHREEQC-2 (Parkhurst and Appelo, 1999) using databases
minteg.v4.dat and pitzer.dat. The data were plotted using a combination
of Prism 10 (GraphPad, USA) and Graphic for Mac (Picta, USA) software
packages.
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4. Results
4.1. Solid phase mineralogy

Results of X-ray diffraction identification of phase compositions on
selected solid sample are given in Fig. 2 and in Table S1. In the
unleached ore, principal gangue minerals are quartz, calcite, feldspar,
montmorillonite [(Na,Ca)g 33(Al,Mg)2(Si4010)(OH)2-nH50], and mica.
The mica cannot be fully identified because the diffraction peak over-
laps, but further scanning electron microscopy investigation confirmed
the predominance of muscovite [KAly(Si3A1)O19(OH,F)2]. Principal Cu-
bearing minerals identified are bornite, CusFeS4, malachite,
Cuy(OH)2CO3, and azurite, Cug(CO3)2(OH),. In the leached ore samples,
quartz dominates again, and there still are feldspar, montmorillonite,
and mica. Secondary minerals such as gypsum and jarosite, which are
not present in primary ore, appear in the leached ore.

Scanning electron micrographs are shown in Fig. 3 and total contents
and results of EDS analyses are presented in Table S3. In unleached ore
rich in sulfide minerals, principal minerals are chalcopyrite, pyrite, and
covellite embedded in quartz and silicate matrix containing Mg-rich
muscovite with Mg content up to 2.12 wt% (Table S3). Accessory min-
erals are apatite, and rutile (Figs. 3, ab). In the unleached ore rich in
carbonates, there is malachite that has formed around primary sulfides
such as chalcocite, covellite, and stromeyerite, AgCuS, also embedded in
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silicate matrix and there are veinlets of silica gel highly enriched in Cu
(Fig. 3 cd). In leached ore, principal secondary minerals are jarosite and
plumbojarosite, PbFed*(S04)4(OH)q2, and they are accompanied by
feldspar, quartz, and rutile (Fig. 3, ef). No gypsum was found in leached
ore under SEM, but it was identified by X-ray diffraction (see Fig. 2).

4.2. Leachate chemistry and speciation

Chemical composition of leachate is presented in Table 1. The onsite
parameters measured in the field and used in speciation calculation were
as follows: temperature 27 °C, pH of 1.21; Eh 604 mV, EC was 136 mS/
cm. The water (leachate) is of Mg-SO4 type with very high Mg and SO4
concentrations. Concentrations of Fe, Mn, and Al in leachate are also
high, but lower than those of Mg and SO4. As expected, concentration of
target metal Cu is very high, >2 g/L, but concentrations of other trace
metals are much lower.

Selected results of leachate speciation are shown in Table 2. There is
a lack of Pitzer’s parameters for several metals in leachate including Cu
and for them a minteq.v4 database was used. However, results for other
ions calculated with pitzer.dat database were similar for both databases.

Leachate is undersaturated with respect to all Cu minerals such as
chalcanthite, CuSO4-5H50, and also with respect to all Al minerals such
as alunite, KAl3(SO4)2(OH)g, and also with respect to melanterite, FeS-
04-7H20. In contrast, supersaturation is reached for K-jarosite and H-
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Fig. 2. Representative X-diffraction patterns for selected unleached ore samples (TS-1B, TS-2), and a leached ore sample (TS-3). Abbreviations: Cal- calcite, Qz -
quartz, Mlc - malachite, Bn - bornite, Azu - azurite, Mca - mica, Mnt- montmorillonite, Gp - gypsum, Jrs - jarosite, Fsp - feldspar.
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carbonate ore sulfide ore

leached ore

Fig. 3. Scanning electron micrographs in backscattered electrons (BSE) of unleached sulfidic ore (TS-5), unleached carbonate ore (TS-6, TS-1 A), and leached ore (TS-
3) from Tschudi. (a) Grains of sulfides (chalcopyrite and pyrite with covellite layer) embedded in matrix composed of quartz, feldspar and muscovite with grains of
other, accessory minerals (rutile, apatite) (sample TS-5); (b) Large pyrite grain with chalcopyrite, covellite and sphalerite inclusions located within the silicate matrix
(quartz, feldspar, muscovite, Mg-bearing muscovite) (sample TS-5); (c) Secondary malachite forming weathering rims around primary sulfides (chalcocite, covellite,
stromeyerite) and filling the veinlets in the silicate matrix composed of feldspar, quartz and Mg-bearing muscovite (sample TS-6); (d) Malachite veinlets associated
with muscovite, feldspar and quartz, with accessory grains of rutile. Note the presence Cu-bearing silica gel filling some of the veinlets and containing up to 39 wt%
Cu (sample TS-1 A); (e) Jarosite crystals with Pb-rich zones corresponding to plumbojarosite associated with feldspar and unidentified clay minerals (sample TS-3);
(f) Jarosite aggregate with residual crystals of primary quartz and rutile (sample TS-3). Mineral abbreviations according to Warr (2021): Ap - apatite, Bn — bornite,
Ccp - chalcopyrite, Cv — covellite, Fsp — feldspar, Gp — gypsum, Jrs — jarosite, Mlc — malachite, Ms. — muscovite, Mg-Ms — Mg-bearing muscovite, Pjrs — plumbojarosite,
Qz - quartz, Smy - stromeyerite, Sp — sphalerite, Rt — rutile.

Table 1
Chemical composition of leachate, concentrations in mg/L.

pH Electrical conductivity (EC) Concentration of ions (mg/L)

ms/cm Na K Ca Mg cl SO, Al Fe Mn si Zn cd Pb cu

1.21 136 114 63 622 6044 176 76,992 2246 6675 1420 87 218 14 3.3 2137
jarosite. Despite very high Mg concentration, the leachate is also un- (25.5%).
dersaturated with respect to epsomite, MgSO4-7H,0 and other Mg sul- The results indicate that Cu behaves conservatively in leachate, i.e.,
fate minerals. Supersaturation is reached for gypsum and anhydrite and it does not precipitate and its adsorption at the measured pH < 2 is
also for quartz and chalcedony. Speciation of Cu present in an oxidizing unlikely (Appelo and Postma, 2005). In contrast, sulfate concentration
environment as Cu(ll) is dominated by CuSOSY (74.3%) and Cu®* can be affected by gypsum and jarosite precipitation due to positive SI,
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Table 2

Selected results of saturation indices (SI) for leachate.
Mineral Gypsum Chalcanthite Alunite K-jarosite Fe(OH)3 Melanterite Quartz Epsomite
Formula CaS04-2H0 CuSO4-5H20 KAl3(SO4)2(OH)e KFe3(504)2(0H)g Fe(OH)3 FeSO4-7H20 Si0, MgS04-7H20
Saturation index (SI) 0.27 —-1.41 —8.34 2.14 -5.16 —4.20 1.20 -1.02

Note: If a solution is undersaturated with respect to a mineral in contact with the solution (i.e., SI is negative), then the mineral could dissolve if present, but it cannot

precipitate.

but supersaturation with respect to Al- and Mg-minerals is not reached
due to negative SI (Table 2).

4.3. Copper stable isotopes

Results of Cu isotopic analysis including standard deviations are
shown in Table S4 and Fig. 4. For the unleached ore, §°°Cu values of
carbonate ore samples vary from —4.11 %o to 1.42 %o and sulfide ore
sample has a value of —2.08 %o. Average 5°°Cu of all unleached samples
is —1.47 %o. Values of 8°°Cu in leached ore samples vary from —8.17 %o
to —3.87 %o (avg. -6.01 %o). Value of §%Cu in leachate is +0.34 %o and
value 8%°Cu of pure metallic Cu, produced by the electrolytical process,
is +4.24 %o.

The results imply apparent fractionation A®°Cu = §%°Cuy, — §%°Cuyq
= — 4.54 %o, where “lo” indicates leached ore and “uo” indicates
unleached ore, i.e., there is a strong isotopic decrease in §°°Cu values of
primary unleached ore in leaching process. In contrast, there is an in-
crease in 8°°Cu values of leachate with the value of A%Cu = 665Cu1e -
§%°Cuyo = +1.81 %o, where “le” stands for leachate.

5. Discussion

Principal Cu-minerals identified in the exploited ore are chalcocite,
CuyS, bornite, CusFeSy4, covellite, CuS, and malachite, Cup(OH)2CO3,
Dissolution of malachite with copper as Cu(Il) in acid solution is
described as:

Cu,(OH),CO; + 4H* = 2Cu>" + CO, + 3H,0 @

1

TS4 4 -
leachate - .
TS74 -
TS34 A '
TS5- o
TS6 ° -
TS24 -
TS1CH ®
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unleached carbonate ores
unleached sulfide ores
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¢ « » O o0

metallic Cu

Fig. 4. Plot of §°°Cu values, sample labels are in Table 3. Error bars are based
on data in Table S4.

The rate-determining step was identified as chemical reaction on
mineral surface (Nicol, 2018). However, a diffusion control was sug-
gested for an early period of dissolution by Bingol and Canbazoglu
(2004). Dissolution of bornite and chalcocite is more complex because
there is oxidation of Cu present in ore as Cu(I), to Cu(II) along with the
mineral dissolution. Oxidation agents can be both O3 and Fe3*, and the
same applies to other Cu—Fe minerals such as bornite (Wall et al.,
2011).

The leaching solution has very low pH of 1.21, consistent with low
carbonate content in primary ore and gangue rock. Principal ions are Mg
and SOy, but there also are high concentrations of Fe, Mn, and Al. High
Mg and Al concentrations can be a consequence of silicate minerals such
as micas and chlorite dissolution (Sracek et al., 2004; Blowes et al.,
2005; Appelo and Postma, 2005). Behavior of Al is conservative at pH <
4.2 and Al precipitates as AI(OH)3 at higher pH, but Mg does not pre-
cipitate even at very low pH range except for extremely mineralized
brines (Sracek et al., 2004). The potential source of Mg can be the
dissolution biotite, K(Mg,Fe)3AlSi3019(OH),, and phlogopite, KMgsAl-
Si3010(F,0H)2. The molar Al/Mg ratio in biotite and phlogopite is 1:3 or
0.33, and the same ratio of 0.336 is in leachate. Generally, biotite is
dissolving incongruently and is later transformed to kaolinite,
Al,Si205(0H)4, but further dissolution of kaolinite is already congruent
(Hradil and Hostomsky, 2002). However, no biotite or phlogopite have
been found by EMPA, and the only Mg-bearing phase identified in ore
before leaching was Mg-rich muscovite with Mg content up to 2.12 wt%
(Fig. 3, Table S1). This seems to be a relatively low content, but
assuming bulk density of heap material of about 1.8 kg/dm?, porosity of
about 0.3 (Lefebvre et al., 2001; Sracek et al., 2004), and 10% content of
Mg-rich muscovite, 1 L of leaching solution is in contact with 6 kg of
rock containing 12 g of Mg, which is much more than about 6 mg/L of
Mg found in leachate (Table 1). However, this estimate is based on the
assumption of constant Mg content and congruent dissolution, which
may not be applicable in this case. This means that the source of Mg
dominant in leachate cannot be determined with certainty.

Saturation indices (SI) for Al minerals are negative, (Table 2), and all
Al produced by the dissolution of silicates is in the leachate. Dissolved Fe
can precipitate as K-jarosite, KFe3(SO4)2(OH)e, as indicated by positive
SI value for this mineral (Table 2). Bulk reaction for the oxidation of
Fe?* followed by the precipitation of K-jarosite is:

K* + 3Fe*" 4 0.750; + 250,>" + 4.5H,0 = KFe5(SO4),(OH), -+ 3H"
3)

Thus, behavior of Fe in strongly acid solution can be non-
conservative. The same applies to Ca which precipitates as gypsum,
based on SI-value (Table 2) and also confirmed by mineralogical
methods (Figs. 2, 3e and f).

At the Tschudi mine site, concentration of Cu in solution is about 2 g/
L and speciation is dominated by CuSOY complex and free ion Cu?".
Leachate is undersaturated with respect to all Cu minerals, i.e., the
behavior of Cu in leachate is conservative, but saturation is reached with
respect to anhydrite, gypsum, and quartz (Table 2).

Isotopically lighter composition of the leached rock was observed
with value A®SCu of 4.54 %o and, in contrast, isotopically heavier
composition was observed with a value of A®®Cu of 1.81 %o in leachate.
This is consistent with literature data, e.g., Mathur and Fantle (2015).
One primary ore sample, TS2, has §°°Cu value even slightly higher than
the leachate, but this sample has large content of Cu(II) minerals such as
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malachite and azurite (Table 3) and in this case isotopic fractionation
caused by sulfide oxidation already before leaching was probably sig-
nificant (Markl et al., 2006; Klein et al., 2010). Surprisingly, enrichment
in 8°°Cu was also observed for metallic Cu produced in the galvanic
process with §8%°Cu up to +4.24 %o (1 sample). This is puzzling because
in this process Cu(1I) is reduced to Cu(0) in metallic copper and isotopic
depletion from —0.76%0 to —2.66 %o was observed under controlled
laboratory conditions (Qi et al., 2019). However, analyzed metallic Cu
from Tschudi site may not have been produced from the same leachate
which was collected during our sampling because isotopic values of
copper at Tschudi deposit are probably very heterogeneous and there is
a possibility of its production from solution with different 5°°Cu value.
Another possible explanation is the oxidation of the produced cathodic
Cu(0) to Cu(II) during long time break in the cathodic copper produc-
tion. The electrolytic tank was out of production for several months
before sampling.

Increase in §%°Cu values was also observed in other studies of Cu-
minerals dissolution, e.g. (Fernandez and Borrok, 2009; Braxton and
Mathur, 2011), but some results reported for abiotic vs. biotic dissolu-
tion were variable (Bullen and Walczyk, 2009). Nevertheless, some re-
sults reported for leaching of primary ores in natural leached zone of
copper ores, i.e., gossans, were consistent. Gossans refer to highly fer-
ruginous rocks formed through the oxidation of sulfide minerals by
weathering and leaching. The Perkoa copper deposit in Burkina Faso,
has a similar climate as the Tschudi mine site in Namibia; the gossan was
isotopically depleted compared to the primary ore with a value of A%>Cu
of —2.36 %o (Kribek et al., 2016). Depletion of leached ore zone was also
reported from the Kerman porphyry ore deposit in Iran, with similar
climatic conditions as Tschudi. Average values of 85°Cu in leached zone,
supergene zone, and hypogene zone were 0.42 %o, 7.17 %o, and 4.36 %o,
respectively, Sarjoughian et al. (2024). Strong observed isotopic
enrichment in supergene zone of gossan is caused by precipitation of
secondary sulfides from isotopically enriched leaching solution (Mathur
et al., 2005; Kim et al., 2019).

Compilation of data from copper ore deposits around the world
confirmed a strong depletion ®°Cu isotope in leached zone and an
enrichment in supergene zone compared to primary ore (Mathur and
Fantle, 2015). Also, isotopic enrichment of §°°Cu in groundwater was
suggested as an indicative criterion for prospection of Cu ore deposits at
Mt. Isa in Australia (Mahan et al., 2023). At this site, values of §8°>Cu in
the proximity of Cu ore deposit are higher and decrease with distance,
presumably as a consequence of isotopically heavier Cu adsorption.
Thus, leached heaps can be considered as analogies of upper parts of
gossans, but there is no development of supergene enrichment zone at
the base due to a low pH and oxidizing conditions. Also, the rate of
mineral dissolution in leached heaps is much faster compared to gossans
because of relatively small and uniform grain size and a strong acid
applied.

6. Conclusions

This study performed at the Tschudi copper mine site in north-
central Namibia and combined mineralogical, hydrogeochemical and
copper isotopic analyses. Principal targeted Cu-minerals in the heap
leaching process are covellite, bornite, and malachite. Resulting leached
solution is of Mg-SO4 type with high Al concentration, possibly as a
consequence of micas alteration, mainly Mg-bearing muscovite, in
extremely acid solution. The pH in the leachate was found to be 1.21 and
the concentration of dissolved Cu present, mostly as CuSOg and Cu2+,
was about 2 g/L. Dissolved Al and Mg seem to behave conservatively, i.
e., they do not precipitate, based on negative SI values for their minerals.
In contrast, Ca and Fe concentrations can be controlled by precipitation
of gypsum and jarosite, respectively, as suggested by the PHREEQC
calculation results. Presence of these minerals in leached rocks was also
confirmed by X-ray diffraction and scanning electron microscopy.

There is a strong depletion in heavy ®>Cu isotope of leached ore, with
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Table 3
Results of 8°°Cu analysis.

Sample  8%Cu Comment Principal Cu
[%o] minerals
TS1A -1.56 Unleached carbonate ore, 10% Malachite
Cu
TS1B —2.45 Unleached carbonate ore, 5% Cu Malachite, bornite
TS1C -0.07 Unleached carbonate ore, 6% Cu Malachite
TS2 1.42 Unleached carbonate ore, 15% Azurite, malachite
Cu
TS3 -8.17 Leached ore
TS4 4.24 Metallic Cu, 89% Cu Metallic Cu
TS5 -2.09 Unleached sulfide ore Bornite, chalcopyrite
TS6 —4.11 Unleached carbonate ore Malachite, bornite,
TS7 —3.87 Leached ore

leachate  0.34 Leachate outflow

apparent isotopic fractionation A65Culeached ore-unleached ore value of
—4.54 %, and, in contrast, an isotopic enrichment in heavy ®>Cu isotope
of the leaching solution with apparent isotopic fractionation
A5Cujeachate-unleached ore value of +1.81 %o. This is consistent with
fractionation of 8°°Cu reported for dissolution of Cu-bearing minerals
under controlled laboratory conditions and dissolved Cu in groundwater
linked to porphyry copper deposits. To our knowledge, there was no
previous study of Cu isotopes fractionation in the process of heap
leaching. The leaching of heaps can be considered an analogy of
leaching of gossans, although the supergene enrichment zone is missing
due to extremely low pH and oxidizing conditions.
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