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1- Introduction

Iran encompasses two major copper belts: one extending from Azerbaijan at the northwest to Sistan and
Baluchestan in the southeast, and the second from Semnan to Sabzevar to the northeast of Iran that has led to
exploration and surveying of about 100 copper deposits in Iran (Ghorbani, 2013). Most of the copper deposits in
Iran have volcanic host rocks (or their intrusive equivalents) of the Middle Eocene to Miocene-Pliocene ages,
having a composition from andesite to dacite.

The Kuh Toto deposit, containing malachite as Cu-ore, is situated in the Kavir-Sabzevar copper metallogenic
zone. In this zone, copper deposits and indications occur mainly as veins, associated with Tertiary andesitic and
basaltic volcanic rocks (Ghorbani, 2013). The current study presents mineralogical and isotopic (C and O)
findings and the rare earth element (REE) geochemistry of the Kuh Toto copper deposit. Based on these data, we
attempt to determine the origin and formational conditions of Kuh Toto.

2- Materials and methods

Fifty nine representative mineral and rock samples were collected from ore, host rocks and gangue minerals
cropping out in the deposit pit. Routine optical examinations were performed on thin sections from fourteen ore
and host rock samples using a petrographic microscope. X-ray diffraction (XRD) studies were carried out on five
ore samples. To determine the concentrations of rare earth elements (REE), eight malachites, eight calcite and ten
volcanic host rock samples were chemically analyzed using the ICP-MS method. The contents of Zn, Pb and Cu
in ten samples from the volcanic host rocks were determined using the ICP-OES method. Stable carbon and
oxygen isotopes were analyzed in four malachite samples using an Isoprime Isotope Ratio Mass Spectrometer
(Elementar). Based on these data, we attempt to determine the origin and formational conditions of Kuh Toto.

3-Results and discussion

In the Kuh Toto deposit, copper mineralization is hosted by Eocene andesite and andesitic tuffs. The host rocks
have abundant joints and fractures in various directions, usually filled with calcite veins. Under the microscope,
volcanic rocks are usually andesite containing plagioclase, amphibole, and minor biotite phenocrysts. Rock's
texture is usually porphyritic with a microlithic groundmass. The groundmass is full of glass and opaque
minerals, whereas, in some places, amphibole and biotite crystals are abundant. Plagioclase crystals are
commonly altered to calcite, clay minerals and minor quartz, while amphibole crystals to clay minerals and
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epidote, indicating argillic and, to a lesser extent, propylitic hydrothermal alterations. Clay minerals, quartz, and
epidote are seen as fine crystals in or around plagioclase and amphibole crystals. The only crucial copper-bearing
mineral is malachite. It occurs as coatings, veinlets, and small crystalline aggregates dispersed within the host
rocks. Malachite is commonly accompanied by calcite, manganese and iron oxides and hydroxides, rarely minor
chrysocolla, and clay minerals. X-Ray Diffraction (XRD) spectrometry studies conducted on five ore samples
confirm the presence of plagioclase, calcite, malachite, hematite, and illite, with minor orthoclase and quartz.

The chondrite-normalized (McDonough and Sun, 1995) REE patterns of calcite samples portray consistent
patterns with strong LREE enrichment, slightly negative to no Ce anomalies, and slightly to moderately positive
Eu anomalies. The volcanic host rocks are also LREE-enriched, having dominantly similar Ce anomalies to those
of calcite samples. Regardless of a few calcite samples in which Eu/Eu* values possess relatively higher
guantities, this parameter is also similar between host rocks and calcite samples. So, the similarities between REE
patterns of volcanic rocks and calcites, in terms of being LREE-enriched and the Ce and Eu anomalies, is strong
evidence that mineral-forming elements originated from volcanic host rocks.

Normalization of REE contents in malachite samples from the Kuh Toto deposit to chondrite (McDonough and
Sun, 1995) marks some significant trends. All samples are characterized by a fractionation, being enriched in
LREE. They all show negative Ce and Eu anomalies. However, the chondrite-normalized REE patterns in
malachite samples are not similar to those of the host rocks in details (which is justified by the limitations that
malachite crystal lattice, compared to the whole rock, applies to the substitution of REESs). The similitude of the
overall trend of the patterns (being enriched in LREEs compared to HREES) and negative Ce and Eu anomalies in
all malachite samples and most of the host rocks may indicate a genetic relationship malachite and volcanic rocks.
This evidence can lead us to conclude that the required Cu for forming malachite is probably supplied from these
rocks. This conclusion is also supported by volcanic rocks containing dominantly high concentrations of Cu (12-
767 ppm), reaching a high mean value of 187 ppm. The 313C values of malachite samples range from -6.81 to -
5.89%o, whereas the 50 values from +17.42 to +20.88%o. Carbon and oxygen isotope data in malachites from
the Kuh Toto deposit is consistent with the reported isotopic ranges for malachite from other world deposits. The
temperatures of malachite formation can be determined using the malachite-water isotope geothermometer if the
5180 values of malachite and that of malachite-precipitating water are known or can be estimated (Melchiorre et
al., 1999). Unfortunately, the 3'80 values for malachite-depositing waters are not currently available in the study
area. Alternatively, the average value of 680 for meteoric waters in the Shahroud area (-10.3%o; Kazemi, 2013;
Kazemi et al., 2015) is the closest place to the studied deposit for which there is data, have been used to calculate
the temperatures of malachite formation. The temperatures of formation for four malachite samples are 35 °C, 36
°C, 41 °C and 53 °C (Table 5), with an average value of 41 °C.

According to De Putter et al. (2010) model, oxidizing surface waters leach Cu in mobile aqueous Cu?* from
primary sulfides when the latter is exposed to the oxidizing agents. Fluids then enter the underlying groundwater
environment by percolating downward. The transition from the oxidizing vadose environment to phreatic
conditions, characterized by near-neutral pH and slightly oxidizing conditions, ensures magnificent Cu solubility
and downward migration (Rose, 1989; Brown, 2005). In groundwater environments, Cu precipitates as malachite
in preexisting or coincidentally forming voids through in situ recombination with carbonate ions originating from
dissolving host rock carbonates. When malachite forms in preexisting open spaces within non-calcareous rocks,
e.g. brecciated or fractured silicified rocks, CO? is either sourced from overlying calcareous deposits or the
meteoric fluids themselves, a similar genetic model can be assumed for the Kuh Toto deposit. However, the main
issue here is the source of Cu. There is no primary sulfide mineralization in this deposit, but two possibilities can
be raised. First, sulfide mineralization was previously present, but complete oxidation caused them to be
disappeared so that no traces are found today. In this scenario, Cu could originate from the preexisting sulfide
minerals. In the second hypothesis, Cu-sulfide mineralization did not exist before, and Cu was provided through
oxidation and leaching of the volcanic host rocks by the oxidizing surface waters. This second scenario is strongly
supported by the similarity between geochemical signatures of REEs in malachite and those of volcanic rocks and
Cu-enriched host rocks. The vital role of volcanic rocks in supergene copper mineralization has been emphasized
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elsewhere, where, like the Kuh Toto deposit, primary sulfide mineralization is not observed (Verhaertet al., 2018;
and references therein). Since calcareous rocks are not present in the Kuh Toto area, the source of CO? could be
the meteoric waters (groundwater) or preexisting calcite. The cavities needed for depositing malachite are mainly
provided by the joints and fractures of the host rocks, as they are very faulted and fractured.

4- Conclusions

Copper mineralization occurs as malachite coatings, veinlets and small patches within the Eocene volcanic rocks
at the Kuh Toto deposit and malachite is accompanied by subordinate minerals, including calcite, manganese and
iron oxides and oxyhydroxides, clay minerals, epidote, quartz, and chrysocolla. Chondrite-normalized REE
patterns for malachite and calcite samples show consistent patterns with strong LREE enrichment, similar to
volcanic host rocks. This similarity is also actual for most Ce and Eu anomalies. Geochemical data strongly
concludes that mineral-forming elements, including Cu, originated from widespread volcanic rocks in the study
area. Oxidizing surface waters leached Cu in the form of mobile aqueous Cu?* from volcanic rocks while exposed
to the oxidizing agents. Copper-enriched fluids then percolated downward, entering the underlying groundwater
environment. In the phreatic zone, Cu was precipitated as malachite in pre-existing host rock fractures and voids
through recombination with carbonate ions sourced from dissolved CO? in meteoric fluids and/or from pre-
existing calcite.
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Fig. 3. (a) photograph showing abundant plagioclase crystals (pl) with occasional alignment in
volcanic host rocks, (b) photograph presenting a drill core from andesitic host rocks intersected by
various calcite wveinlets (cl) deposited in pre-existing joints and fractures, (c) photomicrograph

displaying plagioclase (pl) phenocrysts in a glassy to fine-crystalline groundmass in andesite, and
(d) photomicrograph showing calcite (cl) veinlets cutting across an altered andesitic host rock.
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Fig. 4. (a) photograph showing malachite veinlets (pale green) in host rocks, (b) photograph
of typical ore composed of malachite (pale green) coatings and patches, rarely with minor
chrysocolla (pale turquoise.), (c) photograph of calcite found as crystalline veins and patches
(white) in the ore, (d) photograph showing manganese oxides (black) occurring in dendritic
aggregates and patches with malachite (green), (e) photograph showing manganese oxides
(black)  associated with iron oxides (yellowish brown) and malachite (pale green), (f)
photograph  showing malachite  (pale green) that is occasionally accompanied by clay
minerals (white) in altered host rocks, (g) photomicrograph showing malachite veinlet (green)
cut through plagioclase crystals (xpl), and (h) photomicrograph showing malachite veinlets (green and black) in
host rock fractures (ppl).
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Fig. 5. Paragenetic sequence of the host rocks, ore and gangue minerals in the Kuh Toto deposit.
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Table 1. Rare earth element (REE) concentrations (ppm) of malachite samples from Kuh
Toto deposit.
Sample KT-M-1 KT-M-2 | KT-M-3 | KT-M-4 | KT-M-5 | KT-M-6 | KT-M-7 | KT-M-8
La 3.97 6.95 1.04 9.25 3.68 2.49 3.90 2.97
Ce 9.58 13.74 2.16 18.58 6.78 551 8.66 5.06
Pr 4.13 7.93 1.48 9.26 4.33 3.35 4.50 3.17
Nd 19.65 30.47 5.53 37.32 15.34 13.52 18.36 12.03
Sm 2.00 3.38 0.75 3.73 1.81 1.79 2.15 1.43
Eu 0.39 0.51 0.16 0.54 0.21 0.31 0.37 0.33
Gd 1.07 1.97 0.48 2.09 1.03 1.17 1.24 1.14
Th 0.57 0.59 0.67 0.75 0.68 0.71 0.65 0.71
Dy 0.97 1.80 0.44 1.64 0.91 0.97 1.24 0.90
Ho 0.20 0.39 0.08 0.40 0.18 0.19 0.27 0.19
Er 0.53 1.09 0.26 1.01 0.46 0.56 0.75 0.48
m 0.12 0.22 0.25 0.28 0.26 0.22 0.27 0.27
Yb 0.48 0.88 0.86 0.80 0.90 0.83 0.47 0.91
Lu 0.08 0.13 0.03 0.13 0.06 0.08 0.10 0.07
Y REE 43.74 70.05 14.19 85.78 36.63 31.70 42.93 29.66
LREE 40.79 64.95 11.60 80.77 33.18 28.14 39.18 26.13
HREE 2.95 5.10 2.59 5.01 3.45 3.56 3.75 3.53
LREE/HREE 15.75 12.75 4.48 16.12 9.62 7.90 10.45 7.40
Eu/Eu* 0.74 0.64 0.95 0.57 0.38 0.64 0.65 0.74
Ce/Ce* 0.56 0.44 0.37 0.48 0.42 0.47 0.50 0.39
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Table 2. Rare earth element (REE) concentrations (ppm) of calcite samples from Kuh Toto
deposit.
Sample KT-R-1 | KT-R-2 [ KT-R-3 | KT-R-4 | KT-R-5 | KT-R-6 | KT-R-7 | KT-R-8
La 43.09 36.17 24.98 2.63 26.97 8.76 13.69 54.76
Ce 85.46 65.75 39.43 4.30 38.59 12.00 21.77 109.74
Pr 10.40 4.46 4.46 0.65 4.14 1.20 2.38 13.27
Nd 40.39 31.32 16.77 2.70 16.09 3.81 8.85 51.38
Sm 8.85 6.55 3.19 0.63 3.44 0.78 1.62 11.73
Eu 3.75 2.27 2.52 0.26 2.02 0.37 1.00 4.45
Gd 9.92 5.91 2.94 0.52 2.62 0.62 1.49 11.80
Th 1.47 0.89 0.42 0.13 0.48 0.12 0.20 1.68
Dy 4.59 3.04 1.19 0.50 121 0.36 0.83 5.26
Ho 0.67 0.41 0.23 0.08 0.19 0.05 0.12 0.69
Er 1.35 0.80 0.51 0.16 0.41 0.16 0.36 1.49
Tm 0.14 0.10 0.07 0.03 0.07 0.03 0.04 0.19
Yb 0.65 0.46 0.34 0.16 0.29 0.13 0.34 0.92
Lu 0.10 0.06 0.04 0.02 0.06 0.02 0.04 0.10
>REE 210.83 158.19 97.09 12.77 96.58 28.41 52.73 267.46
LREE 201.86 152.43 94.29 11.69 93.87 27.54 50.80 257.13
HREE 8.97 5.76 2.80 1.08 2.71 0.87 1.93 10.33
LREE/HREE 22.50 26.46 33.67 10.82 34.64 31.65 26.32 24.89
Eu/Eu* 1.28 1.15 2.83 1.44 2.83 1.55 2.39 1.15
Ce/Ce* 0.99 1.27 0.85 0.84 0.90 1.00 1.03 1.00
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Table 3. Trace and rare earth element (REE) concentrations (ppm) of volcanic host rocks

from Kuh Toto deposit.

Sample | KT-C-1 [ KT-C-2 | KT-C-3 | KT-C-4 [ KT-C-5 | KT-C-6 | KT-C-7 | KT-C-8 [ KT-C-9 | KT-C-10
Trace elements
Pb <20 36 41 <20 29 <20 <20 125 <20 <20
Zn 272 51 64 37 43 106 65 212 141 397
Cu 116 82 39 676 30 12 27 72 767 50
Rare earth elements (REES)
La 13.60 21.43 21.48 20.97 22.32 23.81 21.29 12.87 25.88 18.59
Ce 27.40 42.99 42.78 43.82 43.29 45.64 43.17 28.41 48.55 38.06
Pr 3.95 5.31 5.20 5.55 5.48 5.57 5.24 3.72 6.18 5.41
Nd 16.42 20.32 20.89 22.30 21.78 21.22 20.26 16.46 22.20 21.83
Sm 3.42 4.15 4.13 4.34 4.34 4.32 4.24 4.15 3.47 5.54
Eu 1.32 1.31 1.25 1.39 1.33 1.31 1.24 1.40 1.09 1.54
Gd 3.52 4.25 4.23 4.35 4.27 3.96 4.57 4.39 3.00 4.49
Th 0.64 0.66 0.75 0.84 0.76 0.79 0.73 0.79 0.53 0.86
Dy 2.37 3.36 3.27 3.67 3.25 3.58 3.11 4.36 2.33 3.75
Ho 0.55 0.60 0.68 0.79 0.69 0.63 0.64 0.81 0.41 0.76
Er 1.42 2.10 1.82 2.36 2.00 211 191 2.21 1.10 2.10
Tm 0.14 0.25 0.28 0.31 0.29 0.25 0.30 0.30 0.16 0.31
Yh 0.97 1.76 1.73 2.00 1.61 1.81 1.67 2.20 0.94 1.83
Lu 0.16 0.29 0.25 0.31 0.27 0.33 0.29 0.35 0.17 0.27
>REE 75.88 108.78 108.74 113.00 111.68 115.33 108.66 82.42 116.01 105.34
LREE 69.63 99.76 99.96 102.72 102.81 105.83 100.01 71.40 110.37 95.46
HREE 6.25 9.02 8.78 10.28 8.87 9.50 8.65 11.02 5.64 0.88
LREE/HREE | 11.14 11.06 11.38 9.99 11.59 11.14 11.56 6.48 19.57 9.66
Eu/Eu* 1.16 0.95 0.90 0.95 0.93 0.95 0.86 1.00 1.02 0.94
Ce/Ce* 0.90 0.98 0.98 0.98 0.94 0.91 0.99 0.99 0.92 0.92
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Table 5. Carbon and oxygen isotope signatures of malachite samples from Kuh Toto deposit.
Sample No. | 80 (%o) vs. 3B3C (%o) vs. Mal-w
VSMOW =+ lo VPDB = 1o temperature (°C)
KT-E-1 17.42+0.02 -6.81+0.07 53
KT-E-2 20.88+0.02 -5.99+0.06 36
KT-E-3 19.45+0.05 -5.89+0.08 41
KT-E-4 20.26+0.04 -6.32+0.08 35
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