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Introduction

Abstract

The general metallogenetic model presented here is based on observations from the Iranian com-
bined non-sulphide/sulphide zinc deposit Mehdi-Abad and the non-sulphide Koladahrvazeh mine in
the Irankuh mining district (Iran). The resulting geochemical model has been tested and refined by
the simulation of complex hydrochemical models using the PHREEQC software developed by
PARKHURST & APPELO (1999).

The non-sulphide zinc ore spectrum has two end members: red zinc ore, rich in Zn (>20%), Fe
(>7%), Pb - (As) and white zinc ore with typically high zinc grades (up to 40%) but low concentra-
tions of iron (<7%) and lead. These typically high concentrations of iron and lead in red zinc ore
can be observed in many non-sulphide zinc deposits in Iran and elsewhere (e.g. Sierra Mohada,
Mexico) and have been described by other authors as well (e.g. CABALA, 2001). Common minerals
of the red zinc ore are Fe-oxyhydroxides, goethite, hematite, hemimorphite, smithsonite and/or
hydrozincite, and cerrusite. These minerals are also common within the ‘white zinc ore’ although in
different proportions. Metal separation is caused by a gradual change from an acidic oxidation zone
to alkaline conditions in the adjacent carbonate wall rock. The establishment of an acidic oxidation
zone within carbonate host rock is facilitated by the “armouring” of calcite by gypsum and hydrous
ferric oxides (HFO) (Humicki, 2004; HUMINICKI & RIMSTIDT, 2004) and by several pH-buffering reac-
tions (BLOWES & PTACEK, 1994). Iron precipitates within the oxide zone mostly as immobile HFO,
which additionally adsorbs various amounts of Pb and Zn, depending on pH (MARTINEZ & MCBRIDE,
2001; DzomBAK & MOREL, 1990). The high activity of S0, ions during the oxidation stage immo-
bileises lead and leads to the precipitation of (under theses conditions) highly insoluble anglesite. A
major portion of the zinc (up to 80% at pH 6 or 97% at pH 5) leaves the oxidation zone and precipi-
tates as zinc carbonates in adjacent parts of the carbonate host rock. The neutralisation of the sul-
phuric acid by reaction with the carbonates of the host rock during the ‘oxidation stage’ liberates
CO,. Consequently, the CO, partial pressure (Pco,) increases drastically and forms a CO,-halo
around the active oxidation zone. Thus, most of the zinc precipitates as smithsonite, which occurs
exclusively in a high Pco. environment. Subsequent to the oxidation process, i.e. during the ‘post-
oxidation stage’, the Pco, decreases and reaches the level of atmospheric Pco,. Now, hydrozincite
becomes stable and starts to replace smithsonite. Most of the stage-lI smithsonite becomes cor-
roded and altered to stage-Il hydrozincite. The ‘post-oxidation stage’ is also associated with the
successive local formation of zinc silicates, according to the availability of SiO, within the solution
and the partial mobilisation of lead and the replacement of anglesite by cerussite.

In general, an arid climate provides the best conditions for the preservation of non-sulphide depos-
its. The limited availability of meteoric water and deep to very deep water tables protect the sul-
phide ore from subsequent dissolution.

The Mehdi Abad zinc-lead deposit is located in central Iran and is one of the largest zinc deposits
of the region. The orebody consists of both primary sulphide and supergene non-sulphide ore. The
deposit comprises a main sulphide/non-sulphide combined orebody (Valley Orebody, VOB), and an
exclusively non-sulphide orebody (Mountain Orebody, MOB). The VOB is located in a valley and is
covered by alluvial overburden. The exclusively non-sulphide MOB is located on the flanks of a
mountain, separated by faults from the VOB. The non-sulphide ore of the MOB occurs as a matrix
of fault- and karst breccias. Ore minerals comprise hemimorphite, hydrozincite, smithsonite, goe-
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thite, as well as small amounts of mimetite, hetaerolite, and sauconite. Two separate types of the
non-sulphide ore of the MOB can be distinguished: red zinc ore and white zinc ore. The red zinc
ore is characterised by high Fe, Mn, Pb, and Zn concentrations. The white zinc ore, in contrast, is
very high in Zn but low in Fe and Pb. Both types of zinc ore occur spatially (i.e. laterally and/or ver-
tically) separated from each other. The formation of the two distinct non-sulphide ore types of the
MOB is due to a rapid oxidation process. One of the main controlling factors was a high pyrite con-
centration of the sulphide protore, which generated a high acidity during the oxidation process. The
above-mentioned geochemical processes led to a metal separation resulting in the formation of
white and red zinc ore. The VOB, in contrast is covered by alluvial overburden. Its deep location
prevents oxygen to reach the orebody in large quantities. The oxidation process is slow, produces
only minor acidity, and thus has limited ability for metal separation processes. The still active oxida-
tion of the VOB has produced Fe-rich non-sulphide ore without a differentiation into white and red
zinc ore type.

The Kolahdarvazeh pit in the Irankuh mining district is dominated by white non-sulphide zinc ore
and minor amounts of sulphide ore. The main portion of the non-sulphide mineralisation occurs as
cement of a dolomite (karst-) breccia, but it also occurs as filling of faults and fractures. Smithso-
nite, hydrozincite, hemimorphite, cerussite, leadhillite, malachite, calcite, goethite, hematite, limo-
nite, coronadite, and barite have been detected within the non-sulphide ore. The ore is hosted in
Cretaceous dolomites. The sulphide ore is still observable in several bore holes and consists pre-
dominantly of sphalerite and galena. Pyrite and other Fe-(Cu-) bearing minerals are rare. In the
Kolahdarvazeh mine the red zinc ore is absent. There is no evidence, that the white zinc ore of the
Koladahrvazeh mine has been formed due to metal mobilisation and differentiation. The main por-
tion of the white zinc ore is proposed to be a result of in situ replacement of sulphide protore by
non-sulphide minerals. Only a small portion has been successively mobilised by meteoric water
and has locally formed a high quantity of white zinc ore as cement of karst breccias. The formation
of the non-sulphide ore has been supported by the proximity of a footwall aquitard (shales) where
the metal bearing fluids became ponded. The location of the Kolahdarvazeh pit between two impor-
tant faults and impermeable shales below likely played an important role in the genesis of this de-
posit. The shales acted as an impermeable and insoluble barrier for both the ore-delivering fluids
and the ground water system. This hydraulic barrier stopped the fluid-flow, which caused a long
lasting and effective enrichment process that affected the dolomite and the limestone adjacent to
the Kolahdarvazeh fault and the shales.
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1 Introduction

The utilisation of and the industrial/economic interest in non-sulphide zinc ore has changed through
time and reflects the ability to process different types of Zn-Pb — ore as well as the industrial capa-
bility to use different types of Zn-Pb ores for the winning of zinc and lead. Non-sulphide zinc depos-
its were the principal source of zinc in the world until the 20" century (LARGE, 2001; BoNI, 2003).
The dominance in mining of non-sulphide zinc deposits reaches from Roman times up to the 18"
century. Different types of non-sulphide zinc ores have been used depending on their availability.
Zn-(hydro-)silicates as well as Zn-(hydro-)carbonates or a mixture of these have been used as zinc
source for the production of brass (a zinc-copper-tin alloy) (BoNI & LARGE, 2003). During the nine-
teenth and early twentieth centuries, zinc metal was recovered almost entirely from smithsonite-
bearing non-sulphide ores in so-called ‘Walz’ kilns (HITzMAN ET AL., 2003). However, the develop-
ment of floatation techniques and the ability to process zinc sulphides, such as sphalerite, has re-
sulted in the dominance of sulphide ores in zinc metal production. The (renewed) commercial inter-
est for non-sulphide zinc ore and its associated deposits is due to the availability of improved sol-
vent-extraction methods with coupled electro-winning. This combination of hydrometallurgical tech-
niques provides the possibility to produce zinc with very high purity. Thus, it is possible to produce
‘medical-grade’ zinc with a purity of 99.99 % zinc with relatively low energy input by solvent-
extraction and electro-winning processes (SX-EW), generating higher economic value on site
(BORG, 2002 B).

Non-sulphide zinc deposits combine several important advantages. One of the most important ad-
vantages is the high concentration of zinc in several types of non-sulphide zinc ores. Average cost-
effective zinc concentrations of carbonate-hosted non-sulphide zinc ores range from 10 % up to 35
% zinc and more. Furthermore, some non-sulphide ore types are characterised by low concentra-
tions of lead, arsenic, cadmium and other toxic and/or unwanted metals. The mining of these non-
sulphide zinc ore is highly profitable without detrimental effects on the environment by toxic metals
and/or emmsion of sulphur bearing gasses into the atmosphere (SO,, sulphuric acid, and associ-
ated acid rain) or process residuals that need storage in waste dumps .

Countries, which are mining non-sulphide zinc (-lead) ores, are Brazil, Iran, Namibia, China, and
Thailand (WELLMER, 2002, LARGE, 2001). Additional projects in Kazakhstan, Jemen, and Australia
will start production in the near future.

The technical progress turned the non-sulphide zinc ores into attractive exploration targets due to a
number of advantages such as low metal recovery costs and favourable environmental aspects
such as the obvious absence of sulphur (LARGE, 2001, BORG, 2002B, HITZMAN ET AL., 2003). This
unusual group of sediment-hosted zinc deposits comprises a number of very significant ore depos-
its or prospects, compared to both carbonate-hosted and clastic-hosted massive sulphide deposits
(DALIRAN & BORG, 2004).

The world zinc production from non-sulphide zinc deposits in 2002 is approximately 2 % (WELLMER,
2002) related to all zinc sources (sulphide zinc deposits). However, the annual production of zinc
from non-sulphide zinc ores could in future exceed 10 % of the total global zinc metal production
(LARGE, 2001). Non-sulphide zinc deposits contain approximately 11 % of the world’s known zinc
reserve (BORG, 2002B). This shows the enormous economic potential of this type of Zn-deposits
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and reflects its attractivity for industry and, as a result, the need for a more comprehensive under-
standing of these zinc deposits. Since the mining of non-sulphide zinc deposits depends on suffi-
cient resources (WELLMER, 2002) improved knowledge about the geochemical characteristics of
non-sulphide zinc deposits offer the chance for a more specific and successful exploration of such
deposits.

1.1 Non-sulphide zinc deposits in carbonate host rocks

The majority of the known non-sulphide zinc deposits occur in carbonate rocks (LARGE, 2001;
HiTzmAN ET AL., 2003). This is a result of the specific geochemical behaviour of the carbonates. The
ability to form (solution-) cavities, karst-breccias, and the high pH-values within a carbonate-
dominated environment offer ideal conditions for the accumulation, enrichment, and emplacement
of both sulphide ore and non-sulphide zinc ore. The highly reactive nature of carbonate rocks fa-
vors efficient chemical reactions and accumulation of precipitated minerals.

Non-sulphide zinc deposits have been often (sensu stricto incorrectly) termed as zinc-oxide and/or
calamine deposits in historic literature. The term ‘calamine’ comprises all types of non-sulphide zinc
ores: carbonates and silicates as well. Non-sulphide zinc deposits have been described by numer-
ous authors, but in depth scientific research started with the economic interest in this type of min-
eralisation in the last years. Thus, a comprehensive Special Issue of Economic Geology (2003, 98-
4) has bee published. Numerous authors, such as BORG (2002B), HEYL & BozION (1960), HITzZmAN
(2001), HiITzmAN ET AL. (2003), and LARGE (2001) described and classified non-sulphide zinc depos-
its. Basically, two major subclasses of supergene- and one class of hypogene non-sulphide zinc
deposits are distinguished according to their geological setting and mineralogical aspects, although
HEYL AND BOzION (1960, 1962) focused mainly on supergene ore.

These two major classes of non-sulphide zinc ore are: Group A: Supergene deposits, which formed
by supergene oxidation, and Group B: hypogene deposits. Group-A supergene non-sulphide zinc
deposits are the most common type and are associated with hydrated zinc-silicates and carbonates
such as hemimorphite (Zn,Si,O;(OH),-H,0) and hydrozincite (Zns(CO3).(OH)s) or other carbonates
(mainly smithsonite, ZnCO3;). Group-B hypogene deposits in contrast, consist dominantly of anhy-
drous zinc silicates and oxides, such as willemite (Zn,SiO,), zincite (ZnO), franklinite (ZnFe,O,),
and others, locally with minor amounts of sulphide minerals. Group-B mineralisation is considered
to be of primary hydrothermal origin and has been formed at low sulphur and high oxygen activities
(BoNI & LARGE, 2003; HiTzmAN, 2001). Thus, silicates dominate the mineralogy of group-B hy-
pogene deposits, with a typical prevalence of willemite. The (rare) metamorphosed non-sulphide
zinc deposits (Franklin Furnace and Sterling Hill, New Jersey) probably belong to this class as well
(BoNI & LARGE, 2003), and are characterised by metamorphic non-sulphide zinc minerals such as
franklinite and gahnite.

Beside these classifications of non-sulphide zinc deposits several authors have studied the broad
field of geochemical aspects associated with the genesis of non-sulphide zinc deposits, starting
from the sulphide protore up to the oxidation and the preservation conditions. However, most of
these studies focus on specific detail, but lacking in the implication of these specific geochemical
reactions into a broad model for the genesis of (supergene) non-sulphide zinc deposits in a car-
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bonate environment and their preservation is lacking.

1.2 Aims and objectives of this study

The aim of the present thesis is an improved understanding of the mechanisms of the formation
and preservation of carbonate-hosted non-sulphide zinc deposits. The concentration and the limita-
tion of this study to carbonate environments and host rocks is the result of completely different
behaviours of geochemical processes within carbonate rocks compared to siliceous host rocks.

One part of this thesis focuses on geological, mineralogical, and geochemical aspects of this type
of deposits considering as example the non-sulphide and sulphide combined zinc deposits Mehdi
Abad and Irankuh. Variations in mineralogy, geochemistry, and the distribution of the non-sulphide
zinc minerals as well as their relationship to the sulphide protore have been analysed with respect
to supergene oxidation processes of the sulphide protore, transportation and separation processes
of metal ions, and the precipitation of the non-sulphide minerals. The second half of this thesis
combines the results of these examinations and develops a general geochemical model for the
genesis of carbonate-hosted non-sulphide zinc deposits. This implies the investigation and numeri-
cal simulation of the related geochemical processes and the development of a generalised geo-
chemical model.

1.3 Outline of this study

The thesis has been divided into 6 chapters. The first and second chapter addresses the basic
fundamentals of non-sulphide zinc deposits and the methods that have been used for this study.
The third chapter introduces the regional geological setting of Iran and the examined areas. The
fourth chapter presents the results of the examination of two non-sulphide zinc deposits: Mehdi
Abad and Irankuh. The main geological and geochemical features have been examined with a
special focus on non-sulphide ore related processes.

Chapter 5 presents a general geochemical model for the genesis of carbonate hosted non-sulphide
zinc deposits, which includes the results of the observations of both deposits and theoretically geo-
chemical modelling. The model is used to explain the formation of the non-sulphide ore of Mehdi
Abad and Irankuh.

The final chapter six summarises the outcome of this research and the appendix includes analytical
results from ICP-MS analysis.

1.4 Study area

Iran hosts numerous important non-sulphide and mixed sulphide/non-sulphide zinc deposits, such
as Angouran, Mehdi Abad, Kuh-e-Surmeh, and Iran-Kuh, which are well exposed and relatively
easily accessible. Either the examined deposits are active mines with well-developed open pits and
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adits (Iran-Kuh, Mountain Ore Body —MOB- of Mehdi Abad) or extensively drilled exploration pro-
jects (Valley Ore Body —VOB- of Mehdi Abad).

Thus, Iran is the ideal region to study different non-sulphide zinc deposits for a detailed geochemi-
cal and mineralogical analysis and comparison of variations among them.

2 Materials and methods

21 Sample material

Samples have been obtained and collected from Irankuh and Mehdi Abad zinc deposits. Here, the
first step of the field campaign was the comprehensive geological examination and evaluation of
each deposit as a condition precedent for an effective sample collection. The fieldwork comprised
both surface- and underground work.

The geochemical analyses are based on samples from both drill cores and hand specimen. The
drill cores were obtained from the local mines/exploration camps and were selected according to
their geological position and potential geochemical relevance. The lithological descriptions of the
sedimentary host rocks and local core logs have been used on site for the selection of samples. In
addition, hand specimen from selected adits, trenches, and surface outcrops have systematically
sampled.

Field work in Iran was from May 24" to June 19" 2002. The purpose of this visit was to establish a
general overview of the geology of Iran and to visit and sample the main Iranian Zn-Pb deposits
Mehdi-Abad and Irankuh. The work comprised general geologic fieldwork and sampling. An addi-
tional visit at Teheran has been made in December 2003 (December 13-21, 2003). The purpose of
this visit was the scientific exchange with the Geological Department of the Shahid Beheshti Uni-
versity of Teheran and to give talks about the results of this research project. An additional visit
was made at the Geological Survey of Iran.

A total number of 202 specimens with a total weight of approximately 130 kg have been sampled
during the field campaign from May 24" to June 19" 2002. The following tables Tab. 1 and Tab. 2
show the specific number of samples:
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Tab. 1: Overview of the sampled drill cores from Mehdi Abad and Iran-Kuh.

Core Origin Depth of drill core Samples
M5204 Mehdi Abad 245 m 7
M5308 Mehdi Abad 445 m 11
M7006 Mehdi Abad 352 m 9
M7008 Mehdi Abad 417 m 10
M7010 Mehdi Abad 348 m 8
M7016 Mehdi Abad 327 m 5
M7018 Mehdi Abad 402 m 10
M7101 Mehdi Abad 452 m 7
DDH10G Iran-Kuh 119 m 15
DDH40K Iran-Kuh 151 m 11
DDH64 Iran-Kuh 129 m 16

Tab. 2: Summary list of 202 rock samples. The table includes samples from drill cores and ‘other’ types
of specimens, such as hand specimens from mines and outcrops.

Origin Type of sample Number of samples
Mehdi Abad Drill core samples 67
Mehdi Abad Other sampling 60
Iran-Kuh Drill core samples 42
Iran-Kuh Other sampling 33

These samples and data provide the basis for the research activities of this thesis. The samples
were prepared for further investigations at the Martin-Luther-University Halle-Wittenberg. This com-
prises the cutting and formation of rock samples for the preparation of thin sections for light micros-
copy, SEM and SEM-EDX analyses. Additionally, crushing and milling of the specimen have been
carried out for XRD, RFA, and ICP-MS analyses.

2.2 Methods

2.2.1 Sampling and sample preparation

The drill cores have been selected and cut either to half-sized or to quarter-sized cores by usage of
a rock saw. One part remained on site, whereas the other part was used as sample for further ana-
lytical work. The sample sizes of drill cores reach from 10 up to 30 cm in length and were taken
after a careful examination of the drill core from both geochemically relevant zones and wall rocks.

Hand specimens have been geo-referenced by using a GPS or by the use of geo-referenced maps
of local adits and shafts of the sampled mines. Mineral paragenesis and relevant sediment struc-
tures have been studied in detail in selected core segments and have been documented using a
digital photographic camera.
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222 XRD analyses

X-ray diffraction (XRD) measurements were performed at the Institute for Geological Sciences of
the Martin-Luther-University Halle-Wittenberg on a Bragg-Brentano-Diffractometer of the type Sie-
mens D 5000, with a Cu X-ray tube (CuKa) and Ni monochromator operated at 40 kV and 30 mA.

The diffraction patterns were compared with a set of standard patterns compiled by the Joint
Committee on Powder Diffraction Standards (JCPDS). A full description of the X-ray diffraction
methodology, analytical settings, and applications can be found in BRINDLEY & BROWN (1980) and
MOORE & REYNOLDS (1997).

Powder samples were prepared from the same slabs of rock used to make thin and double pol-
ished sections. Rock pieces of vein minerals and host rock were initially crushed by hand using a
metal hammer to reduce the samples to cm-sized fragments. Finally, the material has been ground
with a tungsten disc mill to approximately 600-um grain size. The powder obtained was scanned in
the 260 range from 10° to 60° with increments of 0.04° 26. Counting time was 2 seconds.

223 SEM and SEM-EDX analyses

Scanning electron microscope investigations were made on both Au- and C-coated samples using
a JEOL JSM-6300 scanning electron microscope. This SEM is coupled with an X-ray energy dis-
persive spectrometer. Analytical EDX settings were 20 kV beam voltage and count time of 60 sec-
onds (peaks).

224 Light microscopy

From most representative samples of sulphide ore, non-sulphide ore and the host rocks polished
and unpolished thin sections were prepared. The thin sections were studied under transmitted and
reflected light. Photographs of the thin sections were made by using the Microscope Zeiss Axiophot
and the coupled digital camera Nikon DS-5M.

225 ICP-MS analysis

Whole-rock analysis of the major, trace, and rare earth elements by ICP-AES and ICPMS were
done by Acme Analytical Laboratories, Vancouver, British Columbia (Canada). The raw samples
were milled by using a tungsten carbide shatter box, involving tungsten contamination during sam-
ple preparation. Therefore, the tungsten data cannot be used for geochemical interpretation.

Elements are expressed as common oxides for each element (i.e. Al,O3, CaO, Cr,03, Fe,03, K0,
MgO, MnO, Na,O, P,0s, TiO,). Other element concentrations are given in ppm. Total abundances
of the major oxides and several minor elements are based on a 0.2 g sample analysed by ICP-
emission spectrometry following a lithium metaborate/tetraborate fusion and dilute nitric digestion.
Loss on ignition has been determined by weight difference after ignition at 1000°C.
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2.2.6 Stable isotope analyses

The term ‘stable’ refers to isotopes, which are not radioactive. Radioactivity is an evidence for nu-
clei affected by decaying processes. Thus, stable isotopes show a long-term stable behaviour and
are not influenced by decaying processes. In most cases, one stable isotope is predominant and
other isotopes only occur in traces.

The different masses of the isotopes of each element lead to differences in physicochemical prop-
erties of each isotope. The chemical properties of molecules differing only in isotopic substitution
are qualitatively the same, but quantitatively different. These differences in chemical properties can
lead to considerable isotope effects in chemical reactions. The partitioning of isotopes between two
substances or two phases of the same substance with different isotope ratios is referred to as iso-
tope fractionation.

The isotope fractionation is caused by isotope exchange reactions and kinetic processes. These
processes depend on the reaction rates of (isotopic) molecules. Other factors may be the chemical
composition or the crystal structure.

The detection of different isotopes of a specific element is based on the different masses of each
isotope. The most effective way to detect isotopes is a mass spectrometer, which separates the
isotopes due to the behaviour of their charged ions within magnetic fields.

The 5-values reflect the fractionation mechanisms and processes predominant for each specific
element during geological evolution. The oxygen isotope ratio §'%0 provides a useful tool for the
study of water/rock interaction in carbonate minerals and rocks, as this ratio shifts for both phases
away from their initial values during interaction. The carbon isotope ratios '°C can be used to trace
the carbon source and the carbonate evolution during diagenesis and very low-temperature meta-
morphism. Thus, the carbon and oxygen isotope studies on carbonate minerals of the non-sulphide
zinc ore and the carbonate host rock have been used to determine the conditions of non-sulphide
ore formation and the source of the fluids and the carbonate ions.

For a more complete description of the theoretical background, analytical techniques, and common
applications of stable isotopes the reader is referred to HOEFS (1997), SHARP (1999), VALLEY ET AL.
(1986), and ATTENDORN ET AL. (1997).
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227 Geochemical modelling and calculations

The results of the examined deposits have been tested by using the PHREEQC code (PARKHURST
& APPEL0,1999). PHREEQC is a well established modelling program and has been successfully
used by numerous authors, such as SALMON & MALMSTROM (2002), APPELO ET AL (1998), and others
to describe, simulate, and solve hydro-geochemical problems. PHREEQC is capable to model
equilibrium reactions of aqueous solutions. These solutions can interact with other phases, such as
minerals, gases, or model processes like sorption and non-electrostatic surface-complexation proc-
esses. The calculations are based on an extensible database and give results for saturation indi-
ces, as well as pH, redox calculations and 1-D transport simulations as well. Thus, this program is
an excellent tool to test geochemical assumptions and to calculate parameters of equilibrium reac-
tions.

The PHREEQC calculations are based on the thermodynamic database ‘thermo.com.V8.R6.230’
compiled at the Lawrence Livermore National Laboratory, USA. PHREEQC was used for the calcu-
lation of equilibrium reactions and data, the calculation of the 1-D transport/titration model and the
calculation of metal sorption effects onto ferrihydrite. The calculation of the metal sorption uses the
generalised two-layer model of DzomBAK AND MOREL (1990). The equilibrium constants for the ad-
sorption of all species onto ferrihydrite were derived from adsorption experiments on ferrihydrite
(DzomBAK AND MOREL, 1990).

The adsorption calculation is based on a hypothetical (Fe-Zn-Pb) metal-rich aqueous solution,
which includes the mobile elements and corresponding precipitated immobile Fe-oxihydroxides,
which remained immobile within the oxide zone. The metal concentration values are based on val-
ues from acid mine drainage (AMD) waters. These waters are the result of an oxidation process of
sulphides and one can assume that the metal concentration and the pH values of non-neutralised
AMD waters are similar to an initial metal-rich fluid, which originated from oxidising sulphide ore.
The range of metal concentrations for AMD waters is given in Tab. 3:

Tab. 3: Typical metal concentrations of AMD [mg/I'"] (values from GAZEA ET AL., 1996).

Fe Zn Pb pH
mg/l” 8.5 — 3200 0.04 — 1600 0.02 - 90 1.7-7.9
mol/l”! 1.510% - 5.7-102 6.1*107 — 2.41-10 9.6*10% - 4.3-10™ 1.7-7.9

The zinc concentrations are based on values given by GAZEA ET AL. (1996). The composition of the
model-solution is based on the zinc concentration of Tab. 3. Zinc concentrations are assumed to be
on the higher side of the typical range to take into account the high sulphide concentration within
sulphide ore compared to mine dumps. The initial hypothetical solution comprises only the metals
Fe**, Zn*, Pb® and SO,* ions at an initial pH=2 and the elements should be in their highest oxida-
tion state, according to an oxygen-path oxidation process. Ferric iron Fe(lll) is mostly immobile at
pH=2 due to the precipitation of insoluble Fe-oxihydroxides. Thus, the value of iron within the su-
pergene fluid is presumed to be relatively low with 1.7-10"° mol-I" according to the solubility of
HFO.

The predominant portion of the iron remains immobile within the oxidation zone as insoluble Fe-
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oxihydroxides. As a first approximation, the amount of the immobile iron can be estimated by using
the relative amounts of Fe, Zn, and Pb in the sulphide protore. The amount of iron (mainly associ-
ated with pyrite) within the sulphide protore have been estimated by using analyses of the sulphide
ore of the Mehdi Abad, Valley Ore Body. The mean mass% for selected elements within the sul-
phide ore are: 7.2 % Zn (in sphalerite), 2.3% Pb (galena) and 20% Fe (pyrite) with a ratio of
Zn/(Zn+Pb) of 0.75. Calculations (using the molar masses: Mz,=65.39, Mp,=207.2, and Mg.=55.85
g*mol'1) show the relative molarities between these metals:

Relative molarities between Fe, Zn, and Pb within the sulphide

1Fe:0.382,:0.028p;. .
Fe “ Pe ore of Mehdi Abad.

Pyrite is the most reactive mineral with respect to oxygen-path reactions (JAMBOR, 1994, KAKOVSKY
& Kosikov, 1975) but zinc is also highly reactive and soluble at pH=2. The amount of oxidised py-
rite can be estimated by using the relative molarity of these minerals under the assumption of a
sulphide ore with homogeneously distributed pyrite, sphalerite and galena. Thus, the assumed
oxidation of sphalerite and the concentration of 2.4-10 mol-I"* Zn within the metal-rich fluids is as-
sociated with 6.3:10” mol oxidised pyrite (=6.3-10" mol Fe(lll)), from which the biggest portion pre-
cipitates as HFO and is thus removed from the solution.

The calculated concentration of cation-associated sulphate ions is similar to those values given in
numerous analytical results of AMD systems (FORSTNER & WITTMANN, 1983, FERREIRA DA SILVA ET
AL. 2005, and other authors).

The calculations include the geochemical behaviour of the zinc minerals smithsonite, hydrozincite,
and willemite. Hemimorphite is not included although it is the most common zinc silicate mineral in
the examined Iranian deposits. However, it is difficult to determine the field of stability of hemimor-
phite, since presently no thermodynamic data are available for this mineral. Several authors (e.g.
INGWERSEN, 1990) attempted to estimate the thermodynamic data from solubility curves (provided
by TAKAHASHI, 1960 and others). These results were not used due to high experimental
uncertainties of these data. These uncertainties are caused by the usage of acetate-buffered solu-
tions during the pH-dependent hemimorphite solubility experiments. The presence of acetate leads
to the formation of zinc-acetate complexes. The binding of zinc as acetate complexes decrease the
activity of free Zn cations within the solution (VOEGELIN ET AL., 2003). This phenomenon should
increase the solubility of hemimorphite and thus distort the solubility curves of hemimorphite to-
wards to an apparently higher solubility.

Tab. 4: Hypothetical acidic solution on which the modelling is based upon. Most of the iron is bound
to HFO, which remains within the oxidation zone.

pH 2 Fe** 1.7-10" molI”
pe 4 Zn* 2.4-10% mol-I”
Temperature 25°C Pb? 1.6-10"° mol-I"
(oo 0.0 mol-I S0.* 3.7-10% mol-I"
HFO 6.1-10 mol insoluble, remains within the oxide zone

The hypothetical continuous reaction/neutralisation of the initial acidic aqueous solution with the
carbonate host rock was modelled by applying up to 200 reaction steps to the aqueous solution
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(Fig. 1). At each reaction step a specific and constant amount of 0.01 moles of limestone or dolo-
mite (or a mixture of both) were added irreversibly to one litre of solution. Then the solution equili-
brated with local mineral assemblages and gas phases. After equilibrium reaction and precipitation,
the resulting solution was used again to react in a further reaction step.

The solution reacts with the wall rock minerals (dolomite and/or calcite) in 200 incremental steps.
The change in pH and saturation indices of different minerals and the metal- and anion concentra-
tion within the aqueous solution have been studied and analysed over these steps. The following
minerals

equilibrium| equilibrium |equi|ibriuﬂ |equi|ibrium| [equitibrium|
1-2~3—~14~ 56 n
+ + + + + + ”

[reactand] [reactand] [reactand] [reactand] [reactand]

——

Fig. 1: Titration model used for neutralisation- and precipitation reactions of acidic fluids within carbonate

“

host rocks and precipitation of secondary minerals. An initial solution reacts in “n” steps with a specific
amount of additional reactants (e.g. limestone), the system equilibrates and, after reaching the equilibrium, is
followed by the next reaction.

were included to precipitate from the solution: anglesite, cerussite, hydrocerussite, hydrozincite,
smithsonite, willemite, gypsum, goethite, ferrihydrite, hematite, calcite, dolomite, schwertmannite,
magnesite and aragonite. These minerals represent the most common and relevant secondary
minerals within carbonate-hosted non-sulphide zinc deposits and show stabilities, which may be
realistically reached during the numeric simulation.

As a consequence, all or one of these minerals are allowed to precipitate if they become thermo-
dynamically stable and the saturation index Si [mineraj Of these phases is reached (a value of 0). If
the saturation index Si mineray < 0 then the solution is undersaturated, with respect to this specific
mineral and, consequently, it would not precipitate from the solution. If Si (mineray = O then the con-
centration has reached the maximum value and the specific mineral will precipitate. A saturation
index Si minera > 0, Which indicates oversaturated solutions, is not allowed in this modelling proc-
ess. A mineral, once precipitated, becomes removed from the fluid and does not participate in fur-
ther reactions. This simulates a one-dimensional irreversibly progressing fluid migration through
reactive limestone.
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Tab. 5: Overview about important mineral phases, aqueous species and oxidation processes.

Primary minerals
galena (PbS), sphalerite (ZnS), pyrite (FeSy), calcite (CaCOs3), dolomite (CaMg(COs3).), quartz (SiO2)

Precipitating minerals

gypsum (CaSOQ4+2H,0), ferrihydrite* (FeO[O,0H1,Yx], goethite (FeO(OH)), hematite (Fe03), jarosite (
KFe3(SO4)2(OH)s ), smithsonite (ZnCO3), hydrozincite (Zns(CO3)2(OH)s), hemimorphite
(Zn4Si207(OH)2*H20), willemite (Zn;SiO4), anglesite (PbSQ.), cerrusite (PbCO3), hydrocerussite
(Pb3(CO3)2(OH). ) , anglesite (PbSQy4 ), calcite (CaCOs3), dolomite (CaMg(COs3)2), schwertmannite
(Fe16016(0OH12)(SO4)2), magnesite (MgCOs3), aragonite (CaCOs3)

Main aqueous species

Fe*  Fe® ,H", Ca®", Mg*, Zn*", Pb®*, Ozaq) , COz@aq) , COs* , HCOz , OH ™, HSO, , SO, , Fe(OH)3(aq) »
Fe(OH)," ,ZnOH*, ZnHCO3', ZnCOs° PbOH* ~, PbCO3°

Gases (equilibrium)

COz, O

3 Geological situation of Iran

The geology and especially the tectonic style of Iran is highly influenced by the development and
history of the Tethyan region (Fig. 2). The tectonic events, which occurred around the Iranian Plate
margins, are related to rifting processes of Gondwana and subsequent collision with the Arabian
plate from the WSW. These important processes affected the Iranian Plate and the adjacent plates,
such as the African, Indian, Arabian, and Eurasian Plates, during Mesozoic to Tertiary times
(ALSHARHAN ET AL., 2001; ALAVI, 2004).

The Tethyan region, which includes the Iranian Plate and the adjacent areas, underwent three ma-
jor evolutionary stages. The first stage was the closing of the Paleo-Tethys and rifting of the Neo-
Tethys from early Permian to late Triassic times. With the second stage, the subduction process of
the Neo-Tethys and the collision of the Indian Plate with the Eurasian Plate from the Jurassic to the
early Lower Tertiary began. The third and last stage is associated with the collision between the
Arabian plate and the Eurasian plate from early Tertiary to the present (SHUFENG, 2002).

The first step, the Gondwana break-up, was associated with tensional basins and basement highs.
The central Iranian segment separated from the Arabian plate along the line of the present High
Zagros Zone (ALSHARHAN ET AL., 2001). The result of this process was the opening of the Neo-
tethys. The closure of Neotethys started with the Late Cretaceous and proceeded into Cenozoic
times. This phase is marked by the emplacement of a number of prominent ophiolithes in Oman,
Iran, Syria, and southeast Turkey.
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The final orogenic phase is due to the Arabia—Eurasia convergence and takes place first in south-
ern Iran starting at the end of Eocene (HESSAMI ET AL. 2001). This process affected the Arabian and
Iranian Plates and results in the Zagros orogenic phase of Late Miocene to Pliocene age. The su-
turing began approximately 12 Ma in Turkey and subsequentely progressed southeast. The sutur-
ing process has not yet occurred along the Gulf of Oman and the Makran. In these regions the
subduction continues (McCall, 1998).

Latest Tertiary to Holocene events included strong uplift processes (Fig. 3), magmatism (Alavi,
1994 ) and volcanism, erosional processes, and the associated deposition of extensive alluvial fans
from the uplifted mountains (ALSHARHAN ET AL., 2001).

The non-sulphide zinc deposits at Iran-Kuh, and Mehdi Abad studied and analysed in this thesis,
are each situated in different tectono-sedimentary units. STOCKLIN, 1968 and others have pre-
sented detailed investigations about the tectonic and geological setting of the Iran. Most of the tec-
tono-sedimentary units are distinguished from the adjacent regions by faults and transitional zones
(RASTAD, 1981). Mainly three structural trends (Fig. 4) can be distinguished in Iran: (i) a N-S trend,
(i) a NW-SE trending system, which follows the alpine trend, and (iii) a NE-SW trend.

arremian-Aptian
(120 My)

/\Jé ‘\% Late Triasic
(220 My)

Campanian Eocene Recent
(80 My) (40 My)

( €\ ARABIA

AFRICA \//?

\\_ﬁx{‘g//

AFRICA

Fig. 2: Continental Drift of the Arabian Plate beginning in late Triassic to present. (modified from GLENNIE,
1992)

The following major structural zones can be distinguished in Iran (STOCKLIN, 1968; BERBERIAN &
KING, 1981) (Fig. 4): Folded Zagros, High Zagros, Sanandaj-Sirjan Ranges, Central Iran, Alborz
Mountains, Kopet Dagh, Lut Block, and East Iran/Markran Ranges. The Mehdi Abad Zn-Pb deposit
is located at the Central Iranian zone and the Zn-Pb deposit Irankuh is located at the Sanandaj-
Sirjan zone (Esfandagheh-Marivan), whereas the Kuh-e-Surmeh is located in the Folded Zagros
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zone. These deposit-specific zones will be explained in more detail due to their relevance for this
research project.
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. . . 7 Crustal thickening since ~ 12 Ma
|:| crustaliniekenmg sinee 7iva /% or earlier, little active thickening
N Active Aegean and west
m Anatolian extension
Fig. 3: The Arabia-Eurasia plate collision resulted in crustal thickening and uplift. The crustal thickening in the
12Ma highlighted area show no significant thickening processes at present (e.g. Turkish-Iranian plateau),

whereas the 7 Ma marked area is still active (e.g. Zagros Simple Folded Zone, Alborz) (After ALLEN ET AL.
2004)
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Fig. 4: Generalised geological and tectonical map of Iran with the location of the examinated non-sulphide

zinc deposits: Mehdi Abad and Irankuh. Modified after STOCKLIN (1968).
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3.1 The Zagros structural zone

The predominant structural style of the Zagros Mountains is a characteristic set of NW-trending
open, parallel anticlines and synclines. The main orientation of the fold-axis is NW-SE, which re-
flects the characteristic orientation of the Zagros Fold Belt. The Zagros Structural Zone comprises
the main structure units: Folded Zagros in the southwestern part of the Zagros, the High Zagros,
and following to Northeast the Sanandaj-Sirjan Ranges (Fig. 5).

The Zagros Mountains are the result of complex deformation processes, which started in Late Cre-
taceous time. These deformations are due to the collision of the Arabian and Iranian Plates. The
deformation rate increased during the Pliocene time due to increased convergence rate by the
opening of the Red Sea (SATTARZADEH, 2002). The sedimentary cover and the underlying meta-
morphic basement decouple along an important detachment horizon, the Hormuz Salt Formation.
The irregular distribution and the thickness of this horizon play an important role in determining the
geometry of the deformation belt (SATTARZADEH, 2002).

The Folded Zagros consists mainly of thick marine sediments of several thousand meters depth.
The stratigraphic sequence comprises sediments of Mesozoic and Neogene ages, which have
been deposited in a basin. These sediments were folded and uplifted mainly during the Upper Mio-
cene/Lower Pliocene (ALLEN ET AL. 2004) to the Pleistocene. As a result, the Zagros fold-belt has
been formed.

The High Zagros (historically known as Zagros Crushed Zone and Zagros Thrust Zone e.g.
STOCKLIN, 1968) marks the plate boundary between the Arabian Plate to the west and the Iranian
plates to the east. The Arabian plate is subducted beneath the Iranian plate along the High Zagros
zone. Both, the Central Iranian strato-volcanoes and important ore deposits are related to this High
Zagros thrust zone (DABIRRAHMANI, 1984). Sedimentation and magmatism within the High Zagros
are similar to those of the Folded Zagros (BERBERIAN & KING, 1981). The width of this structural
zone varies around 10 to 65 km.

This collisional setting and the thrust- and folding-processes caused a rapid uplift of the overriding
Iranian plate and high level magmatic-volcanic activity along the Urumieh-Dokhtar Volcanic Belt as
well (STOCKLIN, 1968; ALAvI, 1994). This uplift and provided a favourable environment for the ex-
humation and oxidation of several primary sulphide ore bodies and the preservation of the resulting
non-sulphide ore.

High Zagros Zagros Suture/
Main Recent Fault

S N
Zagros Simple Sanandaj-Sirjan Central Iran Alborz South Caspian Basin
Folded Zone Zone
Vi
A e
N | R W%v
Moho Oceanic-type basement to

South Caspian Basin
1 Sedimentary cover

Fig. 5: Structural units of Iran and tectonic relations (after ALLEN ET AL. 2004)
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The Sanandaj-Sirjan Zone (SSZ) extends over 1200 km length and is located between the Central
Iranian zone to the northeast, and the Tethyian ophiolitic zone of Zagros in the south-west. The
SSZ has been formed in the late Cretaceous during the closure of the Neo-Tethys and the subse-
quent collision of the Arabian- with the Iranian plate. The SSZ can be subdivided in several zones,
which comprise Triassic to Cretaceous shallow to deep marine sediments, ophiolit*es,  volcanics
(MOHAJJEL, 1997).

3.2 Central-Iran structural zone

The Central Iranian Terrane is located northeast of the Zagros-Makran Neo-Tethyan suture and its
sub-parallel Cenozoic magmatic arc, between the convergent Arabian and Eurasian plates. Thus,
due to the collision setting, continuous continental deformation processes affect Central Iran. The
Central Iranian platform was a stable platform during Paleozoic times, but late Triassic movements
caused the creation of horsts and grabens. Central Iran comprises three major crustal domains: the
Lut Block, the Kerman-Tabas Block, and the Yazd Block. The area of the Central Iranian terrane is
surrounded and limited by faults and fold-and-thrust belts and Upper Cretaceous to lower Eocene
ophiolite and ophiolitic melange (DAvVOUDZADEH, 1997). Adjoining fault separated areas and tectoni-
cal units are the Alborz and Kopeh-Dagh region, which ranges to the north, Makran and Zagros
ranges to the west and south, and the East Iran Ranges, which borders this terrane to the east.

The structural components (Lut Block, Kerman-Tabas, Yazd) of the Central Iranian Terrane are
characterised by distinct horst (e.g. Lut block) and graben (e.g. Kerman-Tabas region) structures.
The grabens are characterised by fillings of thick Jurassic sediments. However, the stratified cover
rocks are largely correlatable among these blocks, but with locally significant facies and/or thick-
ness variations across the block boundaries. The Blocks are characterised by an individual defor-
mation style and seismicity, which makes them distinguishable from the adjacent regions
(BERBERIAN, 1981).

3.3 Magmatic intrusions

In Mesozoic and Tertiary times tectonic activities affected particularly Central Iran. These move-
ments were accompanied by folding, uplift processes, metamorphism, and magmatism (KHALILI,
1997). In Late Jurassic times, the tectonic activity affected a great part of the Iranian region, which
resulted in regional unconformities. In some areas, such as Central Iran, the Sanandaj-Sirjan belt
and the Lut block these tectonic movements were associated with felsic intrusions (KHALILI, 1997).
The most important intrusions of the Lut block are the granodiorites of Kuh-e-Bidmeshk, Shah-Kuh,
and Sorkh-Kuh, where the Shah-Kuh granite represents the largest intrusion in the Lut region.
Other important intrusions, especially in Central Iran are the Shir-Kuh granite, the Esmael-Abad
biotite granite, the Airakan granites and the Kolah-Quazi S-type granitoides, located 50 km SE of
Esfahan. These intrusive bodies intruded in Jurassic sediments and were overlain by basal con-
glomerate of Cretaceous age.
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Tectonic movements in Late Cretaceous and Tertiary times were accompanied by magmatism and
metamorphism as well. The Tertiary plutonic activity had a climax in the Eocene and continued into
Neogene and Quaternary times. This activity caused numerous felsic intrusions (granites and dio-
rites) in the Sanandaj-Sirjan Zone/Esfahan, Central Iran zone, the southeast areas, and the north
and north-west areas of Iran.

Tectonism, magmatism, and implications for metallogenetic processes

Iran and the adjacent areas are composed of composite subduction-collisional belts. These colli-
sional belts are the result of the closure of the (Neo-) Tethys and successive episodes of volcano-
plutonism. As the result of these tectonics and magmatism the Tethyan Eurasian Metallogenic Belt
(TEMB) was formed during Mesozoic and post-Mesozoic times. The TEMB is located in the area of
the former Tethyan Ocean on the southern margin of Eurasia and extends from the western Medi-
terranean to the Alps and southeastern Europe, the lesser Caucasus, the Hindu Kush, and the
Tibet Plateau, Burma, and SW Indonesia (Fig. 6).

In Triassic times, the Neo-Tethys began to open as a series of back-arc basins. Subduction activi-
ties during Cretaceous times and extensive submarine volcanism and collisional tectonics between
the Arabian and the Iranian plates began to result in formation of important ore deposits.

The most important types of deposits relating to these collisional processes are: (i) Porphyry cop-
per, (ii) chromite and related deposits, (iii) lead-zinc deposits, and others (DIXON & PEREIRA, 1974).

Menderes \\*o@,//

. 4

@ Porphyry Cu [ ] Fossil microcontinents & island arcs

© Massive sulphide ——— Tethyan remnants (ophiolites,
® Pb-Zn melange & crush zones)

O Chromite & ultramafic assoc. [ ] Oceanic crustal remnants

Fig. 6: Microcontinents in the Tethyan region and their relationship to important mineral deposits. (modi-
fied after DIXON & PEREIRA, 1974)

19



Geological situation of Iran

(i) Porphyry copper deposits

The emplacement of large porphyry copper deposits in Iran is the result of major mineralising
events in Late Oligocene-Miocene times. These events are caused by the continental arc-style
tectono-magmatism (LEAMAN & STAUDE, 2002). This zone extends through Turkey and into the Bal-
kan as the north Anatolian Metallogenic Belt. Important Iranian porphyry copper deposits are Sar
Cheshmeh, Meduk, Kal-e-Kafi, and the Sungun deposit, which is located in the Azerbaijan-Tarom
belt in the north of the Iran. Sungun contains a resource of 860 Mt @ 0.6%Cu. Other Tethyan-
related porphyry copper deposits are Gumushane, Guzelyayla, Derekoy, Ulutas (Turkey), and
Saindak, and Reko Diq in Pakistan.

Some other deposits are probably associated to these porphyry copper systems. DALIRAN & BORG
(2004) have suggested that the primary sphalerite-rich ore of the important (non-sulphide) zinc
deposit Angouran is probably related to a hidden porphyry copper system.

(ii) Chromite and related deposits

Peridotites are common both in the melange zones and in the ophiolite complexes and are often
associated with lens-shaped massive or disseminated bodies of chromite. However, in contrast to
the porphyry copper deposits the occurrence of chromite deposits is much less common. Neverthe-
less, several distinct provinces occur in the Taurus zone in Turkey, and some small deposits in
Iran, such as Fariab, Esfandogeh, Makran, Khash-Nehbandan belt, Sabzevar, and Neyriz.

(iii) Lead-zinc deposits

Lead-zinc deposits occur widely in Iran and presently about 600 Zn-Pb deposits and occurrences
are known. Only a small portion of these ist actually explored and/or exploited to variable degree
and 10 deposits are actually mined (GHORBANI ET AL., 2000). It is probable, that the full range from
exhalative sedimentary to Mississippi Valley types occur (DIXON & PEREIRA, 1974). The most impor-
tant metallogenetic provinces for zinc mineralisation are Central Iran, the Sanandaj-Sirjan zone,
and the Alborz region (GHAZANFARI, 1999). The time for the mineralisation events ranges from Up-
per Proterozoic, Upper Cretaceous up to Tertiary (Oligocene-Miocene). The age of the host rocks
ranges from Upper Proterozoic up to Tertiary rocks. However, most of the host rocks are Paleozoic
and especially Cretaceous carbonates. Provinces with the greatest potential for zinc-lead minerali-
sation are Central Iran and the Sanandaj-Sirjan Zone.

In the past, the exploration and scientific interest has been focussed mainly on sulphide ore depos-
its. Only a small amount of non-sulphide zinc deposits is actually in an active mining process, such
as Angouran, Iran-Kuh, Kuh-e-Surmeh (REICHERT & BORG, 2002). Thus, the scientific data about
non-sulphide zinc deposits in Iran are very preliminary (DALIRAN & BORG, 2004). However, numer-
ous non-sulphide zinc deposits are known at this time in Iran (Fig. 7) and several of these pros-
pects can be probably turned into significant resources of zinc, and thus they hold an enormous
economic potential.
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Geological situation of Iran

Literature research of DALIRAN & BORG (2004) has showed that most of the non-sulphide zinc de-
posits have been formed in Jurassic to Cretaceous carbonate rocks within the overriding Iranian
plate. This overriding plate has undergone strong uplift and exhumation, which are an important
factor for the formation of non-sulphide zinc deposits.

Fig. 7: Regional distribution of the non-sulphide zinc deposits. Most of these deposits are located
on the upper (Iranian) plate. This plate has undergone strong uplift, exhumation, and erosion.
(BORG ET AL. IN PREP.)
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4 Results

4.1 The combined sulphide/non-sulphide Zn-Pb deposit Mehdi-Abad

4.1.1 Introduction and geographic location

The Mehdi Abad Project is located approximately 100 km southeast of the city Yazd and about 500
km southeast of Teheran in central Iran. The mine can be reached by the Yazd-Kerman Highway.
Starting from Yazd, after 90 km a gravel road turns off to Bahadoran, and further on to the mine
site. The UTM coordinates are 40R 0310158; 3484911. The altitude of this area is about 1850 m.
The climate is semi-arid. There is no considerable vegetation within this area, only some bushes
and little grass.

The main part of the ore body, the so-called Valley Ore Body (VOB) is located in a depression sur-
rounded by hills and mountains with an altitude of up to 2500 metres (Fig. 8). A second ore body,
the Mountain Ore Body (MOB) represents the highest parts of the oxide ore mineralisation (Fig. 9).
The altitude of the MOB above the main Mehdi Abad ore body ranges from 2000 up to 2300 me-
tres.

. sampled mine

| Caldmine mines

Fig. 8: View to the south at the Mehdi Abad deposit. Fig. 9: Position of several adits of the MOB (yellow
The location of the VOB is traced by the dashed line. arrows) in the north-western part of the Mehdi-Abad
The VOB is covered by alluvial overburden. Point of deposit. The white arrows point to the sampled adits.
view is near the MOB (see also Fig. 9)

41.2 Geological overview

The Mehdi Abad zinc-lead deposit is located in the Central Iranian Shield. Here, Cretaceous lime-
stones and sandstones were deposited over Jurassic rocks. The marine transgression started with
the beginning of Cretaceous times with orbitulina-bearing carbonates and shales. Major faults be-
came active during the Kimmerian Orogeny and resulted in horst and graben structures in Central
Iran (AzARI & SETHNA, 1994). These grabens acted as sedimentary basins. The sedimentary basin,
in which the Mehdi Abad deposit occurs is between the Chapedony fault to the east, and the Nain-
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Deshir fault to the west (AzARI & SETHNA, 1994).

Except for the mountains and ridges, the area of Mehdi Abad is covered by alluvial overburden.
The Cretaceous strata can be subdivided to the Sangestan Formation as the lowest, the Taft For-
mation in the middle, and the Abkou Formation on top of this stratigraphic sequence. These forma-
tions consist of detrital siliciclastic rocks and carbonates with an increase in carbonates towards the
top. Mehdi-Abad has two separate ore bodies.

The VOB is located in a valley and is covered by an alluvial overburden (up to 250 m), whereas
MOB locates on a rough mountainside in the northwestern part of the deposit. The MOB is com-
pletely oxidised, whereas the main portion of the VOB consist of sulphides. The non-sulphide ore of
the MOB is hosted in the Abkouh Formation whereas both the sulphide ore and the non-sulphide
ore of the VOB are hosted in the Taft formation (Fig. 10). The fact that the mineralisation of the
Mehdi Abad ore body sensu stricto occurs in the Taft Fm. and the calamine ore in the Abkou Fm.
documents the large vertical (stratigraphic) extent of the mineralisation.

The Sangestan Formation is the lowest and oldest Formation exposed in the mine area. It consists
of shales and siltstones with interlaced calcarenite layers and fine- to coarse-grained quarzitic—
feldspathic sandstones, sandy shales, and limestones (with fragments of corals).

The Taft Formation consists mainly of dolomite and dolomitic to ankeritic limestone. The zinc and
lead mineralisation occurs within this formation, but the ore body is lateral limited by faults. Outside
these terminating faults the same ore bearing Formation shows no notable lead and zinc minerali-
sation. Generally, the sulphide ore of the VOB is associated with dolomite or ankeritic limestone.

alternation of limy shale and bedded grey limestone,
rarely chert-bearing

massive grey, dark grey, rarely chert-bearing limestone

chert-bearing shaly limestone
shales with intercalated limestone

Albian
Abkouh F

massive and porous grey reefal limestone, mineralised

chert-bearing limestone

massive grey- to yellowish limestone

dolomite

Aptian
Taft F.

nodular limestone

C | w

2| 5 Iphid

GE) % oolitic fossil-rich limestone ;?]?I;st)uor:el ©
®

= 8’ alternation of shale and sandstone .

T ® sulphide

o n Zn/Pb ore

red to purple sandstone

Fig. 10: Stratigraphic column of the Mehdi Abad deposit (modified after GSI, 1988)
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The uppermost unit is the Abkou Formation. It can be found in the north, northwest, and west of the
mine area (Fig. 11). This sequence overlies the Taft Formation and consists of a succession of
limestone, marly limestone, calcareous shales, and dark limestones. The thickness of this forma-
tion is about 250 m. The mineralisation of the MOB occurs within the Abkou Formation in brecci-
ated karstic limestones overlying a sequence of limy shales and marly limestones. The mineralisa-
tion occurs only in the brecciated limestones, but is repeated by folding (G.S.I., 1988). The folding

of this part of the Abkou Formation is due to movements of the two adjoining faults. Besides this
location, the Abkou Fm. and other formations are not folded in the area of Mehdi Abad ore body.

The same stratigraphic unit within the Abkou sequence shows no mineralisation in other non-folded

and non-brecciated regions.
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Fig. 11: Geological map of the Mehdi Abad Zn-Pb deposit and the adjoining area. (After Nosratian, 1991)
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The structural geology is controlled by three main fault systems striking N-S, NE-SW, and NW-SE.
The geologic map of the Mehdi Abad deposit (Fig. 11) shows the position of the main faults in this
area. Apparently, these faults represent one of the main controlling factors of mineralisation.

413 The Mountain Ore Body (MOB) of Mehdi Abad

The altitude of the Mountain Ore Body (MOB) (locally also called ‘Calamine Mine’), which is sepa-
rated by faults from the main sulphide/non-sulphide Valley Ore Body (VOB), ranges from approxi-
mately 2000 up to 2300 m and represents the highest parts of the exposed mineralisation of Mehdi
Abad. In contrast to the mixed main sulphide/non-sulphide orebody of the VOB, the MOB contains
no zinc- and lead sulphides. The MOB consists of numerous adits, which follow the folded and
duplicated ore horizon at different levels (Fig. 13). Three adits, on the 2006 m-, 2080 m-, and 2230
m-level have been sampled from W to E and a total of 36 specimens have been analysed by light
microscope, XRF, ICP, XRD, SEM, and SEM-EDX.

Geology of the MOB

The geological map of the Mehdi Abad zinc-lead deposit shows the position of the MOB, wedged-in
between two important faults (Fig. 12): limited to the west by the Black Hill Fault, and in the east by
the Forouzandeh Fault. The Black-Hill-Fault is one of the main and principal faults of the Mehdi-
Abad zinc-lead deposit. The zinc-lead mineralisation occurs exclusively in the strata to the east.
The Black Hill Fault is a normal dip slip fault, which strikes NNW-SSE and dips approximately 65°-
70° to NE. The Forouzandeh Fault is a dextral strike-slip fault with a strike of approximately 60° to
NE and a dip of approximately 50°- 80° to the NW. No folding can be recognised away from these
two major faults. The enclosed strata within this fault-bounded area are intensively folded. The
folding in this area is due to the displacing movement of the two above-mentioned faults and is
unique within the area of the Mehdi-Abad zinc-lead deposit.

The non-sulphide zinc-lead ore occurs on mainly three different levels within the Abkouh Formation
(Fig. 13), which is the result of fold repetition (GSI., 1988). Overall, the mineralisation is predomi-

nantly hosted within the massive limestone of the Kf member of the Abkouh Formation (Albian)

sh2 sh2

and particularly at the contact of the Kff to the K, " member. The K~ member consists of yellow to

greenish dolomitic and calcareous shales and laminated limestones. The zinc-lead mineralisation
consists exclusively of non-sulphide minerals, such as hemimorphite, smithsonite, and hydrozin-
cite. No sulphide minerals have been observed. The MOB is the main location of the Mehdi-Abad
zinc-lead deposit, hosted within the Abkouh Formation. In contrast, the predominant portion of the
zinc-mineralisation of the VOB of the Mehdi-Abad zinc-lead deposit is hosted in strata of the Taft
Formation (Barremian/Aptian) (G.S.1., 1988). The host rocks to the MOB are intensively faulted,
brecciated, and locally mylonitised.
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10350

10320

Fig. 12: Regional geological map of the of Mountain Ore Body , which is located in the northwestern part
of the Mehdi-Abad zinc-lead deposit. The ore is hosted within the strata of the Abkou Fm. The rocks
between the Black-Hill Fault and the Forouzandeh Fault are folded. The strata and the ore bearing
horizons are stacked by folding, faulting, and thrusting. (Redrawn after NOSRATIAN, 1991)
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Fig. 13: Schematic NNW-SSE section of the folded and faulted strata at the Calamine Mine area. The ore-
bearing strata are stacked in three main units due to folding, faulting, and thrusting. The dotted line indi-
cates reconstructed fold shapes. (Modified after NOSRATIAN, 1991).

26



Results

Examinations of the Mountain Ore Body (MOB)

Three adits on different levels of the MOB have been examined and sampled for the investigation
of the metal distribution and genesis of the non-sulphide ore of the MOB. The Fig. 12 and Fig. 13
show the location of these adits. The course, direction and the sample-points of adits no. one and
two are given in the appendix (Fig. A. 1 and Fig. A. 2). The total length of the adits decreases on
the upper levels. The uppermost adit no. 3 has a length of 20 meters only and is not shown sepa-
rately due the limited length of from this adit. The underlying principle for the selection of the adits
was to get information’s about the spatial distribution of elements, the distribution of metal concen-
trations, and the different styles of mineralisation within this mine-area.

The base-level adit (no. 1) and mid-level adit No. 2 (Fig. 12, Fig. A. 1, and Fig. A. 2, appendix) are
part of a network of several galleries and branches, which ead to big cavities of mined-out non-
sulphide zinc-ore. The top-level adit no. 3 is not connected to other tunnels or galleries and repre-
sents a locally limited region of historical non-sulphide ore searching — and mining activities.

The level of the adit no.1 is at 2006 m.a.s.l. and starts in strata of medium-thickly bedded, shaley
and grey limestone with an average dip-direction of 268/35. The strata consisting of limestone and
dolomitic limestone show clearly determinable bedding and an extensively and intensively faulting.
Several major intensively and extensively faulted zones are recognisable within these adits. They
mainly consist of highly brecciated limestone and/or dolomite with a reddish-brown coloured matrix.
The metal concentrations within these fault-zones reaching from no mineralisation or even in-
creased metal-concentrations up to high-grade Zn-(Pb)-concentrations. The strata in between
these faults are less brecciated. The stope walls of several fault zones show up to 1 cm thick layers
of a coating by white gypsum and a leakage of small amounts of water dripping from the fault. The
ICP-analysis of specimen of most of these fault zones give elevated heavy metal contents com-
pared to the wallrock, with zinc showing the highest concentrations (Zn: 2933 ppm, Pb: 90.9 ppm,
Sample M02104), but no substantial economic mineralisation. However, several faults as well as
highly (karstic-) brecciated areas, which are already mined out, show high Zn-(Pb-) concentrations
and the metal bearing minerals occur as a cement of fault- and karst-breccias. Main minerals within
these ore-bearing zones are hemimorphite, hydrozincite, calcite, quartz, and iron oxi-hydroxides,
such as goethite and hematite.

The mid-level adit no.2 is located on a level of 2027 m.a.s.l. and belongs to another huge and
complex system of galleries and caverns, which document extensive mining activities in former
times. The entry of this adit is located close to the Black-Hill Fault. The rock, which consists of a
mid-grey limestone and dolomites, is massive to highly brecciated on a regional scale and is
probably due to karst effects. The fragment-sizes range from cm to dm-scale. Numerous faults
cross the rock of this adit, similar to the base level adit. The metal distribution is rather similar to the
base level adit. Most of the faults show only slightly increased metal concentrations. However,
some of the sampled faults are characterised by high metal concentrations.

The top-level adit no. 3 is the shortest sampled adit with a length of 20 meters on level 2173 m.
The limestone of this adit is highly brecciated and is riddled with numerous faults. The non-sulphide
zinc ore occurs furthest in the back of this gallery, associated with a fault-system within a range of
8 meters.
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Water occurs rarely at all examinated levels. Most of them are dry; except several fault related
zones with a wettish appearance.

Ore-mineralogy and style of mineralisation of the Mountain Ore Body

The non-sulphide zinc ore of the MOB is hosted by limestone and low magnesium dolomitic lime-
stone. The primary sulphide ore is completely oxidised. Based upon the composition of the sul-
phide ore of the VOB the supposed main sulphide mineral association of the MOB zone was ga-
lena-sphalerite-barite-pyrite.

The distribution of the mineralisation and the ore textures are highly dependent on the scale of
observation. The occurrence of the ore is strata-bound on a regional scale, but underground the
mineralisation is spatially related to faults, fault-breccias, and possibly to localised (karst-) solution
collapse breccias. The non-sulphide zinc ore of the MOB can be subdivided into a red zinc ore and
a white zinc ore. The red zinc ore is rich in Zn (up to approximately 30%), iron (Fe app. 17%) and
other metals such as Pb - (As). The white zinc ore in contrast shows typically high zinc grades (up
to 40%) but low concentrations of iron (<7%) and lead and arsenic.

The most important non-sulphide zinc minerals are hydrozincite and hemimorphite. Smithsonite is
also common and is detectable by XRD analyses within nearly all non-sulphide ore samples. How-
ever, smithsonite occurs only in traces. The most common XRD-detected minerals and their posi-
tion within the genetic sequence of the non-sulphide ore are (Tab. 6):

Tab. 6: Genetic sequence of main minerals within the non-sulphide zinc ore of the MOB. Detected by XRD
and indirectly detected by SEM-EDX analyses

Mineral Formula Occurrence Early Late
Calcite CaCO3 common — ——
Dolomite (Ca,Mg)COs3 common f—

Quartz SiO, minor/traces  p—— EE—
Barite BaSO.4 common [R—

Goethite/Hematite FeO(OH), Fex03 common —
Hydrozincite Zns(CO3)2(OH)s common EEEEE——
Smithsonite ZnCOs3 traces e
Hemimorphite-I Zn4SioO7(0OH)2-H20 common [—
Hemimorphite-I Zn4Siz07(0OH)2'H20 common E—
Cerussite PbCO3 minor EE—
Gypsum CaS04H0 traces E——
Coronadite Pb(Mn(1V),Mn(I1))sO16 traces ——
Hetaerolite ZnMn204 traces —
Secondary calcite CaCOs3 minor EE—
Kaolinite AlLSi;O5(0OH)4 traces -
Sauconite Nao,3Zn3(Si,Al)4019(OH)2-4(H20)  traces f—
Mimetite Pbs(AsQ4)sCl traces r—

The red zinc ore (Fig. 14) occurs over the full spatial range of the MOB area as lenses or irregular
shaped bodies with varying dimensions that range from several metres up to several 10’s metres.
The amount of red zinc ore compared with the white zinc ore increases at the upper levels. Com-
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mon minerals of the red zinc ore are Fe-oxyhydroxides, goethite, hematite, hemimorphite, hy-
drozincite, smithsonite, and cerrusite. These minerals occur as a matrix of a carbonate breccia with
limestone clasts of a broad size range (cm up to several dm). Hemimorphite, a zinc-hydro-silicate,
is one of the most important zinc minerals of this ore-type, although the ore is carbonate-hosted.

Fig. 14: Red zinc ore from MOB, adit no. 2. The red- Fig. 15: White zinc ore from the MOB, adit no. 1.
dish-brown colour is due to the high Fe-concentration Host rock carbonate clasts with fine-grained hy-
of this ore type. Common minerals are goethite, drozincite and traces of smithsonite occur as ce-
hematite, hemimorphite, hydrozincite and traces of ment of this breccia.

smithsonite.

The occurrence of the white zinc ore (Fig. 15) is similar to the red zinc ore. The ore zones are
irregular shaped and varying form several meters up to several 10’s of metres. The size and occur-
rence of this ore increases with depth and is most common at the base level adits of the MOB.
Most common minerals of this ore type are hydrozincite, smithsonite, and hemimorphite. Iron-
bearing minerals are rare compared with the red zinc ore. Hemimorphite is less common compared
with the red zinc ore. These minerals occur as a fine-grained cement of a carbonate karst-collapse
breccia. The size of the breccia clasts is similar to the red zinc ore and ranges form cm to several
dm.

Hemimorphite occurs as two different types: hemimorphite-l and hemimorphite-Il. Hemimorphite-I
represents sub- to anhedral crystals and masses within the matrix of the breccias. The size of the
crystals is up to 200 ym. This hemimorphite-I is highly corroded, partly dissolved, and associated
with fine-grained coatings, which mainly consist of hydrozincite, smithsonite and traces of goethite,
hematite, and other Fe-oxihydroxides (Fig. 16, Fig. 17, and Fig. 20). Locally, goethite and hematite
are absent, and here the highly corroded hemimorphite-| is associated with white, fine-grained hy-
drozincite and minor amounts of smithsonite. Fe-oxihydroxides (goethite, hematite etc.), associated
with hemimorphite-1, show partly high concentrations of zinc (approximately 15 %, SEM-EDX),
which is probably the result of high dispersed hydrozincite or due to zinc adsorption by goethite
(ANKOMAH, 1992). Several mechanisms are proposed by ANKOMAH for the adsorption of Zn by goe-
thite: (i) the adsorption of the metal on external surfaces, (ii) solid-state diffusion of the metal from
external to internal binding-sites, and (iii) metal binding and fixation at positions within the goethite
particles.

Hemimorphite-ll occurs commonly in veins and open spaces of fault zones and —breccias (Fig. 18
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and Fig. 21), and in the matrix of fault breccias as euhedral crystals, which have grown perpendicu-
lar to the underlying surface of fractures and spaces. The size of the hemimorphite-Il is up to 300
pm. The occurrence of hemimorphite 1l is mainly limited to the red zinc ore and hydrozincite and/or
smithsonite-mineralised zones and grows preferentially onto these Zn-rich minerals. Thus, hemi-
morphite is related to relatively late stages of the formation of the MOB.

Hydrozincite is another major component within the non-sulphide ore of the MOB and is the main
mineral of the breccia matrix within the white zinc ore but is also common in the red zinc ore and
occurs commonly as 10 to 100 ym euhedral crystals. Hydrozincite occurs also within the red zinc
ore as one of the main zinc minerals and is often associated with highly corroded hemimorphite-I.
Additionally, hydrozincite is the predominant zinc mineral within several cm/dm sized faults and
fault-related breccia zones. Smithsonite is rare at the MOB. It can be detected with XRD-analyses,
but was not found with SEM and microscope. Thus, the occurrence of smithsonite is presumably
high-disperse, fine crystalline and occurs only in traces.

Cerussite and mimetite are the main lead-bearing minerals of the MOB, whereas segnitite occur-
sonly in traces. Cerussite occurs predominantly as crystals related to late-stage precipitations
within fractures and pores of the red zinc ore, especially regionally bound and limited to fault- and
fracture zones. However, cerussite occurs also rarely within the white zinc ore, preferentially within
fractures and pores. Mimetite occurs commonly as yellow needles and aggregates (Fig. 22). Other
zinc minerals, such as hetaerolite, coronadite, willemite, or sauconite are rare and are also associ-
ated with both ore types. Black coloured hetaerolite forms mm-thick crusts and masses within
pores and fractures, suggesting a late stage-related precipitation

The supergene, non-sulphide ores are characterised by very high Zn-, varying Pb-, and very low
Ag-contents (Tab. 7). However, unexpectedly high concentrations of As, Sb, Tl, and Sr within the
red zinc ore, point to (a) complex and exotic metal source(s) than expected for typical carbonate-
hosted Zn-Pb deposits. A hydrothermal input from a magmatic source appears to be likely.
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Fig. 16: SEM-photograph of a boxwork structure,
which consists of zinc (hydro-)carbonates (hydrozin-
cite/smithsonite) and porous goethite. Hemimorphite-
| occurs commonly in the centre of the boxwork
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Fig. 18: SEM-photograph of euhedral hemimorphite-
Il (arrow) growing in vugs and fractures of the breccia
matrix, which consists of fine-grained goethite, hy-
drozincite and hemimorphite-I. (Sample M02108)

|g. : T e‘thi section shows heimorphite-l (H),
which is replaced by goethite, hydrozincite, and
smithsonite. Sample M02132, reflected light.

&
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Fig. 17: SEM-photograph of a boundary between
hemimorphite-l (white arrow) and hydrozincite (or-
ange arrow). The boundary surface is irregular and

porous and due to as an alteration and replacement
of hemimorphite-l with hydrozincite. Sample M02127.
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Fig. 19: SEM-photograph of a mimetite aggregate
(arrow) and small grains of anhedral barite. The
mimetite aggregate consists of small euhedral crys-
tals (white arrow). Sample M02124.

Fig. 21: Hemimorphite-l (black arrow) botryoidally
overgrown by layers of goethite and hematite and
late stage euhedral hemimorphite-ll (white arrow)
within a vug. Sample M02133, reflected light.
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Fig. 22: SEM-picture of euhedral mimetite, which Fig. 23: SEM-photograph of linear ordered small,
appears to be partly embedded within a sub-mm subhedral grains, which consist of barite. The barite
thick coating of an unidentified fine-grained (amor- is probably weathered and coroded into numerous
phous?) Fe-oxide/hydroxide. A XRD analysis of this rounded grains. Sample M02124.

Fe- bearing mineral shows no unequivocal results.

Sample M02123

SiKa. 17

Fig. 24: SEM-EDX element distribution maps of a polished thin-section of sample M02133. Hemimorphite is
overgrown by layers of goethite and hematite. The picture, which is marked by “SE”, shows a secondary
electron image, and the other two images show element distribution maps of iron (FeKa) and silica (SiKa).
The FeKa-picture points to the Fe-bearing layers, whereas the SiKa marked picture indicates the distribu-
tion of the Si-bearing hemimorphite. The width of the field of view is 120 ym. Hemimorphite (high Si con-
centration) in the innermost part of botryoidal-shaped aggregates is probably alterated to goethite/hematite
(high Fe concentration), which occurs as several, parallel layers. Lighter grey colours indicate a high
amount of a specific element. All pictures show the same area.

The minerals and their occurrence suggest several stages of non-sulphide zinc ore genesis, during
which formation, dissolution, and re-precipitation appear to have been competing processes with
hemimorphite and hydrozincite being the ore minerals.
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Tab. 7: Average concentrations of typical, goethite-rich non-sulphide ore samples (n = 9, ICP-MS, all
concentrations in ppm). For more details, see also appendix.

Cu Pb Zn Co Ni Ag Cd Sb Mo Sr As

44 17518 360003 25 72 7 365 339 4 694 7217

Hemimorphite-I and hemimorphite-ll represent different stages of the ore-forming process of the
MOB. After TAKAHASHI (1960) and INGWERSEN (1990), the precipitation of hemimorphite can be
described as an equilibrium reaction between hemimorphite and smithsonite/hydrozincite, which is
mainly controlled by the partial pressure of CO, (Pco2), pH, and the concentration of H,SiOj,.
Hemimorphite becomes more stable under relatively low Pgo, (< 10 bar) and low pH (< 6.9) condi-
tions. After the formation of a hemimorphite-dominated ore, the geochemical conditions have ap-
parently changed. Hemimorphite became unstable under these new conditions, and was (partly)
replaced by hydrozincite. The stability of hemimorphite and the equilibrium reaction between
hemimorphite and smithsonite/hydrozincite are shown in detail in chapter 5.4.1 (page 90).

C-0 stable isotope geochemistry of carbonates of the MOB

Carbon and oxygen isotope measurements have been applied to samples of the MOB. These
samples comprise limestones of the barren host rock, hydrozincite from the non-sulphide zinc ore,
and euhedral calcites, which fill open spaces and fractures. The results of the isotopic measure-
ments are presented in Tab. 8 and depicted in Fig. 25. The isotope compositions are expressed as
delta values in o/00 relative to V-SMOV for oxygen and relative to V-PDB for carbon.

Tab. 8: 313C and 5180 values of selected samples of the MOB from Mehdi Abad
Sample 5 °OV-PDB %0 & "°O V-SMOW %. & '°C V-PDB %o

M02109 -14 16.5 2.0 calcite
M02109 -1.7 23.0 2.9 dolomite
M02113b -15.3 15.1 1.1 calcite
MO02113b -5.9 24.8 2.8 limestone
MO02117 -9.2 214 -0.4 calcite
M02120 -13.7 16.8 0.7 calcite
M02120 -8.3 22.4 2.2 limestone
M02127 -10.2 20.4 -1.8 hydrozincite
M02129 -8.7 21.9 -0.4 hydrozincite
M02129 -5.7 25.0 2.6 dolomite
M02134 -9.1 21.5 -3.8 hydrozincite

The diagram (Fig. 25) shows three separate clusters: (1) limestone samples of the host rock, (2)
samples of calcite crystals, which occur as fillings in fractures and open spaces of the carbonate
host rock, and (3) hydrozincite/smithsonite samples of the MOB. However, the hydrozincite cluster
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comprises an additional single calcite sample, which plots within in the area of the hydrozincite.

The hydrozincite samples have not a monomineralic composition, since the mineralogy of the zinc-
carbonates is relatively complex. Hydrozincite is commonly contaminated by traces of smithsonite
and in most cases it is not possible to separate hydrozincite from smithsonite impurity, due to its
microcrystalline intergrowth with hydrozincite. Thus, the result of the isotopic measurement of the
hydrozincite may be influenced by the isotopic composition of smithsonite.

The analysed limestone samples of the MOB form a separate cluster (Fig. 25) and show a re-
stricted range of both 5'°C (between 2.2 and 2.9 %) and §'°0 values (between 22.4 and 25 %) .
The calcite samples form a second cluster. Calcite occurs as euhedral crystals, grew in open
spaces and fractures of the limestone. These calcites show an close range of §'°C (between 0.7
and 2 %q) and "0 (between 15.1and 16.8 %/q,). The third field consists of samples of hydrozincite
of the non-sulphide ore from the MOB. The hydrozincite samples show a restricted range of §'%0
values between 20.4 and 21.9 O/oo. The §"*C values are more variable and range between -0.4 and
-3.8 0/00. A single calcite sample fits in this field of hydrozincite samples.
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Fig. 25: Stable carbon and oxygen isotope composition of hydrozincite, late-
stage related calcite, and limestone from the MOB of the Mehdi Abad Zn-Pb
deposit.

The isotope values of the limestone correspond to the range of values, which has been established
as typical for marine Cretaceous limestones (VEIZER & HOEFS, 1976).

The calcites of the MOB plot within two distinct regions. Thus, the isotopic composition of the cal-
cites from the MOB suggests two different possible genetic sources. Three samples of calcite show
lower 5'20 (15.1-16.8 %) and higher 3"C (0.7-2.0 %y,) compared to a single calcite sample, which
is relatively high in 8"°0 (21.4 %) and low in §'°C (-0.4 %). The §'°0 of a carbonate precipitated
from water depends on the 5'°0 composition of the water and the temperature. Increasingly lighter
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§'%0 values tend to be associated with a decreased salinity and with higher temperatures, whereas
the 8"C composition reflects the source of the bicarbonate, which is dissolved in the water
(NELSON & SMITH, 1996). Thus, the only slightly decreased §'°C values of the calcite veins are due
to a buffer effect from the limestone. The negative trend in the §'%0 values of the calcites may re-
flect precipitation at higher temperatures and is typical for burial (CHOQUETTE & JAMES, 1990;
NELSON & SMITH, 1996).

The single calcite sample, which plots within the field of the zinc carbonates, suggests an influence
of meteoric water, which delivered isotopically light carbon from the decomposition of organic mat-
ter. The 8'°C is moderately depleted and the calcite has been presumably precipitated under the
influence of meteoric waters, which are variably buffered by water-limestone interaction. (ALLAN &
MATTHEWS, 1982; NELSON & SMITH, 1996).

The isotopic pattern of the hydrozincite samples shows a narrow range of §'%0 values and a more
variable range of 8'°C data. This behaviour is similar to smithsonite samples, which have been
analysed by GILG & BONI (2004) and BONI ET AL. (2003). This probably indicates at least two isotopi-
cally different sources of carbon. The roughly constant §'%0 values and the variably low- to medium
depleted §'°C values match the idealised trend of a meteoric carbonate precipitation. Thus, wide
variability in '°C and narrow variability in "0 most likely reflect the influence of meteoric water
associated with subaerial exposure (ALLAN & MATTHEWS, 1982, LOHMANN, 1988) and point to the
precipitation of the zinc carbonates within the vadose and/or phreatic zone (ALLAN & MATTHEWS,
1982). The isotopically light component of the carbon is the result of dissolved CO, derived from
the decay of organic matter (CRiss, 1995).

414 The Valley Ore Body (VOB) of Mehdi Abad

Geology of the Valley Ore Body

The strata of the Taft and Abkou Formation overlie the Sangestan Formation and host the sulphide
ore of the Valley Ore Body (VOB) (AzARI & SETHNA, 1994). The Sangestan Formation consists
mainly of partly cross-bedded sandstone (Fig. 26), limestone, and shales. The strata of the Taft
Formation consist mainly of dolomitic and ankeritic limestone, whereas the Abkou Formation com-
prises marl stone with conglomeratic intervals, and massive limestone.

The contact zone between the Sangestan and Taft Formation is characterised by an unconformity,
which shows an irregular surface with shallow water sediments between the para-reef limestone
(Fig. 27) at the top of the Sangestan Fomation and the limestone of the Taft Formation. These
shallow water sediments consist of red and green mudstone with worm tubes, nodular limestone,
and cross-bedded limestone (BRGM, 1993). This zone probably reflects a period of emergence
and has been used as a marker horizon in the drill cores. Most of the drill cores of Mehdi Abad stop
at this horizon.
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Fig. 26: Cross-bedded sandstone of the Sangestan Fig. 27: Reefal limestone near the contact zone of
Formation at the East Ridge of Mehdi Abad. the Sangestan- and Taft Formation.

The strata of the Taft Formation, which host the main portion of the sulphide ore of the VOB are
characterised by an intensive and extensive brecciation. This brecciation is common within most of
the VOB drill-cores of Mehdi Abad (BRGM, 1993) and is probably the result of emergence, paleo-
carstification, and finally collapse of these strata. The breccia fragments are angular and the frag-
ment-size ranges from a cm- to dm-scale.

The contact zone between the Taft- and the overlaying Abkou Formation is characterised by an
unconformity, similar to the contact zone of the Sangestan- and Taft Formation. Here, the cherty
limestone of the Taft Formation shows a channelled surface, overlain by a conglomeratic bed,
which consists of limestone and chert clasts (BRGM, 1993) and can be interpreted as a renewed
period of emergence and probably the stage, during which karstification and collapse of the Taft
Formation occurred.

Ore mineralogy of the VOB

Examinations of several samples and detailed investigations of bore holes no. 5308, 5204, and no.
7008 (Fig. 11) show, that the sulphide ore of the VOB consists of several subordinate mineralised
zones, which are separated by barren dolomite of the Taft Formation as well as several faults.

The most abundant minerals within the sulphide ore are galena, sphalerite, barite, pyrite, and
traces of chalcopyrite. The sulphide ore of the VOB occurs as impregnation of the Taft Formation
breccia and fills the interstitial space between the breccia fragments (Fig. 28). Sample examination
and literature data as well (e.g. AzARI & SETHNA, 1994) show, that the main sulphide minerals of the
VOB are sphalerite, galena, pyrite and traces of chalcopyrite, and other sulphides. Other sulphides,
such as marcasite or chalcopyrite in subordinate traces. Disseminated sulphides occur commonly
as low-grade mineralisation within the barren dolomite and the adjacent strata. The sulphide min-
eralisation is not associated with conventional vein-system or with synsedimentary stratiform hori-
zons, but occurs as matrix in a complex fracture and breccia system (Fig. 28). In some cases, the
sulphide ore itself occurs as breccia fragments (Fig. 29). Pyrite occurs as angular crystals and
masses accompanied with Zn and Pb sulphides or as spherical framboidal pyrite within dolomite
and limestone.
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It appears that sphalerite and galena have been partly replaced the barite of the dolomite breccia
(Fig. 31 and Fig. 32). The sulphide mineralisation occurs as fine-grained crystals in a wide range
from euhedral to anhedral crystals. The observed sphalerite/barite ratio changes irregularly but is
generally between 1/1 and 2/1, which is in general agreement with the reported ratio of 1 (BRGM,
1993).

Barite is ubiquitous within the mineralised dolomite breccia as well as in fractures, veins, and
veinlets within the non-brecciated barren dolomite and limestone of the Taft Formation and Abkouh
Fm. Additionally, massive barite occurs in the Black Hill area, but only with a slight amount of sul-
phide mineralisation. In most cases, the barite tends to have grown with a euhedral habit but oc-
curs also as anhedral patches or skeletal crystals. The size of barite crystals varies over a wide
range from microcrystalline sub-mm to cm-sized euhedral crystals. The barite grew in pores and
open spaces of dolomite. The crystal-size has been probably controlled by the space of the hosting
cavities. Locally, barite occurs as broken crystals and is observable in several thin sections. The
space between these barite fragments is filled with fine-grained carbonate cement (Fig. 30). The
observable barite deformation and the subsequent carbonate cementation of the barite fragments
are probably due to a pre- or syn-collapse barite-mineralising event. The barite crystals grew in
pores and open spaces of the karstic carbonate and have been deformed and crushed as a result
of collapse and compaction of this karst-breccia.

The dolomite, which hosts the sulphide ore, is probably secondary and the result of a dolomitisa-
tion process. This dolomitisation of the carbonate host rock is possibly either associated with the
barite mineralisation or with the sulphide-ore delivering fluids. It is supposed that the dolomitisation
was associated with the ore fluids, since the adjacent carbonate strata (Abkou Formation) to the
massive barite rock ‘Black Hill’ is not affected to any dolomitisation (Fig. 117 and Fig. 118).

Tab. 9: Genetic sequence of main minerals of the VOB. Detected by XRD and indirectly detected by SEM-
EDX /analyses

Mineral Formula Occurrence Early Late
Calcite CaCOs3 common f—

Dolomite (Ca,Mg)CO3 common e

Quartz SiO, minor/traces  pmm —

Barite BaSO4 common —

Pyrite FeS; common e
Sphalerite ZnS common E—
Galena PbS common E—
Goethite/Hematite FeO(OH), Fe203 common —
Hydrozincite Zn5(CO3)2(OH)s common [—
Smithsonite ZnCOs traces [—
Hemimorphite Zn4Si207(OH)2-H0 traces fr—
Cerussite PbCO; minor f—
Gypsum CaS04-H,0 traces [—
Coronadite Pb(Mn(IV),Mn(11))sO16 traces [—
Hetaerolite ZnMn204 traces [r—
Secondary calcite CaCOs; minor f—
Mimetite Pbs(AsO4)3Cl traces [—
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Fig. 28: Highly brecciated ore-bearing dolomite of
bore hole no. 5308 at 212 m. The space between the
fragments is filled by a grey coloured matrix of fine-
grained sphalerite, galena, and barite and traces of
chalcopyrite.

Fig. 30: Barite crystals in dolomite (brown colours)
breccia. Some large barite crystals are broken. The
space between the barite fragments (white arrows) is
filled by small irregular barite fragments and a car-
bonate matrix. Bore-hole no. 5308 at 226 m. (trans-
mitted light, XN)

222BE1

Fig. 32: Barite (ba) is partly replaced by sphalerite
(green colour, sp) and galena (ga). Sphalerite and
galena are the most common sulphides. Pyrite and
other sulphide minerals are generally rare and absent
in this thin-section. In some cases, dolomite occurs
as euhedral rhombs with crystal sizes up to 200 um.
SEM-BSE photograph of borehole 7008 at 295 m.

Fig. 29: Angular breccia fragments. The fragments
consist of sulphide ore and sulphide ore-mineralised
dolomite. (Fotograph: G. Borg).

o JEOL

Fig. 31: Barite crystals of bore-hole 7008 at 216 m in
dolomite (do). Most of barite-crystals (ba) show a
euhedral to subhedral shape. In some cases, the
barite has been incompletely replaced by galena (ga)
and sphalerite (green coloured, sp). Pyrite is rare at
this depth and absent in this field of view. (SEM-BSE
photograph)

216BE1
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415 Geochemical investigations of the MOB and the VOB

A total of 19 samples of the MOB (hand specimen) and 109 samples of the VOB (drill core and
hand specimen) have been analysed by ICP-MS.

Cadmium in the sulphide ore and in the non-sulphide ore

Cadmium is associated with most Pb-Zn deposits (SCHWARTZ, 2000). In particular, the behaviour of
Cd during oxidation and the formation of non-sulphide ore are very interesting. The Cd-
concentration within the sulphide ore of the VOB was examined in several sulphide mineralised
samples. The measured concentration varies in a wide range from 0.3 ppm up to 583 ppm. The
relationship of cadmium to other elements has been tested by plotting several graphs, but exclu-
sively the Zn-Cd plot shows a significant positive correlation (Fig. 33). The incorporation of Cd into
sphalerite is a common phenomenon (DOMENECH et al., 2002) and based on these results, it can
be assumed that sphalerite, which is the main zinc-bearing mineral, is the predominant host min-
eral to cadmium within the sulphide zone. The Cd-Zn (Rcyz,) ratio is nearly constant and gives
results of approximately Rcgyz, = 0.004 (n=19, stdev = 9.1-10'4). With the molar masses of zinc,
sulphur, and cadmium (Mz,=65.38, Ms=32.06, Mc4s=112.4 g/mol) it is possible to calculate the con-
centration of cadmium in a simplified (Zn(s.5),Cd)S - sphalerite (formula F1 ).

Copm = T #10°

ppm
My, + Mey

MZn MCd

j*MS+mZn+mCd F1

with n=molarity, M=molar mass of Cd, S, and Zn

This calculation gives an average concentration of 2682 ppm cadmium in sphalerite or 0.27% Cd.
However, in most cases the real cadmium concentration of sphalerite is smaller than the calculated
value, due to additionally incorporated iron and other elements into the sphalerite crystal lattice.
Nevertheless, the calculated (maximum-) concentration of cadmium within the sphalerite is compa-
rable to MVT-type deposits (Tab. 10) (SCHWARTZ, 2000) and fits also within this range even at
lower Cd-concentration values. However, this value fits also to a wider spectrum of deposit types
within the range of Cd concentrations of each type. According to Tab. 10, Mississippi-Valley type
(MVT) deposits show the significantly highest concentrations of Cd in sphalerite (Cdspnh). The high
Cdsph is caused by the high Rcad/zn of basinal brines, which can be considered to be the recent
equivalents of MVT fluids (Schwartz, 2000). The Cd-content depends on the Rcd/zn ligand activi-
ties, and temperature of the ore forming fluid. Thus, exhalative systems with their low Rcdpzn+ca),
and high temperature form deposits with lower Cd concentration in sphalerite (SCHWARTZ, 2000).

The average Cd concentration of the non-sulphide ore of the MOB is similar compared with the
sulphide zone of the VOB. However, several extreme values of MOB non-sulphide-related Cd-
concentration can be as high as 2004 ppm in whole rock ore samples.
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Tab. 10: Basic statistical concentrations for Cd concentration in sphalerite of different deposit types (after
Schwartz, 2000)

Type of deposit min max mean median st. deviation n of deposits
VMS 100 10000 2360 1890 1.777 87
SEDEX 50 6250 2560 2200 1735 19

Skarn 300 9900 3540 3180 2192 54

Veins in low carbonate rock 15 46480 410 3110 4212 155
Veins in limestone/dolomite 1000 20000 7260 5000 6256 31

MVT 390 50000 4850 3630 5668 106
Sandstone lead-zinc 2570 - - - - 1
Unclass., in limestone/ dolo- 560 21500 4300 2540 4830 27

mite

Cdsphalerite cONCentration in ppm

A possible host mineral for cadmium within the non-sulphide ore is smithsonite. Similar to
sphalerite, smithsonite is able to hold up to 45500 ppm Cd (ScHWARTZz, 2000). Smithsonite occurs
only in traces in the MOB and, in contrast to Cd within VOB sulphide ore, the cadmium in MOB
non-sulphide ore shows no significant correlation with Zn (Fig. 34). One reason might be the high
density of faults and the associated alteration, oxidation and mobilisation of zinc minerals, which
might have led to a partial separation of zinc from cadmium and, as a result of this process; to a
poor correlation. Another possible explanation might be two different generations of Cd-bearing
minerals, associated with the major non-sulphide ore types of MOB, the Fe-rich and the Fee-poor
ore. Greenockite (CdS) could not be detected as a Cd-bearing mineral that is commonly associated
with supergene zinc mineralisation (TAKAHASHI, 1960). The abundance of greenockite within the
alteration and non-sulphide zone can be explained by the scavenging of zinc during (re-) crystalli-
sation from non-sulphide zinc minerals, such as smithsonite, hemimorphite, and hydrozincite
(SCHWARTZ, 2000).
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Fig. 33: Zn-Cd concentration plot of specimen from
the sulphide ore of the VOB. The Cd concentration
correlates with Zn. and is bound to sphalerite of the
sulphide ore. (criteria: sulphide-bound sulphur >3%)

Fig. 34: Zn-Cd concentration plot of specimen from
the red zinc ore (red triangles) and white zinc ore of
the MOB. In contrast to Fig. 33, no correlation is
determinable between the zinc and cadmium con-
tents.
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Arsenic in sulphide and non-sulphide ore

Arsenic occurs in the sulphide ore of the VOB as well as in non-sulphide ore of VOB and MOB. The
arsenic concentration within the non-sulphide ore of the MOB Cas-ox-moB is up to factor 30 higher
than concentrations in the non-sulphide ore Cas-ox-vos respectively. Similar to cadmium, sphalerite
is able to incorporate arsenic into its crystal structure (LEACH ET AL., 1986) but no correlation to
sphalerite could be found within the sulphide bearing samples of the VOB. This phenomenon is
supported by additional SEM-EDX examinations of sphalerite. The measurements show no arsenic
content. Another possibility is the incorporation of As within pyrite. Here, the overall theoretic pos-
sible compositional range for arsenic in pyrite is approximately up to 100000 ppm (KOLKER &
NORDSTROM, 2001). However, the measurements of sulphide ore samples show bad or no correla-
tion of iron with arsenic. Thus, the arsenic of the sulphide ore is probably bound to pyrite, but with a
broad varying range of As-concentrations and is probably also bound to minerals such as arseno-
pyrite (FeAsS).

The plots of As vs. Pb give a hint of an As-Pb bearing mineral within the non-sulphide ore of the
MOB. The ratio Cas-ox/Crb-0x=0.18 of white zinc ore of the MOB is apparently related to mimetite.
The Cas-ox/Cpb-ox of mimetite can be calculated by using the formula and the molar masses of As
and Pb and is calculated as CAs-mimetite/CPb-mimetite= 0.22. This value is close to the As/Pb ratio of
the white zinc of the MOB that suggests mimetite as one As-bearing mineral. In addition with ce-
russite, which is also detectable in the white zinc ore one can achieve the lower As/Pb ratio of 0.18
from Fig. 36.
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Fig. 35: Bivariate graph of As vs. Pb of non- Fig. 36: Concentration of arsenic in relation to lead
sulphide zinc ore, and sulphide ore samples of the of non-sulphide ore-samples from the MOB. The red
VOB. The value of R? gives no positive correlation dots represents specimen, which are characterised
between these elements, but a rough trend is visi- by high Fe;O3 (>10%). The black dots represent
ble, especially at samples of the Oxide zone. ore, which is low in Fe;03 (<5%).
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Fe-concentrations in sphalerite of the VOB

The iron-concentration in sphalerite has been measured in sulphide-ore thin-sections of bore-hole

No. 5308 and 7008 by SEM-EDX. All Fe-concentration in sphalerite [%]
data of bore-hole 5308 show a continu- . 2 4 6 8 10
ous trend of increasing iron- °

concentrations with depth (Fig. 37). The
highest Fe-concentration has been
measured at a level of 275 m of borehole
5308. Here the Fe-content of sphalerite 240+
ranges from 6.3 % up to 11.8 % with a

mean of 8 %. The iron-concentration at 260 —
each level of borehole 5308 varies on a
wide range of approximately 5 % of the

220

280
mean. —
E |w
The Fe-concentration pattern of borehole g 7 o
. . . o +bore hole 5308
7008, which intersects the sulphide ore © o bore hole 7008
body approximately in its centre, is com- 320

pletely different from borehole 5308. Fig 37: Iron-concentration in sphalerite, measured by SEM-
Nearly all samples of borehole 7008 EDX. Samples of bore hole 5308 show an increasing Fe-
content with increasing depth, whereas bore hole 7008 is

show a low Fe-concentration within ' ‘ .
. . . characterised by low Fe-concentrations over the entire
sphalerite (Fig. 37) with no apparent depth.

visible trend.

The iron content of sphalerite depends on the geochemical parameters of the system pyrite — pyr-
rhotite — sphalerite and is very sensitive to pressure, sulphur fugacity, and temperature (BARTON &
TOULMIN, 1966). As a result of these different variables, this system is only useful in geothermome-
try for three-phase assemblages of sphalerite — pyrite — pyrrhotite in which the sulphur fugacity is
fixed at a given temperature by the coexisting iron sulphides under equilibrium conditions (ScoTT &
BARNES, 1971).

Examinations of specimen from bore hole 7008 and 5308 has shown a dominance of galena and
sphalerite, but only small amounts of pyrite and no pyrrhotite. Since the Fe-content of sphalerite is
quite variable in the absence of pyrite and/or pyrrhotite (CRAIG & SCcoOTT, 1974), the iron concentra-
tion within the sphalerite cannot be used for geothermometry in this case.

The iron concentration within the sphalerite is controlled over a wide range only by the activity of
FeS (ares). High values of ares result in sphalerite with high Fe-concentrations (CRAIG & ScCOTT,
1974). This leads probably to decreasing ares, which is associated with decreasing Fe concentra-
tions of sphalerite.

Since the Fe-concentration of most ore-fluids increases with higher fluid-temperatures (MARIE ET
AL., 2001), the gradient of the Fe-concentration with depth could additionally be the result of de-
creasing temperature during the hydrothermal pulse of the ore-mineralising event. Lower tempera-
tures (probably more distal to the vent) decrease the Fe-concentration of the fluids and leads to the
crystallisation of sphalerite with lower Fe content relative to the more proximal high-temperature
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sphalerite.

The increase of Fe-concentration with an increase of depth in borehole 5308 is probably an indica-
tion for an upward directed hypogene ore fluid-flow within this ore body. Fe-rich sphalerite crystal-
lised when the Zn-bearing fluids reached the (collapse-) breccia. This led to an iron depletion of the
mineralising fluid, associated with the crystallisation of sphalerite at higher levels, which is low in
Fe. The same mechanism of Fe-depletion is probably active during the lateral fluid flow. Therefore,
the low Fe-concentration in sphalerite in borehole 7008 could point to a lateral mineralisation proc-
ess with its origin in the western part of the sulphide ore body.

Based on the gradient of the Fe-concentrations within the ore body, a possible source (vent) for the
ore fluids might have been located at the western outskirt of the sulphide ore body, probably near
the Black Hill Fault.

Another possible explanation for diverse Fe-contents in sphalerite could be different generations of
Zn-Pb-Fe delivering fluids that could cause these different Fe-fingerprints of sphalerite. The exam-
ined boreholes show completely different Fe-concentration patterns. The Fe-content of bore hole
5308 increases continuously with depth, whereas nearly all samples of bore hole 7008 show very
low iron concentrations, which are absent in bore hole 5308. The exclusive occurrence of low-Fe
sphalerite in borehole 7008 suggests at least two different fluid generations with a spatially inde-
pendent occurrence. The controlling factor for the spatial separation could be probably faults.

Occurrence of zinc and lead

The main zinc mineral of the VOB is sphalerite and subordinately non-sulphide zinc minerals, such
as hydrozincite, smithsonite, willemite, and hemimorphite. In contrast to the completely oxidised
MOB, the VOB comprises both sulphide ore and non-sulphide ore as well. However, the occur-
rence and the style of the non-sulphide ore are different from that of the MOB. The actual data of
the calculated Zn-Pb reserves are (Tab. 11):

Tab. 11: Zn-Pb reserves of Mehdi Abad.

oxide reserve 452 Mt at 7.15% Zn, 2.47% Pb

sulphide reserve 116.5 Mt at 7.3% Zn, 2.3% Pb
data: MEHDI ABAD ZINC COMPANY, 2005

Typical zinc and lead concentrations of the VOB are given in Tab. 12. The non-sulphide zinc ore of
the VOB reaches Zn concentrations of approximately 8.4 % Zn and 2 % Pb. The zinc concentration
of the VOB- non-sulphide ore is neither significantly increased nor is the Zn/Pb ratio significantly
changed with regard of the sulphide protore, in contrast to the MOB, where both mentioned effects
are observable.
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Tab. 12: Element concentrations of the VOB and MOB

Element VOBNS' VOBNS' VOB' MOB MOB
(low grade)  (high grade)  Sulphide ore NS red zinc ore NS white zinc ore

Zn % 2.8 8.4 7.2 30 40
Pb % 25 2 1.6 1.6 1
Cu % 0.11 0.03 0.16 <0.01% <0.01%
Ag [ppm] 45.9 23 52 8 5
As [ppm] 112 305 269 11613 1985
Cd [ppm] 87 182 1634 307 480
Fe % 23 21 20 17.5 1.89
Mn [ppm] 4.6 7.6 3.9 0.07% <0.01%
SiO2 % 5 5 16.2 15 14

NS = non-sulphide ore, (1) Data : ITOK INTERNATIONAL, 2005

The occurrence of zinc within the sulphide zone of the VOB is generally similar to- and associated
with that of lead, but concentrations are of a higher magnitude. In borehole no. 5308, zinc and lead
concentrations increase generally from a depth of 450 to 256 m (Fig. 38) to a maximum of ap-
proximately 10000 ppm. The Zn-Pb content increases rapidly within the sulphide zone up to ap-
proximately 100000
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Fig. 39: Downhole variation of Zn, Pb, and As
for drill core no. 5204. This core contains no
sulphide ore. The increase of Lead and the
moderate increasing Zinc marks the gossan
zone.

Fig. 38: Variation diagram of Zn, Pb, and As in drill core
no. 5308. The reverse orientated changing of Zn-Pb
concentration at 150-200 m marks the oxidised gossan
zone.

ppm for zinc and 31000 ppm for lead. With the transition to the gossan zone, the similar trends
stops and lead concentration increases much more than those of zinc do. Here, the graph can be
interpreted as retention of (relatively immobile) lead and arsenic and a remobilisation or loss of
(soluble) zinc. This is probably an effect of a diverse mobility of these elements during alteration
processes and is well known for gossan zones in general (BOYLE, 1993).The most common zinc-
bearing mineral within the sulphide zone is sphalerite, but in the non-sulphide, and gossan zone
hemimorphite, smithsonite, and hydrozincite are the most common Zn-minerals. Lead occurs as
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galena within the sulphide ore, and within cerussite, mimetite, and minor amounts of coronadite in

non-sulphide ore.

The non-sulphide zinc ore overlays the
sulphide ore (Fig. 38) and is mainly
restricted to fault-zones (BRGM, 1994)
or is well developed at these zones.
The concentration of zinc within these
oxidised zones is low compared to the
equivalent ore type of the MOB. The
non-sulphide ore of the VOB is pre-
dominately Fe-(Mn)-rich and shows no
distinct tendencies of metal-separation
and differentiation into a red zinc ore
and a white zinc ore.

The geochemical data of borehole no.
5204 show an unusual pattern (Fig.
39). Here, the concentration of zinc is
consistently higher than the concentra-

Sangestan Fm.

E Taft Fm. Mey water w
s
LSS
AT — //

Fig. 40: Schematic cross section of drill core no. 5204 and its
related strata. The meteoric water is guided along the oxidised,
‘gossanous’, and porous contact zone between the Taft Fm.
and Sangestan Fm.. Zinc has probably been dissolved in the
upper parts and (re-) precipitated in lower portions of the gos-
sanous horizon.

tion of lead, despite the presence of a continuously oxidised zone without sulphide intercalations.
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Fig. 41: Cross-section of the VOB. Boreholes and the Zn (sulphide and oxide) and Pb concentrations are
plotted to illustrate the occurrence of the sulphide and non-sulphide ore types. The non-sulphide mineral-
ised zone overlays the sulphide ore. The overall Zn-concentration of the non-sulphide zinc ore is limited to
relatively low Zn-concentrations (2-8% Zn) compared with the MOB. (modified after BRGM, 1994)

45



Results

This effect of increasing Zn concentrations and a lead-zinc ratio Zn/Pb>1 within the gossan can be
explained by the geologic position of this bore hole (Fig. 40). The gossan is restricted to the contact
between the Taft Formation And the subjacent Sangestan Formation. The gossan and the contact
zone dip to the west. It can be assumed, that meteoric water migrated along this path through the
porous gossan. Thus, it is proposed that the dissolved zinc has been transported from upper parts
of the gossan to lower regions where it became re-precipitated. This supergene process leds to an
enrichment of zinc within the lower parts of this gossan section and is probably an important factor
for Zn-enrichment in similar regions of this deposit. The geochemical conditions of zinc mineral
dissolution and precipitation in carbonate host rocks are described in detail in Chapter 5.4 (page
90).

The non-sulphide ore of the
MOB shows no level-dependent
systematic vertical trend in its
Zn/Pb distribution. The ratio B GRS UIpa: OB
remains relatively constant at

approximately Znox/Pbox= 15-20

except for few extreme values.

Under the assumption of a de- 06 = 0.4
creasing mobility of the metals " S

Zn>>As>>Pb (BOYLE, 1993) and Ty \/\M/\
a Zn/Pb ratio of a supposed 0448 06
sulphide protore OSW a
Znsuph/Pbsuph=2,  the  non- /VWM
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Fig. 42: Ternary Zn-Pb-Fe,0s3 plot of non-sulphide ore samples of the

Fe,O; (Fig. 42). The result of MOB and VOB of Mehdi Abad. The non-sulphide ore is characterised
this process is a non-sulphide by a wide range of Fe;O3 with a remarkable cluster of high-Zn and low
ore with a wide range of Fe,0; Fe/Pb samples that represent the white zinc ore. The samples of the

VOB do not show such a distinct differentiation.
but small amounts of lead only.

The Zn-rich zinc-rich cluster of Fig. 42 marks a non-sulphide ore, which is probably the result of Zn-
mobilisation, displacement and reprecipitation, whereas iron remained as a relative immobile ele-
ment.

Copper

The copper concentration in the examined drill core samples of sulphide ore is much higher than in
non-sulphide ore samples of the MOB. The concentrations within the non-sulphide ore of the MOB
range up to 200 ppm. These values are very low, compared to the gossanous zone of the VOB,
which shows Cu concentrations up to 2.000 ppm. In contrast to the low Cu content of non-sulphide
MOB ore, the examined drill core of sulphide ore contains up to 2400 ppm Copper. The copper
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within the sulphide zinc ore is commonly related to chalcopyrite and the carbonate mineral mala-
chite, whereas copper of the gossan zone seems to be bound to malachite.

Occurrence of silver in the sulphide ore of MOB

The sulphide ore of the Valley Ore Body (VOB) of Mehdi Abad shows silver concentrations up to
350 ppm. In contrast to these relatively high concentrations, the non-sulphide ore of both the VOB
as well as the non-sulphide ore of the Mountain Ore Body (MOB) show only minor or background
concentrations of silver. The occurrence of silver is intimately associated with the sulphide ore of
the VOB, whereas the non-sulphide zone of the VOB only shows small concentrations related to
the sulphide ore (approximately 10 ppm Ag). Since no specific silver bearing minerals was detect-
able, the purpose of the actual study was to investigate the geochemistry and the mineralogy of
this silver.

Silver is common in a wide range of concentrations in different types of massive-sulphide deposits,
such as MVT-, SHMS-, Irish-type and others. In these deposits, Ag occurs as Ag-bearing minerals
or is predominantly associated and incorporated in sphalerite, marcasite, pyrite, and/or galena
(HANGI & PAARLBERG,1996; MATTHES, 1996).

The analyses of sulphide ore samples of the VOB show a moderate positive correlation of the silver
concentrations with lead (galena) (Fig. 44).

lAgLb1, 18 _

Fig. 43: SEM-EDX element distribution maps of sample 5308-226. Bright areas indicate the presence of a
specific element. The low Ag concentration results in a higher background noise within the Ag-element
distribution map. However, silver is associated with the occurrence of lead, indicated by light colours within
the galena.
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The diagrams, which are shown in Fig. 44, Fig. 45, and Fig. 46 indicate a binding of silver to both
Pb (galena) as well as Sb and not to As. but the detailed interelement correlation plots (Fig. 4 & 5)
show only for Sb a good correlation. Arsenic correlates nor or probably within a small range with
silver and is highly variable. Based on these results one can assume that silver is probably bound
to a Sb (and As ??) bearing mineral, such as argentian tetrahedrite ((Cu,Fe,Ag,Zn)2Sb4S4; and/or
freibergite  (Ag,Cu, Fe)2(Sb,As)4S45.  Freibergite series with tetrahedrite
(Cu,Fe,Ag,Zn)4,Sb4S+3 with a variable Sb/As ratio. This could be one reason for the highly variable
Ag/As ratio within the sulphide ore. Most of these Ag-Sb-(As) minerals probably occur within galena
as um-sized inclusions within the galena (ZENG ET AL., 2000). This explains the visible correlation of
Ag with Pb in Fig. 44.

forms a

An association of silver and silver bearing minerals with sphalerite and/or pyrite could not detected
by using SEM-EDX and as a positive correlation in a Zn-Ag diagram.

The silver grade of the VOB ranges from 330 ppm (borehole 5308) down to approximately 30 ppm
in several other boreholes. This value is highly dependent from the galena content of the sulphide
ore. However, BRGM investigations (MONTHEL, 1994) have shown up to 300 ppm Ag for the west-
ern and central part of the VOB and up to 92 ppm for the eastern part.
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TiO,, Al,O;, and Zr in the Valley and Mountain Ore Body

Regardless to their origin, all samples show nearly the same Ti/Al ratio (Fig. 48). This constant ratio
applies to both samples of the MOB as well as samples of the sulphide- and the oxide-zone of the
VOB.

Zr correlates with both Ti and Al (Fig.47). All element pairs of Zr, Al, and Ti show a positive signifi-
cant interelement correlation within the sulphide as well as the non-sulphide zone of VOB and
MOB. The interelement correlation is probably the result of the occurrence of a Zr-Al-Ti bearing
mineral. These elements are characteristically present in detrital aluminosilicate minerals, such as
clays (PETER & GOODFELLOW, 1996), which could be a component of the siliciclastic sediments,
carbonates, and limestones of Taft- and Abkou Formation. There is no correlation with SiO,, which
is probably the effect of multiple sources of SiO, within the limestone, dolomite, siliciclastics, and
the Zn-Pb ore such as quartz grains, chert, zinc-silicates (hemimorphite) and other minerals.

Since Ti, Al, and Zr are highly immobile elements in most alteration zones (MACLEAN & BARRET,
1993; JUN ET AL., 1996), these elements could be residuals of a Ti-Al-Zr mineral. The Ti/Al/Zr ratio
remained constant during and after the alteration of this precursor mineral, which is due to the im-
mobility of these elements.

Fig.47: The inter-element 200 -
correlation between Zr and
AlLOj3 is similar to the TiO, -
Al,O3 diagram. The concen- 160 - .
trations of nearly each
specimen from both the VOB
(blue dots) and MOB (red
triangle) show a significant
positive  correlation.  This
probably reflects the clastic
component in the chemical
sediments (limestone).
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Fig. 48: The concentration of 0,70 -
TiO, and AlLOs; show a
highly significant correlation.
All samples from the MOB
as well as the VOB show 0,50
nearly the same Ti/Al ratio.
This is probably due to the
occurrence of a Ti-Al bearing
mineral or it is a relict pattern
of a former Ti-Al bearing
mineral. (blue=VOB,
red=MOB)
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Thallium content in VOB and MOB

Thallium occurs within different types of Zn-Pb deposits as a trace element and is commonly asso-
ciated with sphalerite (LEACH ET AL. 1986), pyrite, marcasite, and other sulphides (DUCHESNE ET AL.,
1983), of hydrothermal mineralisation. The thallium concentration of the Mehdi Abad deposit varies
on a wide range (Tab. 13). The highest concentration can be found within the non-sulphide ore
body of the MOB. Here the concentration of Tl reaches up to 348 ppm whereas the concentration
of Tl within the non-sulphide ore of the VOB shows values of about 1 ppm (Tab. 13). Thallium
seems not to be associated with zinc or Iron — but is probably linked with As. As DOMENECH et al.
(2002) has shown Tl is probably also associated with galena, which indicates its inclusion as trace
element into the mineral galena.

Tab. 13: As and Tl mean values and their standard deviation for different ore types of Mehdi Abad.

Ore-Type and Location  As [ppm] As stand.dev. Tl [ppm] Tl stand.dev. n
VOB: sulphide ore 176 408 2.6 3 15
VOB: non-sulphide ore 145.9 153.9 5.0 6.6 8
MOB: red ore 11623.7 11042.6 105.9 1251 7
MOB: white ore 2034 .4 2576.1 37.9 16.3 9

As - differentiation

— -
1000 g_ b MOB-red ore cluster
=
=
100 MOB-white ore cluster
10
1
0,1
VOB
sulph.& non-sulph. ore
As [ppm]
0701 T T T TrTrTTT T T TTTrT T T LENLELIL L] | T T mTTTTTg T T TTTTrn
1 10 100 1000 10000 100000
+ VOB sulph. ore > MOB-red ore cluster
VOB non-sulph ore Q> MOB-whit lust
® MOB - Red Ore -White ore cluster
A MOB - White Ore > VOB-sulph. + non-sulph. ore

Fig. 49: Thallium concentrations of the non-sulphide zone of the MOB and sulphide- and non-
sulphide ore of the VOB. Both ore bodies are highly distinguishable by their Tl and As concen-
trations, which form three clusters. The Tl and As concentrations of the MOB are approximately
80 times higher than the concentrations of the VOB. The As-(Tl-) concentrations of the white
ore of the MOB are low with regard to the red zinc ore. In contrast to that, the non-sulph. ore
and the sulphide ore of the VOB show no differentiation in As and TI.
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The samples of the MOB and the VOB plot at least within three different clusters (Fig. 49). These
three clusters are due to by highly different Tl- and As-Sb-Cd concentrations within these two non-
sulphide ore bodies. To explain this effect one can assume three different models:

(i) The source of both Tl and As of these non-sulphide ore-bodies was a sulphide protore, which
was formed during one mineralising event for both the protore of the VOB as well as the protore of
the MOB. During the oxidation of the sulphide ore As and the Tl remained as immobile elements
within the MOB and have been concentrated during the process of carbonate dissolution and sul-
phide oxidation. However, calculations of this process, which are based on values of Tab. 13 give a
factor for the As-accumulation of approximately 26 and the factor for the Tl enrichment is about 19.
These rates are obviously to high to be realistic and they are in contrast with investigation of the
As- and TI concentrations of the oxide-zone of the VOB. Here, calculations have shown that there
is no obvious enrichment in these elements (Fig. 49). Due to this fact, a highly immobile behaviour
of As- and Tl during the oxidation of the protore of the MOB is improbable.

(ii) Both ore bodies, the MOB and the VOB are the result of at least two different mineralising
events. These events were associated with different As and Tl concentrations.

(iii) Both ore-bodies are the result of one mineralising event, but the MOB was influenced by an
earlier or later stage hydrothermal As- and Tl-delivering event.

Further investigations have to focus the source and the mechanisms, which are responsible for the
different As and Tl concentrations of the MOB and the VOB.

REE elements

All REE data of the ore samples have been normalised to chondrite composition (data source:
TAYLOR & MCLENNAN, 1985) except the data of the carbonate host rock, which is normalised to
NASC (data source: HASKIN ET AL., 1968). The chondrite-normalisation for both non-sulphide and
sulphide mineralised samples has been chosen to make these graphs comparable with other au-
thors, which mostly use chondrite normalised data to describe sulphide mineralised samples (MVT,
SHMS, VMS, and other styles of mineralisation). A normalisation of the REE data by using a
CaCO; reference (e.g. a marble) would be possible, but is only useful for a regional comparison of
the samples among themselves.

The REEs are relatively immobile during weathering, low-grade metamorphism, and hydrothermal
alteration (RoLLINSON, 1993) and offer a good possibility for comparing and analysing the host rock
and its mineralisation, which has been partly affected by intensive and extensive alteration proc-
esses. Sample analyses, which show REE values under the detection limit, have been estimated
by using the method of half detection limit (HAAS & SCHEFF, 1990). All values below detection limit
are assigned a value of the detection limit divided by 2. This procedure becomes necessary for
some purposes, such as calculation of Eu/Eu* anomalies. Only two samples of an unaltered dolo-
mitic host rock of MOB has been analysed yet. Because of this reason, these data will represent
the unaltered and unmineralised carbonate host rock of both the sulphide ore of VOB and the non-
sulphide ore of MOB. The criterion, which is used for a classification, as an unaltered host rock, is
self-determined. The criteria for the classification as an unaltered and unmineralised carbonate
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host rock are (i) a distance of at least 5 meters to ore-bearing rocks, (ii) a widely spaced fracture
pattern and thus a minimised influence of alteration/meteoric fluids, and (iii) an apparent local
background of Pb-Zn, Pb, and Fe. Four samples have been chosen to represent the limestone host
rock (Fig. 50). The REE patterns of these specimen show roughly parallel trends with an erratic
change of element concentrations. Elevated light REEs (LREE) relative to lower heavy REEs
(HREE) can be recognised. Both specimen show a Eu/Eu* ratio, which ranges from 0.95 to 2.47.
The Eu/Eu* anomaly is calculated by using the formula F 2 (MCLENNAN,1989):

Eu
Eu/Eu*=""N
ul Eu //SmN*GdN F2

(N = normalised)

REE patterns of samples from the VOB

The REE pattern of the VOB sulphide ore (Fig. 51) shows higher REE concentrations, in relation to
the unmineralised carbonate host rock (Fig. 50). The trend of lower HREEs is visible within most
sulphide ore samples. The LREE contents are highly variable within the sulphide ore and La/Lu
ranges from 84.2 to 19.7. A significant negative Ce/Ce* anomaly is not visible. Most of the sulphide
ore samples show a strong positive Eu/Eu* anomaly.

The REE pattern of all examined oxide zone samples of the VOB are similar to patterns from the
VOB sulphide ore (Fig. 52). Most gossan samples of the boreholes show a positive Eu/Eu* anom-
aly. The less mineralised samples of the sulphide and gossan zone of the boreholes show a char-
acteristic high values of LREEs, and relatively constant and low values within the HREE range,
witch effects an nearly x-axis parallel graph (Fig. 50). The sulphide ore samples show a distinctive
positive Dy/Dy* anomaly (Fig. 51) which ranges from 1 to 5.3. This anomaly seems to be limited to
the sulphide ore-bearing strata. The non-sulphide ore as well as the dolomite and the limestone as
well seems to be not affected by a Dy/Dy* anomaly.
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Fig. 50: Chondrite-normalised REE pattern of undolomitised limestone of Mehdi Abad.
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Fig. 51: Chondrite-normalised REE patterns for sulphide-rich dolomites of the VOB with [Zn]>2%,
[Fe203]>10%. Most of these dolomites show a distinct Eu/Eu* anomaly.
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Fig. 52: Chondrite-normalised REE pattern of samples from the oxidised zone of the VOB with [Zn]>3%,
[Fe203]>6%. All samples show high Fe concentrations and thus, belong to the class of the ‘red zinc ore’. A
well developed positive Eu/Eu* anomaly is visible in all samples of the oxidised zone.
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Fig. 53: Chondrite-normalised REE pattern of dolomites of the VOB. Most of the samples show a character-
istic positive Eu/Eu* anomaly and are high in LREEs, whereas HREEs decreasing.

REE pattern of non-sulphide ore from MOB

In contrast to the oxidised zones of the examined drill cores from the VOB, the specimen of the
non-sulphide ore of MOB can be divided into two specific types. These types are based on their
concentration of Fe,O3, and Zn. The main non-sulphide ore-types are (i) an ore with high concen-
tration of Fe,O3; (>10%) and Zn (red zinc ore) and (ii) an ore, low in Fe,O3 (<7%) and high in zinc,
the white zinc ore. Both types of non-sulphide ore show completely different REE patterns (Fig. 54
and Fig. 55). The REE patterns of the red zinc ore of the MOB are comparable to the oxidised zone
overlying the main sulphide ore body of the VOB. The samples show the characteristic high con-
tents in LREEs with lower HREEs (Fig. 54), but no distinct Eu/Eu* anomaly. Except one sample,
the La/Lu ratio shows high values, which ranges from 3.6 to 11.8 (mean=8.4, n=7).
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The samples of the white zinc ore show relatively low values of LREEs and HREEs with regard to
the red zinc ore samples. The values vary around 12 for the LREEs and 1.2 for the HREEs. The
La/Lu ratio ranges from 0.8 to 40 (mean=10, n=9). Another marked feature is a significant
Eu/Eu*anomaly (mean =0.55). The typical and good determinable positive Dy/Dy* anomaly that is
detectable at the sulphide ore and in the overlying oxidised zone of the VOB, is missing here.
(Dy/Dy* mean=1.02, n=9).

—>%—M02114 M02123  —«M02124 ——M02125 —=— M02132 —— M02133 —<— M02134

REE/Chondrite
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Fig. 54: Chondrite-normalised REE pattern of high-Fe non-sulphide ore samples from MOB. (These sam-
ples are characterised by Fe;O3 > 10% and Zn > 5000 ppm values). All samples show a characteristic
decreasing value toward the HREEs.
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Fig. 55: Chondrite-normalised REE patterns of the white zinc ore from MOB. (The plotted samples are Fe-
poor with Fe203<7% and zinc-rich with Zn values >50000 ppm). The graphs show an x-axis parallel pat-
tern and, referred to the Fe-rich ore, low REE values.
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Fig. 56: Chondrite-normalised REE patterns of low-Fe non-sulphide ore samples from MOB. (The plotted
samples are Fe-poor with Fe203<4% and zinc-rich with Zn values >100000 ppm). The graphs show an x-
axis parallel pattern and, referred to the Fe-rich ore, low REE values.
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Discussion and interpretation of the REE patterns

The limestone, dolomite and the sulphide ore show a distinct enrichment in light REE when normal-
ised against chondrite. This pattern is typical for marine chemical sediments and platform carbon-
ates (MAZUMDAR ET AL., 2003). The dolomitisation process should not necessarily influence the
REE composition of the precursor limestone and the pattern of the limestone should be visible at
the dolomites after the dolomitisation process (MIURA & KAWABE, 2000; QUING & MOUNTJOY, 1994).
Thus, it is probable that the similar REE pattern especially the enrichment of the LREE and the
decreasing values towards to the HREEs is due to the original limestone.

However, at least one process, the dolomitisation process or the ore mineralising event should be
accompanied with the generation of the distinct positive Eu/Eu* anomaly. Most samples of the sul-
phide ore, of the oxidised zone overlying the sulphides, and of the dolomite samples of VOB show
this marked Eu/Eu* anomaly and has its highest peaks within the sulphide ore, but also with signifi-
cantly positive values in oxide zones and dolomite of the VOV. The MOB in contrast does not show
such a Eu/Eu* anomaly. Here, most samples show a slightly negative Eu/Eu* anomaly, which is
also common in marine carbonates (MAZUMDAR ET AL., 2003).

A possible explanation for the characteristic REE fractionation pattern, reflected by relatively high
La/Lu ratios, is the preferential removal of LREEs from the fluid by carbonates, due to a replace-
ment of Ca within the crystal structure of the carbonate (DAVIES ET AL., 1998). Accordingly, carbon-
ate minerals should be more enriched in LREEs than in HREEs and La/Lucamonate™La/Lugiq (DAVIES
ET AL., 1997). Hydrothermal fluids are enriched in LREEs and show a low content of HREEs (PARR,
1992). These fluids could increase La/Lu by regional mixing with seawater. Because of this reason,
hydrothermal fluids are another important factor for the La/Lu ratio of seawater, which could influ-
ence the REE pattern toward to high HREEs and decreasing LREEs of the carbonates.

A positive Eu/Eu* anomaly can be due to an enrichment of Eu® related to Eu** (PARR, 1992). The
stability of Eu* and Eu* is dependent on the pH and Eh. An anomalously high concentration of
total Eu in chondrite-normalised samples may reflect hydrothermal fluid temperatures of above 250
°C and reducing hydrothermal conditions (PARR, 1992). Additional to the high La/Lu ratio, the
marked positive Eu anomaly in both Zn-Pb sulphide and non-sulphide ore of the VOB supports the
thesis of a hydrothermal (T>250 °C, and reducing conditions) genesis of the sulphide ore (PARR,
1992). One possible explanation for the wide-ranging Eu/Eu* anomaly could be changes in prox-
imity to an active hydrothermal vent.

However, the Eu/Eu* ratio within the sulphide ore and the oxide zone of the VOB is an indication of
a hydrothermal signature. The lacking Eu/Eu* annomalie at the MOB might document an vent-
distal position during the ore mineralising event. Another explanation could be the influence of two
separate ore delivering events.

The observed phenomenon of relatively low LREE and HREE values of the white zinc ore of the
MOB related to the red zinc ore and the carbonate host rock of MOB (Fig. 56) is probably a result
of zinc mobilising, transport and reprecipitation. REE are immobile for most types of weathering
and alteration processes (ROLLINSON, 1993) and remain in the original rock and the oxidation zone
from where the zinc has been remobilised or dissolved. Thus, the high REE values of the red zinc
ore are an effect of REE-enrichment within the oxidation zone (red zinc ore) due to carbonate dis-
solution and zinc mobilisation. The migrating Zn-rich fluids are poor in REEs and thus the resulting
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white zinc ore shows lower REE values compared with the barren host rock.

Barium and strontium

Barium is an abundant element in both the samples of drill cores and specimen of MOB. Barite is
the chief host of barium in non-sulphide ore of MOB as well as sulphide and oxide zones of VOB.
The highest concentration of barium occurs within the sulphide ore, but elevated values occur also
within oxidised zones of the main sulphide ore body as well as the non-sulphide ore of MOB. The
bivariate plot of Barium versus Strontium correlates positively over a wide range (Fig. 57). This is
due to the Sr-compatibility in the barite crystal lattice. It appears that the Zn-Pb mineralisation is at
least regional associated with high concentrations of barite, which is characterised by high contents
of strontium. The sample of a felsic intrusive body shows also high Ba and Sr concentrations. The
Ba/Sr ratio is similar to the samples of the Mehdi Abad ore. This fact supports the thesis of a hydro-
thermal overprint derived from the emplacement of a felsic magmatic rock. A second possible ex-
planation might be a separate event, which has delivered barite to both the felsite and Mehdi Abad.
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Fig. 57: Bivariate plot of Barium versus Strontium of all samples (numbers indicate different bore holes,
which has been sampled, all other specimen are grab samples). Both calamine specimen as well as drill
core samples correlate over a wide range, which is characterised by high Ba and Sr concentrations. A
poorly correlated field of samples can be assumed for low concentrations of Sr (10 to 300 ppm), and even
lower concentrations of Ba (15 to 2000 ppm). The sample of a felsic intrusion plots perfect in the linear
trend.

Mass balance calculations

A mass balance calculation can give an estimation either if the non-sulphide ore of VOB was
formed by oxidation processes of a sulphide ore without additional Zn sources, or if an additional
Zn-source was necessary. The model, which has been developed for the oxidation process of the
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sulphide protor comprises several chemical assumptions as follow:

e The oxidation of the sulphide protor of MOB is due to the influx of oxygen, which acts as an
electron donator. Iron and sulphur are electron acceptors and were oxidised.
e Other components that exclusively delivered to the sulphide ore were H,O and CO.,.

e The sulphide ore system looses calcium, sulphur, and carbonate, which is due to solution
processes.

e The mass-balance calculation comprises for quantitative results the elements Ca, Pb, Zn,
Fe, Ba, C, O, and S, but ignores elements that occur in traces.

The LREE’s La and Ce has been used for an estimation of the mass-loss factor of the non-sulphide
ore. Both elements are immobile within a wide range of geochemical conditions (CHRISTIDIS, 1998,
MIDDELBURG ET AL. (1988), CRAMER & NESBITT, 1983, FEDO ET AL. (1995)).

The applicability of the system La — Ce is given if the ratio between these phases is constant and
not affected by dissolution and/or weathering effects. The La — Ce ratio of relevant samples (sul-
phide ore and non-sulphide ore) of Mehdi Abad VOB are plotted in Fig. 58 to prove this assump-
tion. The graph shows a linear correlation between the sample data regardless of their origin within
the ore body. The La-Ce system agrees with the required stability and will be used here as refer-
ence for further calculations.
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Fig. 58: La-Ce plot of both sulphide and non-sulphide ore samples of Mehdi Abad VOB. The red marked
cluster represents samples from both high-grade sulphide ore (app. 8 % Zn) and igh-grade non-sulph. ore
according to Tab. 12. The magenta coloured cluster is build by surface-near and surface gossan samples.
All data show a linear correlating trends with R?=0.97 and R?=0.94. Both interpolated graphs overlaying each
other with low variation only. Thus, no effect of selective mobility of either La or Ce can be estimated.

The here used method describes the non-sulphide ore of the MOB as a restit of the sulphide protor.
This restit was formed by dissolution and oxidation processes, which include element influx and
escape. However, immobile elements such as La or Ce remain in the restit and were not addition-
ally supplied to this system. Therefore, the enrichment of La-Ce within the ‘restit’ should be in-
versely proportional to its mass reduction respectively directly proportional to the difference of the
protor-mass and ‘restit’-mass. This factor is necessary for further mass balance calculations.
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The surface and surface-near gossanised samples plot into separate cluster. Here, the alteration
process was associated with a significant mass loss. The mass-loss factor f,, has been determined

by using the graph of Fig. 58. The quotient Ce,qpn / Cegy, results in f = 2.8, whereas the La

sulp

values gives an value of f; = 2.3. Thus, the average mass-loss factor can be estimated as f., = 2.5.

The data of the sulphide and non-sulphide ore overlying each other and form a single cluster at the
La-Ce diagram (Fig. 58). Thus, the usage of the La-Ce data of both the sulphide and non-sulphide
ore of the VOB is not appropriate to calculate a specific mass loss factor, but hints to an f, that is
near 1. An mass loss factor around 1 would suggests that the non-sulphide zinc ore of the VOB is
the result of an in-situ oxidation of the protore and the non-sulphide zinc ore as been presumably
formed without an additional Zn-source. This hypothesis is supported by similar metal concentra-
tions of both ore-types; especially the high-grade non-sulphide ore and the sulphide ore show simi-
lar values of Zn, Pb, and Fe concentrations.
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4.2 The non-sulphide Zn-Pb Kolahdarvazeh deposit at the Irankuh district

The Irankuh district comprises several zinc-lead deposits. They are located in the Irankuh Mountain
Range, 20 km south of Esfahan (Fig. 4) in West-Central Iran. The elevation of the mines is ap-
proximately 1700 m. Similar to Mehdi Abad, this region is influenced by a hyper-arid climate with a
low-levelled rainfall and high temperatures. There is virtually no vegetation within this area.

The Irankuh district comprises several Zn-Pb deposits: the Goushfil pit (sulphide ore), the Ko-
lahdarvazeh pit (non-sulphide ore), the small Tappeh-Sorkh pit, and some others. The UTM coor-
dinates of the Goushfil pit are 40R 558444; 3598117 and the coordinates of the Kolahdarvazeh pit
are: 40R 559169; 3597867.

The summarised ore reserve of these mines is estimated at approximately 10 million tonnes with

Zn
7.5% zinc and 2.4% lead (Tab. 14). The ——————— ratio is relatively high with an average of ap-
(Zn + Pb)

proximately 0.76 (GHAZBAN ET AL., 1994). The Mines within this district produce both a sulphide
concentrate as well as an oxide concentrate.

The main difference between the Goushfil- and the Kolahdarvazeh pit is the chemistry of their ores.
The ore of the Goushfil pit is characterised by high amounts of sulphide ore and a minor amount of
non-sulphide zinc ore only. The Kolahdarvazeh mine is an open pit mine, which produces a con-
centrate of non-sulphide zinc ore and shows only small amounts of sulphides.

The origin of the ore has been discussed by several authors. ZAHEDI (1976) attributed the dolomiti-
sation and mineralisation of the Esfahan area to the Alpine orogeny. However, the first study attrib-
uted to the Irankuh district deposits itself was written by RASTAD ET AL. (1980) and RASTAD, E.
(1981). These studies consider that the ore mineralisation is a part of a Crateceous transgressive
series and interpret the ore emplacement as sedimentary and diagenetic. More recent isotope
based examinations on the sulphides of RASTAD ET AL. (1980) suggest an epigenetic model for the
Irankuh deposit. Their model is supported by regional geological observation, such as the discor-
dant nature of the sulphide ore and its emplacement along the Iran-Kuh Fault as well as by isotopic
data.

The Goushfil pit (Fig. 59) is the most important Zn-Pb deposit within this area, which produces a
sulphide concentrate. Beside the mined sulphide ore, they have approximately two million tons of
tailings with a low-grade non-sulphide ore. This ore contains approximately 8 % Zn hosted in dolo-
mite rocks. However, the non-sulphide ore of the Goushfil pit is not utilisable for the solvent extrac-
tion process, since the concentration of zinc is too low for the acid leaching process that is used for
the extraction of zinc from the ore.
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Fig. 59: View of the Goushfil pit at the Iran-Kuh district. Cretaceous dolomite in the south and Jurassic
shales in the north are separated by a W-E trending fault. The vertical zonation (marked by the blue line)
separates a non-oxide zone (dark grey colours) in the lower parts of the deposit and an oxide-zone (brown
colours) in the upper parts. The sulphide ore is mainly hosted in the dolomite (blue arrow). The non-
sulphide ore occurs within the oxide zone as secondary mineralisation predominantely in the vicinity of
faults and fractures (yellow arrows).

The Kolahdarvazeh pit is under exploration and mining since 1962 and produces a high-grade
non-sulphide zinc concentrate. The industrial mining has stopped and only some small adits are
currently mined by artisan miners.

Tab. 14: Important Zn-Pb mines of the Irankuh district, west-central Iran

Mine sulphide ore & mean grade (% Zn) non-sulph.-ore & mean grade (% Zn)
Tappeh-Sorkh 5.046.431 (5.4%) 825.142 (6.6%)

Goushfil 4.299.500 (11.6%) 713.479 (10.8%)

Kolahdarvazeh no reserve mined out, approximately 30 %

60



Results

w000c 000} 00S

SUIAT 1UYSNOD

sleys
ajelawo|Buoo/aucispues |eseq

suojsawl| pappaeg-uiy}

810 qd-UZ Yum sjiwojop

auo)sawli| painojoo Aaib

ajiwojop

Sasus| ajwolop yum Ajped ‘suojsawli pappag-||am ‘Aaib

auoisawl| pappaq Mol
aleys xoe|q 0} Aeib
auojsawl ‘Aew ‘Aesb

oIsseInp Mo

il

SNOIDVLIHD

uendy
Tendy n

uelqiy 1

pajenualayipun ‘sjuswipas Aleusspyeny _

AHYNHTLYNO

/ A9 O0OTOHLIN _JOms;m

61

Fig. 60: Schematic geological map of the Irankuh mining district. (modified unpubl. geological map, BAMA

Mining Corp.)
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421 The Kolahdarvazeh Mine

Stratigraphic setting

The regional stratigraphic sequence of the Irankuh area (Fig. 62) starts with Lower Jurassic shales
at the lowermost position, followed by Lower Cretaceous strata (Barremian-Aptian), Upper Aptian
sediments, and on top of this sequence sediments of the Oligo- and Miocene. Two major strati-
graphic gaps can be found within this stratigraphic sequence. The first separates the Lower Juras-
sic shales from the Lower Cretaceous strata. The second gap is located between the Cretaceous-
and the Oligocene strata (RASTAD, 1981).

SwW NE

KolLahdarvazeh Tappehsorkha
’ mine K.3

J 0 500 1000m

Fig. 61: Cross section of the Irankuh area. (modified after RASTAD, 1981)

The oldest rocks of the Irankuh area are the Jurassic shales, which are exposed in the north-
western part of the area, near the Goushfil pit. These strata are composed of dark grey shales with
intercalations of silt- and sandstone (MOMENZADEH, 1976).

The sediments of the Lower Cretaceous overlying unconformably the Jurassic shales and form a
continuous sequence beginning from the Barremian up to the Upper Aptian sediments. The total
thickness of this sequence is approximately 800 m. These Cretaceous strata comprise mainly
dolomite, limestone, and minor amounts of shales and marbles.

The strata of the Barremian and Lower Aptian sediments are the host rocks of the sulphide/non-
sulphide ore mineralisation, which forms two discrete ore-bearing horizons within the K3 unit: the
Goushfil-Kolahdarvazeh Horizon and the Goushfil-Gowdezendane Horizon (RASTAD, 1981).The K3
unit mainly consist of yellowish to brownish coloured dolomite and grey limestone. The limestone is
medium to thick bedded with fossils, whereas the dolomite is massive to thick bedded.

The general structural setting of the Kolahdarvazeh pit is similar to the Goushfil pit. A sub-vertical,
NW-SE trending fault (Kolahdarvazeh fault), which is located in the southern most part of the de-
posit, separates Cretaceous black shales from Cretaceous dolomites and limestones (Fig. 63). The
main difference between the Kolahdarvazeh- and the Goushfil pit are the age of the shales (Ko-
lahdarvazeh Mine: Cretaceous shales, Goushfil: Jurassic shales).
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Fig. 62: Regional stratigraphic sequence of the Irankuh area, which comprise Jurassic and Cretaceous strata.
The ore of the Irankuh district is hosted within the Cretaceous K3d1 and the K3d2 unit. (after RASTAD, 1981)

The ore of the Kolahdarvazeh mine is hosted within the strata of the Cretaceous K3d unit, which is
cut by the sub-vertical Kolahdarvazeh- and Tofangchiha faults. The Kolahdarvazeh fault restricts
the occurrence of mineralised rocks and the deposit to the South, whereas the Tofangchiha fault
limits the deposit to the North. The most portions of the non-sulphide (and subordinate amounts of
sulphide ore) occur between these two Faults.

The limestone and the dolomite of this area dip approximately 17° - 30° to the South. The whole
area shows an intensive and extensive faulting.

The Irankuh district is mainly controlled by three different fault systems. The Kolahdarvazeh-, the
Tofangchiha- as well as the Irankuh fault. Most of these faults as well as the folded strata of this
region show a parallel trend to the Zagros Fold Belt and the Zagros Thrust zone, which is the result
of the convergence of the Arabian and the Iranian plates.
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Fig. 63: Overview of the Kolahdarvazeh mine. Non-sulphide zinc ore (‘zn-ox’) (mainly hydrozin-
cite/smithsonite) occurs in the oxide zone (‘ox’) of the Cretaceous rocks (above the blue line). The non-
sulphide zinc minerals precipitated as a matrix of karst-breccias within dolomite and limestone and as

mineralisation in faults and fractures. Mainly sphalerite, galena, and pyrite can be found within a small area
in the sulphide-zone of the shales (close to the main fault) and in the ore lens between the main fault and
the dolomite unit.

Style of mineralisation

The sulphide ore

Both the sulphide mineralisation as well as the non-sulphide ore of the Kolahdarvazeh mine occurs
within Cretaceous dolomite and limestone. Sulphide mineralisation occurs in a number of locations
in the proximity or especially at the contact to the shales. Most of the detectable sulphide ore oc-
curs discordant to the hosting dolomite within the not oxidised zone near to- or directly at the con-
tact to the shales. The most portion of the dolomite hosted precursor sulphide protor is oxidised
and sulphide sulphides occur rarely within the dolomite. Unoxidised dolomite-hosted sulphide ore
from the Kolahdarvazeh mine is only visible at drill cores and rarely at several adits.

In most cases, the sulphide ore is partly oxidised and only local relics of sulphides (mainly galena)
are visible. The primary sulphide mineralisation consists of sphalerite, galena, subordinate amounts
of pyrite, traces of marcasite, and chalcopyrite. Associated minerals are barite and calcite mainly
as veins and fillings of fractures. The majority of the sampled sulphide ore is at least partially oxi-
dised. In an advanced state of oxidation most of the sulphide minerals are oxidised and only galena
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is present as the most oxidation-resistive mineral. The reddish to yellowish sphalerite occurs in
minor amounts as fillings in fractures and spaces. The most portion of the sphalerite occurs as
semi-massive replacements of the dolomite. Galena and pyrite are relatively minor and are associ-
ated with the occurrence of sphalerite. However, pyrite occurs in traces also as sub-mm sized
framboids within the dolomite without any other (Zn-Pb-) mineralisation.

Sulfides, in particular sphalerite and galena, have replaced barite. Barite has probably formed both
prior to and during the main period of sulfide mineralisation. Later barite crosscuts early sulphides
and shows no corrosion or replacement by sulphides.

The mining district of the Irankuh area and especially the Kolahdarvazeh mine is characterised by
low Fe concentrations. Pyrite as the main important Fe-bearing mineral is a minor component of
the sulphide ore reflected by the arithmetic mean values of Fe,O3 = 1.5 % (Tab. 15).

Fig. 64: This photomicrograph of a thin section from
a sulphide ore zone of borehole DDH40. Dolomite
(Dolo) has been replaced by sphalerite (Sph) and
galena. Pyrite occurs in subordinate amounts as
euhedral crystals. (reflected light, sample 1K02155 at
45 m, borehole DDH40).

Fig. 65: Photomicrograph of sulphide mineralisation
within the dolomite host rock. Main minerals are
sphalerite, galena and subordinate amounts of pyrite.
The ore occurs as filing between dolomite crystals
and as a cement of dolomite fragments. IK02144,
DDH64 at 111m.

The occurrence of dolomite-hosted sulphide ore is restricted to small zones, which ranges from dm
to several metres (rare). These sulphides occur preferentially in the proximity of overlying shales or
within massive and undisturbed dolomites (Fig. 73), which are not influenced by faults.

The non-sulphide ore

The majority of the non-sulphide ore is associated with karst-breccias within the dolomite and lime-
stone (Fig. 66), but non-sulphide mineralisation occurs also within faults and fractures. In contrast to
the Goushfil pit, which shows mainly sulphide mineralisation, the amount, and especially the grade
of the non-sulphide zinc-ore of the Kolahdarvazeh pit is very high and the fraction of sulphide-ore is
much smaller. Smithsonite, hydrozincite, hemimorphite, cerussite, malachite, calcite, goethite,
hematite, limonite, and barite are the main minerals in the oxide-zone.
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The non-sulphide ore occurs
predominantly as a matrix of
karst- and fault breccias (Fig.
68). Most of these breccias
consist of angular fragments (2
cm up to several metres in di-
ameter) set in a fine- to medium
grained matrix. In some brec-
cias, the fragments can be seen
to match along their opposed
sides, indicating only modest
disturbance. The matrix mainly
consists of zinc- (lead-) carbon-

ates, such as smithsonite, hy-
drozincite, cerussite and minor Fig. 66: Typical occurrence of the non-sulphide ore within the Ko-
lahdarvazeh pit. The non-sulphide ore occurs predominantly as matrix
of karst- and fault-breccias and is characterised by a high Zn/Pb ratio
zinc-manganese minerals:  and low concentrations of goethite and other iron hydroxides.

hemimorphite or coronadite

Pb(Mn4+,Mn2+)8O15, and others. Goethite, hematite, and iron (hydro-) oxide minerals are not com-
mon, but occur in most samples as traces. The occurrence of high concentrated iron-bearing min-
erals is regionally limited.

amounts of zinc-silicates and

Most of the breccias within the Kolahdarvazeh region seem to be karst-breccias with varying size
and dimensions. The diameter of these karst-breccias varies from some meters up to 10 meters
and more (Fig. 67).

Fig. 67: Typical system of large dimensional slope, Fig. 68: Angular fragments of a breccia, cemented by
which is the result of the mining of a non-sulphide non-sulphide Zn-(Pb-) minerals (hydrozincite, smith-
cemented karst-breccia. The caverns, which are 10 sonite, cerussite and subordinate amounts of iron
and more meters in diameter, show the wide exten- hydroxides).

sion of the karst-breccia and their related karst-

conduits.

Non-sulphide zinc-(lead-) mineralisation is common as a filling of fracture planes and fault-zones
and occurs in the region of the Kolahdarvazeh pit as well as in the Goushfil pit and their vicinity.
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The non-sulphide Zn-(Pb-) minerals occur as mainly four types and styles at the Kolahdarvazeh
mine. The first type (Type-A) occurs as filling of (more or less) planar faults and fractures (Fig. 69).
The contact between the non-sulphide ore and the barren rocks is commonly sharp. Most of the
secondary (non-sulphide) minerals grew normal to the fault- and fracture planes. Iron-oxide miner-
als, such as goethite and others are rare, which is according to their immobile behaviour during
weathering and alteration processes. The grade of this type of non-sulphide zinc ore is relatively
low, which is due to the limited surface- and fracture-size. Common minerals are secondary calcite,
hydrozincite, smithsonite, hemimorphite, cerussite, traces of manganese minerals (coronadite), and
traces of Fe-oxides and Fe-hydroxides.

The second type (Type-B) of non-sulphide zinc mineralisation occurs as a matrix of fault- and
karst-breccias and is characterised by fine-grained cement. The fragments of the breccia are angu-
lar and show a sharp contact between the dolomite fragments and the cement (Fig. 70). Similar to
Type-A, the common minerals are hydrozincite, smithsonite, hemimorphite, cerussite, and minor
concentrations of Mn- or Fe-bearing minerals. However, this type of breccia is not common and
occurs regionally limited as small karst-breccia systems or as fault-breccia.

One possible interpretation of this ore-type is a rapid mineralisation process. During this process,
the breccia fragments had no time to interact with the ore-delivering fluids. The breccia fragments
have not been altered chemically and/or mechanically. The edges remained sharp and angular.
This hypothesis is supported by the fact of a fine-grained cement, which is probably also due to a
rapid mineralisation and precipitation process. Another reason for these sharp edges of the breccia
clasts could be the inert behaviour of some types of dolomite to the mineralising fluids.

The third type, Type-C, of non-sulphide zinc mineralisation is similar to Type- B. The non-sulphide
ore occurs as a matrix of fault- and karst-breccias. However, the fragments of this type of breccia
are not angular but (sub-) rounded. They lost their sharp contact between the non-sulphide matrix
and the dolomite/limestone fragments. The matrix consists of fine-grained to coarse-grained (lay-
ered) crystals/masses, which commonly show a (concentric) zonation (Fig. 71). The size of these
zones varies from a sub-mm scale up to several cm and dm. Common minerals are hydrozincite,
smithsonite, hemimorphite, cerussite. Manganese and iron-bearing minerals are rare.

This type of breccia is common within the Kolahdarvazeh pit. In contrast to the formation of Type-B
ore, here the mineralisation was probably a long lasting process. An intensive period of interaction
between the breccia-fragments and the ore delivering fluids led to a (partial to total) dissolution and
replacement of calcite and/or dolomite of the breccia-fragments. The edges of the dolo-
mite/limestone fragments became round and irregular.

The Type-D non-sulphide ore consists of both non-sulphide minerals as well as varying amounts of
sulphides. Within this ore-type, galena is the most common sulphide mineral (Fig. 72). This is
probably the result of a higher reactivity of sphalerite during the oxidation process. The spaces
between the breccia fragments are filled with hydrozincite, smithsonite, and cerussite. The adjacent
regions of the galena bearing mineralisation are rich in cerussite and leadhillite
Pb4(S04)(CO3),(OH),. This type is common at deeper levels of the Kolahdarvazeh mine and can be
investigated exclusively in drill-cores.
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Fig. 69: Type-A non-sulphide ore on fracture-planes.
The non-sulphide ore minerals occur exclusively on
the fractures planes (arrow). The adjacent massive
dolomite is not mineralised. Sample No. IK02114.

Fig. 70: Matrix supported breccia, which is character-
ised by angular fragments with a sharp contact to the
fine-grained non-sulphide cemented. The fragments
match along their opposed sides, indicating only
modest disturbance.

Fig. 71: The breccia clasts of the Type-C ore are
replaced by non-sulphide minerals (smithsonite,
hydrozincite). These minerals show a (concentric)
zonation around the dolomite fragments (arrow). The
contact between the matrix and the dolomite frag-
ments is diffuse.

Fig. 72: Type-D non-sulphide/sulphide ore. The
dolomite fragments of the non-sulphide cemented
breccia show relicts of a sulphide mineralisation,
mostly galena (red arrow). The dolomite clasts are
highly altered and show diffuse edges, partly re-
placed by white-coloured smithsonite and hydrozin-
cite (blue arrow).

Detailed investigations on sulphide and non-sulphide ore samples of the Kolahdarvazeh mine have
been performed on borehole DDH64 and DDH40 (Fig. 73 and Fig. 74) and on several samples of
the Kolahdarvazeh mine and artisanal-mined adits. The sampled boreholes are located within the
area of the Kolahdarvazeh pit. The position of the DDH64 is (UTM 3598421.092; 553313.532) at
an elevation of 1670 m. The total depth of DDH64 is 129.2 m with an inclination of 80° and a dip-
direction of 251°. The DDH40 is located at position UTM 3598484.102; 553174.822 at an elevation
of 1620 m. The depth of DDH40 is 151.2m and a dip of 65° to a dip-direction of 70°. The boreholes
cross dolomites of the Cretaceous K3 unit and Cretaceous shales of the K5 unit.
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Fig. 73: Profiles of boreholes DDH 64 and DDH 40. The borehole DDH40 is located nearby the main vertical
fault that limits the Kolahdarvazeh mine to the south. The shales of borehole DDH40 are fault-related and
regionally sheared in the carbonates. (unpubl. data of the Bama Mining. Co., Esfahan)
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Fig. 74: Schematic cross section of the Koladahrvazeh mine and the location of the bore holes DDH40 and
DDH64. (Modified after internal and unpublished data of the Bama Mining Co., Esfahan)
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Fig. 75: Dolomite of DDH64 at 12 m. The dolomite is
gray to dark grey coloured. Fractures are coated with
Fe-hydroxides.

Fig. 76: Photomicrograph of a thin-section of a typical
dolomite of borehole DDH64. The crystals show a
perfect 120° angle at the triple-points, tat points to a
dolomitised limestone. (xn) Sample IK02134

Fig. 77: Typical drill core sequence of borehole DDH64 with a zone of high-ade non-sulphide ore at 110 m

(red marked). The non-sulphide ore consists mainly of cm-sized dolomite fragments that show a replacement
by mainly smithsonite and hydrozincite, which also build the matrix of this breccia.

————

Fig. 78: DDH64 at 111 m. The dolomite is brownish-
reddish coloured. The brownish dolomite clasts are (if
visible) and remnants of them are highly altered and
show diffuse edges due to replacement by smithso-
nite and hydrozincite ( the dark red coloured area is
caused by Zinc Zap, an indicator for non-sulph. zinc
minerals).

Fig. 79: Detail of a non-sulphide ore mineralised zone
of DDH64 at 50 m. Breccia clasts (green arrow), con-
sisting of dolomite surrounded by cement of smithso-
nite and hydrozincite (blue arrow). Goethite occurs in
a microscopically scale as concentric botryoidal
shaped layers (orange arrow) and as a constituent of
the breccia matrix.
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Fig. 80: Photomicrograph of a concentric growth
banding due to the precipitation of hematite/goethite
and smithsonite/hydrozincite (blue arrow) on dolo-
mite fragments (Dolo) of a (karst-) breccia. A defor-
mation of the bands and an unusual contact to the
dolomite (red arrow) are probably due to a late stage
movement of the dolomite clasts. 1K02135 (xN),
borehole DDH64

—— 100 um
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Fig. 82: BSE-image showing smithsonite and its
replacing along preferred planes. Breccia fragments
of dolomite (Dolo) and barite (Ba) have been ce-
mented by hydrozincite (Hy) and smithsonite (SM).
The space between the dolomite crystals is filled by
hydrozincite/smithsonite. 1K02135 (xN), borehole
DDH64

Fig. 81: The Photomicrograph shows smithsonite
crystals (red arrow) in which hydrozincite (Hy) has
developed and replaced smithsonite along crystal-
lographically preferred planes (blue arrow). The dolo-
mite (Dolo) is highly fractured and brecciated. The
fragments are cemented by hydrozincite. 1K02135
(xn), borehole DDH64

1K02135B

— 100 pm

Fig. 83: BSE-image of a layered sequence of smith-
sonite (black arrow) and a Fe-Mn bearing mineral
(probably Mn-bearing hematite) (white arrow). Due to
the perpendicular contact of the layers to the Smith-
sonite (red line) it can be assumed that this sequence
is probably subsequent brecciated or has been inter-
grown with smithsonite and hydrozincite (SM).
IK02135 (xN), borehole DDH64

The dolomite host rock shows grey to brownish colours and has a medium grain size of approxi-
mately 0.2 mm. The grains are tightly interlocking. Most of the dolomite crystals show a perfect
120° angle on their triple points, which indicates a recrystallisation, probably due to a dolomitisation
process of a pre-existing limestone (Fig. 77 and Fig. 76). Pyrite is rare and occurs as sub- to eu-
hedral crystals (< 50 ym) and masses (Fig. 64). The fractures of the dolomite are filled by calcite
and/or minor amounts of Fe-hydroxides, hydrozincite, and smithsonite. Barite occurs as veins

within the dolomite.
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Fig. 84: BSE-image of a lamination consisting of Fig. 85: BSE-image of a dolomite-clast with dolomite
smithsonite and a Fe-Mn bearing mineral, which is (Dolo), and acicular barite (Ba), which is probably
overgrown by hydrozincite (Hy). The hydrozincite partly replaced by cerussite (white spots, Ce), and

represents the last stage of the mineralisation proc- smithsonite (Sm). IK02135, DDH64@50m
ess. IK02135, DDH64@50m, DDH64

The examination of the drill cores DDH40 and DDH64 has shown several zones (approximately 10
to 30 cm) with high concentrations of non-sulphide ore (predominantly Zn-minerals) with subordi-
nate amounts of lead minerals (Fig. 78 & Fig. 79). One of these zones has been sampled at a
depth of 50 m. The most abundant Zn-minerals are hydrozincite and smithsonite. Lead occurs as
cerussite and iron precipitated as fine-grained coating on fractures, and as intergranular filling of
the non-sulphide ore minerals as well as concentric grown Fe-hydroxide aggregates (Fig. 80).
Other minerals are barite, dolomite, and calcite. The non-sulphide ore-bearing zone at 50 m is
probably a regional limited fault related breccia or a debris-filled karst-conduit. A collapse breccia
would be improbable with regard of the limited dimension of this zone.

The layered sequence of iron-hydroxides and smithsonite shows fractures and indicates a subse-
quent brecciation after its precipitation (Fig. 83). These fragments are intergrown by euhedral
smithsonite. This smithsonite is probably affected by alteration- and corrosion-processes, in which
the smithsonite was partly replaced by hydrozincite (Fig. 82). Hydrozincite cements the breccia
fragments and fills vugs and open spaces of this examined sample. Here, hydrozincite represents
the final stage of the mineralising and cementation process (Fig. 84).
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Fig. 86: BSE image of an oxidised region of a sul-
phide ore. Relicts of the pre-existing galena are pre-
served in the centre of the cerussite (white spots, red
arrow). The cerussite is surrounded by massive
anhedral smithsonite, which is overgrown (or was
altered to) hydrozincite (Hy). IK02145, DDH64 at
119m

IK1538SD — 50um JEaL
Fig. 87: BSE-image of a non-sulph. mineralised
zone. The sulphides are oxidised. Dolomite (Dolo) is
partly replaced by smithsonite (Sm). Hydrozincite
(Hy) occurs as late stage mineral that overgrowths

dolomite and smithsonite. (Sample IK02153 at 64 m,
DDH40).

Fig. 88: Photomicrograph that shows an atoll texture
similar to that of Fig. 87. Sphalerite and pyrite are
oxidised. Brownish colours indicate Fe-oxihydroxides
from oxidised pyrite or derived from Fe-bearing
sphalerite. (Sample 1K02158)

Fig. 89: Photomicrograph of euhedral barite. Barite
occurs predominantly as filling of vugs and open
spaces and replaces also the dolomite of the host
rock. Sample 1K02155, XN, borehole DDH40.

The occurrence of sulphides and their concentration increase with depth of borehole DDH64.
Sphalerite and galena is commonly associated with pyrite (Fig. 65). The sulphides occur as fillings
of the interstitial spaces of the dolomite crystals as well as cement of dolomite clasts. Most of the
examined sulphide zones show a more or less extensive oxidation.

The oxidation of galena is associated with the formation of cerussite (Fig. 86) and small amounts of
leadhillite, Pb4(SO4)(CO3).(OH),. Sphalerite has been oxidised to smithsonite, which is al-

tered/transformed at a later stage to hydrozincite.
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The oxidation of sphalerite is associated with the forming of massive anhedral smithsonite and
acicular shaped hydrozincite. Hydrozincite overgrew most of these minerals, fills pores, and open
spaces of the oxidised ore and the adjacent regions. Similar to other samples of this borehole, it
can be assumed that hydrozincite is associated with the last stage of oxidation and non-sulphide
ore forming processes.

Geochemical investigations on samples from the Kolahdarvazeh mine

The calculation of the Zn/(Zn+Pb) ratio from sulphide ore samples of the Kolahdarvazeh mine (Tab.
15) gives a Zn/(Zn+Pb) value of 0.84. This value is similar to values for this mining district, which
are given by GHAZBAN ET AL., 1994. They calculated a Zn/(Zn+Pb) value of 0.76. However, the
Zn/(Zn+Pb) ratio is relatively invariant. The values of both the sulphide ore and the non-sulphide
ore are similar with Zn/(Zn+Pb)s,,n=0.84 = Zn/(Zn+Pb).=0.82 and are an evidence for a lacking
metal separation process between Zn and Pb.

Tab. 15.: ICP-MS data of selected metals. Comparison between sulphide- and non-sulphide ore samples of
the Irankuh-district/Kolahdarvazeh mine. (Sulphide ore: n=7, non-sulphide ore n=14)

CUsuiph Cuox Pbsuiph Pbox Znsyiph Znox Assuiph Asox
ppm ppm ppm ppm ppm ppm ppm ppm
Mean 71.7 90.7 47660.4 77494 .5 253500 349890.9 127.4 320.3
Min 7.3 13.5 932.2 1334.5 153100 16400.0 13 10.0
Max 241.7 256.2 234700  239800.0 329400 517800.0 441 1362.0
Stdev. 81.7 81.4 84059.5 93504.1 67073 175998.2 152.3 382.4
Cdsulph Cdox Adsuiph Adox Fe 03 sulph Fe203 ox Mnosulph MnO,x
ppm ppm ppm ppm % % % %
Mean 641.6 482.0 4.66 19.8 1.6 2.0 0.12 0.2
Min 223.2 18.8 0.1 05 0.42 0.1 0.02 0.0
Max 1332 1706.8 111 87.1 3.81 6.6 0.21 0.9
Stdev. 419.5 5451 4.3 26.8 1.15 2.0 0.07 0.2

The red zinc ore is a common type at Mehdi Abad and other non-sulphide zinc deposits (e.g. Sierra
Mojada), but observations at the Kolahdarvazeh mine and the examination of drill cores have
shown that here the “red zinc ore” is absent. . Most of the non-sulphide zinc ore samples of the
Koladahrvazeh mine are poor in iron. The colour of the non-sulphide ore is bright white to yellow-
ish- and brownish white and even the oxidised sulphides do not show a deep red colour but brown
to ochre colours. The ternary diagram in Fig. 90 also reflects the above-mentioned dominance of
zinc and lead, especially related to iron. In contrast to Mehdi Abad, the Fe-Zn-Pb values show no
clear differentiation process. The white zinc ore is dominating at the Kolahdarvazeh mine. Both the
sulphide protore and the non-sulphide ore show similar characteristics in these elements.
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The cadmium concentration of the
sulphide ore is approximately 641
ppm. In contrast to Mehdi Abad,
where Cd correlates with Zn, the
sulphide ore of the Kolahdarvazeh
mine shows not such a relationship
between these elements. Without a
positive correlation between Zn
and Cd it was not possible to cal-
culate the Cd in sphalerite. In fact,
cadmium is probably not only in-
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Fig. 90: Ternary Zn-Pb-Fe,0; plot of sulphides and non-sulphide
ore samples of the Kolahdarvazeh mine. Both ore types are char-
acterised by low Fe,O3 values with the exception of two samples.

C-O stable isotope geochemistry of carbonates from the Kolahdarvazeh mine

Carbon and oxygen isotope measurements were applied to hydrozincite and dolomite samples of
the Kolahdarvazeh mine and the results of the isotopic measurements are presented in table Tab.
16 and depicted in Fig. 91. The same limitation as used in Mehdi Abad is also valid for hydrozincite
samples from the Kolahdarvazeh mine. The hydrozincite samples have not a monomineralic com-
position. XRD analyses point to an additional phase within the hydrozincite samples, which was
detected as smithsonite. However, according to SEM (-EDX) analyses smithsonite occurs only in
traces and should not influence the data of the hydrozincite importantly.

Tab. 16: 13C and 5180 values of selected samples of the Kolahdarvazeh mine

Sample 180V-PDB %o 18 OV-SMOW %o 13CV-PDB %o
IK02136 -8.2 22.40 -3.8 hydrozincite
IK02129 8.3 22.3 4.3 hydrozincite
IK02145 9.1 21.6 4.2 hydrozincite
IK02115 7.8 22.9 47 hydrozincite
IK02134 -8.1 22.6 5.7 hydrozincite
IK02123 7.9 22.8 71 hydrozincite
IK02119 -8.7 21.9 4.9 hydrozincite
IK02136 9.5 21.1 2.1 dolomite
1K02150 -10.4 20.1 35 dolomite
1K02134 -8.2 22.4 1.6 dolomite
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The hydrozincite samples plot in a
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the hydrozincite samples of Mehdi
Abad and leads to a similar inter-
pretation. At least two isotopically
different sources of carbon are
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Fig. 91: Stable carbon and oxygen isotope composition of carbon-
assumed for the formation of hy- ates and hydro-carbonates from Irankuh compared with smithsonite

drozincite. The formation of the isotope compositions worldwide. Data: Sardinia and Angouran:
hydrozincite should be potentially GILG & BONI (2004); Skorpion: KARNER (2006)

influenced by an isotopically light

component of carbon as a result of dissolved CO, derived from the decay of organic matter. How-
ever, the hydrozincite of the Kolahdarvazeh mine shows lower §'°C values than its pendant from
Mehdi Abad. This suggests a more important role of organic and meteoric CO, than in Mehdi Abad.
A possible reason is a variable contribution of carbonate carbon from the limestone and/or the
dolomite host rock and reduced organic carbon derived from the overlying soils and is comparable
to pedogenic carbonates (CERLING 1984, CONIGLIO ET AL., 1996).

The isotopic values for smithsonite from different locations, especially from Sardinia (GILG & BONI,
2004) and Skorpion/Namibia (BORG ET AL., 2003; KARNER, 2006) shows a similar behaviour as the
hydrozincite samples from Mehdi Abad and the Irankuh/Koladarvazeh mine. The interpretation of
the smithsonite data points also to a supergene genesis and the influence of meteoric water com-
bined with dissolved CO, derived from the decay of organic matter. However, the §'%0 values of
smithsonite are shifted to higher values. This might indicate a different isotope fractionation factor
between hydrozincite and CO, related to the smithsonite and is secondly related to the additional
amount of water within the crystal structure, which also influences the §'°0 to lower values.
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REE element analyses

Rare earth elements (REE) were determined for the dolomite host rock, the carbonate hosted sul-
phide ore and the non-sulphide ore. The REE distribution of the Koladahrvazeh mine is character-
ised by low to extremely low REE/C1 values. Numerous samples show that the concentration of
different REE are below the detection limit and thus they are not plotted in the digrams. The lowest
REE concentrations are detectable in the dolomite host rock. The data show no enrichment in
LREE’s or HREE’s. The sulphide ore in contrast shows slightly higher REE values. The LREE’s are
slightly enriched compared to a moderate depletion of HREE’s. However, the number of values
below detection limit is still high and thus no clear statement about an Eu anomaly is possible.

The data of the measured samples show a relative high fluctuation. The barren dolomite host rock
only gives relatively low values for REE/Chondrite varying around 0.5 (Fig. 93). However, the sam-
ples of the sulphide ore and the non-sulphide ore show around up to 3 times higher REE values,
but they also show a high variation (Fig. 94). Thus, the presence of sulphide-mineralised dolomites
is associated with increased REE element concentration with a tendency to higher LREE concen-
trations and decreasing values towards the HREE. The non-sulphide ore samples plot apparently
within the same region as the non oxidised sulphides (Fig. 95). The graph of the non-sulphide ore
is also influenced by a high variability of the REE values. A minor decrease in REE concentrations
can be probably read and interpreted from the mean value diagram Fig. 96.

Most samples of the dolomite host rock show La, Ce and Lu values below the detection limit. In
contrast to these dolomite samples, the majority of the sulphide ore as well as the non-sulphide ore
samples have detectable La, Ce, and Lu values and thus are clearly distinguishable from the bar-
ren host rock. The nearly identical REE concentrations of the sulphide ore and the non-sulphide
ore of the Koladahrvazeh mine suggest that the non-sulphide minerals replaced the sulphides.
Only a minor fraction of the non-sulphide ore is probably the result of a metal dissolution— trans-
port— and subsequent precipitation process.
This process is associated with decreasing
REE-concentrations due to their immobile
behaviour (as shown for Mehdi Abad). In
addition, the La-Ce plot for sulphide- and
non-sulphide samples indicates no enrich- o suides
ment/depletion process, which should be a 15 @ Non sulphides
possible indication for a restit high in REE
and a new formed distal non-sulphide ore 11
that is low in REE. However, the close posi-
tion of the REE data of the sulphide-, the
non-sulphide, and the dolomite complicate
the interpretation. According to the meas- 0 012 014 ole 0:8 1 Ce fppm] 114
ured REE data two scenarios are possible.

Firstly, the non-sulphide ore could have Fig. 92: La-Ce plot showing both sulphide and non-
sulphide ore samples from the Koladahrvaze mine. All
samples plot within one cluster which suggests a direct
of the sulphide protor or secondly the non-  regplacement of the sulphide protor with the non-sulphide

sulphide ore has been precipitated after an ~ minerals that form the non-sulphide ore.
aqueous transport and thus as a distal precipitation.
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been formed in situ as a direct replacement
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Fig. 93: REE data of the dolomite host hock from the Kolahdarvazeh mine. Not plotted data are below detec-

tion limit.
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Fig. 94: REE data of the sulphide ore from the Kolahdarvazeh mine. The dashed line is a sulphide ore that is

hosted in black shales.
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Fig. 95: REE data of the non-sulphide ore of the Kolahdarvazeh mine.
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4.3 Comparison of the Kolahdarvazeh Mine and Mehdi Abad

The examination of both the Kolahdarvazeh mine and the Mehdi Abad deposit shows similarities as
well as differences between them.

Similarities:

In both cases, the sulphide ore as well as the non-sulphide ore are hosted in Cretaceous limestone
and dolomite. The occurrence of dolomite is predominantly spatially associated with the sulphide
ore and is most likely due to a dolomitisation process during the Zn-Pb-(Cu) mineralisation. The
location of sulphide- and non-sulphide ore is controlled and limited by faults (Kolahdarvazeh fault at
Irankuh, and Black Hill Fault in Mehdi Abad).

The emplacement of the sulphide protore is laterally limited by faults. Outside these terminating
faults the same ore bearing formation shows no notable lead and zinc mineralisation.

The exclusively non-sulphide ore of the Mountain Ore Body in Mehdi Abad, is hosted within topog-
raphically higher and exposed located Cretaceous strata, without an alluvial overburden. The non-
sulphide ore of the Mountain Ore Body occurs as a matrix of a karst- and fault-breccia as well as a
filling of fracture planes. These features are similar to the Kolahdarvazeh ore body, in which a high
percentage of the sulphide ore has been oxidised. The mineralised area of the Kolahdarvazeh pit is
located on the southern flank of the Irankuh Mountains and is not overlain by an alluvial overbur-
den.

The non-sulphide ore body of both the Koladarvazeh mine as well as the ore body of the MOB at
Mehdi Abad is underlyn by less or not permeable strata (MOB: shaly limestone, Kolahdarvazeh
mMine: shales).

Differences:

The sulphide ore of Mehdi Abad shows high concentrations of iron and arsenic, which are still pre-
sent within the oxidised ‘red zinc ore’, due to the immobile behaviour of Fe and As. In contrast to
the ‘red zinc ore’ of Mehdi Abad the in-situ oxidised non-sulphide zinc ore of the Kolahdarvazeh pit
shows only subordinate amounts of arsenic and iron. A typical non-sulphide ‘red zinc ore’ is absent
at the Kolahdarvazeh mine.

The main non-sulphide zinc minerals of the Kolahdarvazeh mine are smithsonite and hydrozincite.
Hemimorphite occurs only in subordinate amounts, whereas the non-sulphide ore of the Mehdi
Abad MOB consists of both high amounts of hemimorphite and smithsonite/hydrozincite as well.

The MOB of Mehdi Abad shows two main types of non-sulphide ore. The red zinc ore as a result of
an in-situ oxidation of a sulphide ore. The ‘white ore’ is the result of a complex dissolution, remobi-
lisation, and reprecipitation process of zinc, which led to a white non-sulphide zinc ore with traces
of iron and arsenic. At the Koladahrvaze mine the white zinc ore dominates.

The data and observations of both deposits will be used in the following chapters to develop a
comprehensive geochemical model of carbonate-hosted non-sulphide zinc deposits.
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5 Data interpretation and numerical modelling of carbonate-hosted non-
sulphide zinc deposits

5.1 Limitations of the geochemical model

This geochemical model describes the most important processes of formation of carbonate-hosted
non-sulphide zinc deposits and the results of these theoretical assumptions and processes are in
agreement with observations that have been made at Mehdi Abad and Irankuh. The model and the
assumptions are limited exclusively to a carbonate host rock environment.

The mechanisms of metal separation and the formation of two distinct types of non-sulphide zinc
ore are highly dependent on the iron/pyrite content of the sulphide protore. Sulphide ore without
pyrite would result predominantly in ‘white zinc ore’. On the other hand, a sulphide ore, which fulfils
the ideal conditions and consists of pyrite and sphalerite/galena but is influenced by a slow oxida-
tion process, associated with large quantities of water will most likely result in a ‘red zinc ore’-
dominated non-sulphide deposit. Slow oxidation leads to a limited armoring process and the neu-
tralisation occurs faster — probably just within the oxidation zone. In this case no mentionable metal
transport and separation will occur.

Iron is assumed to be immobile within the oxidation zone for the presented general model of metal
separation and non-sulphide ore formation: once precipitated as HFO it should remain within this
zone. However, the neutralization of the acidic solution leads to a subsequent formation of various
amounts of hydrous iron-oxide colloids (RUNNELLS AND RAMPE, 1989). Here, the most important
mechanism for transport within the aqueous solution is the mechanical transport of iron as sus-
pended colloidal particles (KIMBALL ET AL 1995). This behaviour is also known from processes simi-
lar to the sulphide oxidation, such as the oxidation of sulphide mine tailings and others (FERRERIA
DA SILVA ET AL., 2005). The HFO colloid particles are able to transport adsorbed metals (As, Pb, Zn
and other) into adjacent regions of the host rock. It is difficult to estimate this effect with regard of
the final composition of the white zinc ore.

Thermodynamic data of hemimorphite are not available in literature. Willemite is the exclusive zinc-
silicate mineral included in these calculations. Willemite occurs within a wide variety of geological
environments and conditions. It can be formed under low-temperature conditions during alteration
and oxidation processes of zinc sulphides, and can be found also in supergene non-sulphide zinc
deposits (BoNI, 2003), e.g in arid environments such as Goodsprings district in Nevada (TAKAHASHI,
1960) as well as under humid climates (JEONG & LEE, 2003), and is also associated with magmatic-
hydrothermal processes (BRUGGER ET AL., 2003).
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5.2 Important geochemical processes related to the oxidation-zone

The oxidation of the sulphide protore and the related geochemical reactions are highly complex.
The most important process is the direct oxidation of solid sulphides by molecular oxygen. Another
important process of sulphide (and especially pyrite-) oxidation is the reaction of sulphides with
Fe(ll)-ions and/or -complexes. Here, Fe(lll) acts as an electron acceptor instead of oxygen. Fe(lll)
is generated by the oxidation of Fe(ll) by oxygen or by microbially-driven oxidation of Fe(ll) to
Fe(lll). Finally, other oxidants may be present in the sulphidic mineralised rocks, such as nitrate or
manganese (V) (HERBERT, 1999). However, other oxidation processes than oxygen-driven reac-
tions may occur, but are negligible due to the commonly low concentrations of these other oxi-
dants.

5.2.1 Oxidation of pyrite

The oxidation rate of pyrite is well documented in the work of numerous authors, which studied the
oxidation processes of pyrite under different conditions, such as DOMENECH et al. (2002). These
authors have studied the dissolution rate of pyritic sludge with flow-through experiments.
WILLIAMSON & RIMSTIDT ET AL. (1994) presented a dissolution rate law of pyrite as a function of oxy-
gen concentration and pH using data of other authors and studied the dissolution of pyrite by Fe**
(ferric iron).

The oxidation of pyrite and the subsequent hydrolysation of ferric iron play an important role in the
genesis of non-sulphide ore deposits. The reaction of oxygen with pyrite generates the highest
portion of the sulphuric acid, according to the chemical reactions R1 and R2, whereas the oxidation
of sphalerite will generate only minor amounts of sulphuric acid (dependent on the Fe-
concentration within the sphalerite, according to reaction R9 (BERTORINO ET AL., 1995)) and the
oxidation of galena will produce no acidity at all. Thus, the oxidation of pyrite is the most important
factor and source for low pH values within the active oxidation zone of a sulphide ore body.

The following reactions show the oxidation of pyrite by oxygen (reaction R1) and the oxidation of
pyrite by ferric iron (reaction R2) (DoLD, 2003):

FeSy + 1/, 05+ H,0 — Fe®* +280; +2H* R1
FeS, +14Fe +8H,0 — 15Fe* +250; +16H™* R2

The oxidation of Fe* by O, (R3) has to precede reaction R2 and is an important part of the iron
redox-cycle (SALMON, 2003). Ferric iron leads to the precipitation of Fe-oxihydroxides (reaction R4
and R5) due to a hydrolysation reaction, which, in turn, is coupled with the release of 3 mole H"
related to 1 mole Fe(lll).

This acid-generating step of the oxidising process is followed by a neutralisation reaction, in which
the released protons react with the carbonate of the dolomite and/ore limestone or with other min-
erals, which are capable to neutralise acidic solutions (e.g. feldspar). The elimination of most of the
protons will shift the hydrolysation equation R4 and R5 to their right side and will thus stabilise the
precipitated Fe-oxihydroxides.
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2Fe™ + V)0, +2H" = 2Fe™ + H,0 R3
Fe(lll) hydrolysis and release of protons (3mole H" per 1 mole Fe(lll))
Fe** +2H,0 =2 FeOOH | +3H" (goethite) R4

2Fe +12H,0 2 Fe,0, *9H,0 1 +6H" (ferrihydrite) R5

after STUMM & MORGAN (1996)

Ferric iron is also a strong oxidant of pyrite. At low pH (< 4.5) Fe®* oxidises pyrite faster than oxy-
gen (HERBERT, 1999). The oxidation of pyrite by ferric iron might be an important factor for the oxi-
dation processes at deeper (O, undersaturated or O, free) levels of a sulphide ore body. The Fe**
can be transported (dissolved as a complex or colloid) to these deeper levels where it probably
leads to a widening of the oxidation front. However, this process is highly dependent on the avail-
ability of oxygen for the oxidation reaction of Fe** to Fe*" and the limiting factor for the oxidation of
pyrite by both the oxidation by ferric iron and the oxidation by oxygen is the availability of oxygen.

The transport of gasses, especially O, dissolved in water, is much less effective than the gaseous
transport due to diffusion processes. The diffusion of oxygen is the main parameter governing the
dissolution/oxidation of pyrite and other sulphides and the release of metals. Thus, ore bodies,
which are influenced by hydraulically unsaturated conditions, are characterised by high metal con-
centrations within the aqueous solutions (SAALTINK ET AL., 2002). Examinations of oxidation proc-
esses of mine tailings have shown that dissolved oxygen may be completely consumed by passing
through an organic-rich cover by microbial respiration and organic matter oxidation (HERBERT,
1999). In that case, the oxidation of the sulphides is limited to anoxic microbial activity or the oxida-
tion of pyrite by Fe®*, which slows down the rate of oxidation dramatically.

Another important factor for the oxidation of pyrite is the presence of oxidising bacteria, such as
thiobacillus ferrooxidans. The presence of these and similar bacteria can increase the oxidation
rate of sulphides by several orders of magnitude in an acidic environment. Under low pH (<4) the
oxidation of pyrite by acidophilic, chemolithoautotrophic Fe(ll) and sulphur/-compound oxidising
bacteria predominates over chemical oxidation, obove pH 4 metal sulphides are chemically oxi-
dised predominantly by O,. The organisms are not attached onto the mineral surface, but the sul-
phides are being oxidised via the electron shuttle Fe(ll)/Fe(lll) (SCHIPPERS, 2003). At a pH below 4,
Fe(lll)-hydroxides become soluble and Fe(lll) ions or complexes act as an effective electron accep-
tor for the oxidation of pyrite. The oxidation of Fe(ll) to Fe(lll) by micro-organisms is highly depend-
ent on the presence of O,, which is the predominant primary electron acceptor for all the oxidation
processes within the sulphide ore body.

5.2.2 Oxidation of sphalerite and galena

Sphalerite and galena are, beside pyrite, the most important Zn- and Pb-bearing minerals within
most types of carbonate-hosted Zn-Pb sulphide deposits. In contrast to the oxidation of pyrite,
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which generates the largest volumes of sulphuric acid, the oxidation of galena and sphalerite pro-
duces no or only subordinate amounts of protons/acidity. However, during the oxidation process of
sulphides, the concentration of SO,* ions is highly increased due to the oxidation of galena,
sphalerite (reactions R6 to R9) and the associated generation of sulphuric acid due to the oxidation
of pyrite (reaction R1).

In case of sphalerite, Fe is able to substitute Zn within the sphalerite up to 15 mol %. This Fe-
bearing sphalerite will be an additional source for the generation of acid due to the hydrolysis reac-
tions (R9).

PbS +20, — PbSO, R6
PbS + HCO; +20, — PbCO; L +SO;” + H* R7
ZnS +20, — Zn** + 505" R8
A(Zny 15Fey 15)S +80, +2H,0 — FeO(OH) L +3Zn** +450;” +3H" RO

[Reactions R6 to R9 after BERTORINO, 1995)

523 Neutralisation reactions and precipitation of secondary minerals

The acid generated during the oxidation process is able to react with other minerals, such as car-
bonates and several silicates. This dissolution can lead to “acid hyper karst” and generates signifi-
cant secondary permeability and thus pathways for fluids. Important minerals for the neutralisation
of the acid are carbonates such as calcite and dolomite. In many carbonate-hosted deposits, both
minerals occur closely intergrown with sulphide ore minerals. However, silicate minerals such as
feldspar, muscovite, pyroxene, and amphibole) are rare and thus lead only subordinately to mineral
dissolution and the generation of secondary porosity and, subsequently, an enhanced permeability.

Without any neutralisation, the acid, which is produced during the oxidation of pyrite and other sul-
phides, would results in pH values ranging between 1 and 4 and lower (SEAL ET AL., 2002). How-
ever, rare non-sulphide ore deposits do exist, in which the neutralisation has been mainly con-
trolled by the neutralisation reactions from the break-down of feldspar and mica. One prominent
example of such type of non-sulphide deposit is the Skorpion deposit in Namibia. Here, the non-
sulphide ore is hosted by arkosic meta-arenites and the acid-neutralising break-down reaction of
feldspar and mica has formed non-sulphide ore, which consists mainly of sauconite (a zinc-
smectite) (KARNER & BORG, 2001; BORG ET AL., 2003)

Neutralising reactions result in a pH-increase within the pore fluids and the release and re-
precipitation of metal cations from the carbonate host rock, such as ca”, M92+, and minor amounts
of Fe?*/**. These cations commonly participate in the formation of secondary minerals. The in-
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crease in pH is accompanied by the precipitation of various (metal-bearing) minerals. Additionally,
the newly formed minerals interact in several ways with the metal-bearing aqueous solution. Firstly,
the precipitates are able to buffer the aqueous solutions within different ranges of pH (BLOWES &
PTACEK, 1994) (Tab. 17) and secondly, the precipitates inhibit the acid-neutralisation reaction with
the carbonates of the host rock due to an ‘armouring’ of the carbonate minerals (Humicki, 2004;
HUMINICKI & RIMSTIDT 2004). Although an immediate neutralisation by highly reactive carbonate
host-rocks (pH of 7 and above) might be expected, the oxidation of sulphides and the ‘armoring’ of
the carbonate minerals result in an oxidation front, which shows a stabilised low pH, ranging ap-
proximately from pH 4 to pH 6 (YANFUL & ORLANDEA, 2000).

Tab. 17: The hydrolysis of different secondary Fe(lll)-phases releases different amounts of H'-ions into the
aqueous solution and act as a buffer to the geochemical system within the oxidation zone.

Phase Equatation Mo'ﬁﬁ

am. Fe(OH)s(s) Fe’* +3H,0 = Fe(OH ), +3H" 3 R10
ferrihydrite 10Fe> +60H,0 &2 Fe,05:9H,0 & +30H* 3 RM
goethite Fe** +2H,0 2 FeO(OH) \ +3H* 3 RI12
hematite 2Fe* +3H,0 2 Fe,0; L +6H™* 3 R13
schwertmannite 8Fe™ +50; +14H,0 2 FeO5(OH), SO, ¥ +22H" 2.75 R14
jarosite 3Fe™ + K* +250; +6H,0 2 KFey(SO,),(OH)¢ 4 +6H* 2 Ri15

am. Fe(OH)s; = amorphous ferric hydroxide, Reactions R10 to R15 after DoLD ET AL. (1999A)

Carbonate minerals and H" ions are consumed as a result of the neutralisation, releasing dissolved
cations (Ca2+ and M92+) and mainly bicarbonate HCOj3 (reactions R16 and R17) into the solution.
The carbonate and bicarbonate may react and bond with metal ions such as Cd*", Mn**, Zn**, Pb?*,
and others and precipitate these elements as secondary minerals. However, the precipitation of
secondary carbonates is highly dependent on the pH of the aqueous solution and requires high pH
values.

H,CO; 2 H' + HCO; R16

HCO; 2 H" +CO5~ R17

R16 and R17 after FREEZE & CHERRY (1979)
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5.3 Important processes of metal-fractionation

The process of the formation of non-sulphide zinc ore has been examined, with a particular focus
on the metal separation process that is a crucial factor in the formation of red and white zinc ore.
The results of our investigations show, that multiple processes occur simultaneously during the
formation of these different ore types: (1) the armoring effect of minerals (reaction inhibition of ga-
lena and calcite), (2) metal sorption onto HFO, and (3) different mineral solubilities and stabilities of
various Zn- and Pb-minerals.

5.3.1 Armoring of galena

Observations from the Iranian deposits of Mehdi Abad and Irankuh have shown a preferential cor-
rosion and oxidation of pyrite and sphalerite compared to galena. In most cases, galena is rimmed
by anglesite containing abundant sub mm-sized galena inclusions. The size of the anglesite-
coating is commonly up to 150 pm and more. These minerals are commonly associated with ce-
russite, which occurs in the immediate vicinity to- or is partly intergrown with the anglesite. In con-
trast to galena, other sulphides are less common within the oxidation zone of a sulphide ore body
and their occurrence is commonly dependent on the stage of oxidation. Under the assumption that
the sulphide ore consists mainly of a pyrite-sphalerite-galena paragenesis, the exclusive occur-
rence of galena or different oxidation stages of the sulphides suggest different reactivities within the
oxidation process. Thus, the relative reactivity for these minerals at Mehdi Abad and Irankuh can
be qualitatively characterised as:

pyrite > sphalerite > galena

These empirical field observations are similar to those of oter authors , such as MEGAW ET. AL
(1996) and laboratory experiments with varying pH values from 2 to 6 (JAMBOR, 1994). The pH-
values used in these laboratory experiments are characteristic for a proposed oxidation zone of
carbonate-hosted sulphide Zn-Pb deposits. Thus, the observations of samples from oxidised ores
of several Iranian deposits are in agreement with these laboratory results of KAKOVSKY & KosIkov
(1975) .

The reactivity of pyrite, galena and sphalerite is highly variable and shows differences between the
theoretically proposed and the observed reactivity. This reflects the different conditions under
which oxidation occurs (e.g. gossans, abiotic, biotic, saturated-, unsaturated zone) (JAMBOR, 1994).

Under the presence of sulphate ions and low-ph conditions (Fig. 97) Pb?* -ions precipitate as angle-
site. Anglesite has a low solubility especially in S04~ -bearing aqueous solutions (KS=1.53-1O'8
mol®1?, FAURE, 1998) and forms (more or less in situ) a coating onto undissolved galena and pro-
tects galena from an intensive direct contact with oxidising reagents (Fig. 98,. This “protective”
coating is probably one explanation for the apparent resistance of galena during the oxidation
process. The solubility of zinc sulphates, such as zincosite, in contrast, is much higher and the
related zinc- and sulphate concentrations would not be reached with the considered hypothetical
initial solution. The precipitation of insoluble lead minerals starts with anglesite at low (acidic) pH
values and changes to insoluble carbonates, such as cerussite or hydrocerussite. The formation of
cerussite or hydrocerussite is determined by the partial pressure of CO, The formation of hydroce-

85



Data interpretation and numerical modelling of carbonate-hosted non-sulphide zinc deposits

russite is limited to relatively low Pcoa (I0g pco2< -1.85 kPa, INGWERSEN, 1990), at higher pH values
(approximately at pH 6.2). Thus, lead forms insoluble minerals over the full relevant range of pH,
and P¢o, , which occur in the acidic oxide zone of sulphide deposits and the basic environment of
carbonate host rocks.

N

Anglesite

w

log [SO,”] (mol-)

A

34 5 6 7 8 9 pH ARMBSE 100 pm JEOL

Fig. 97: Stability fields of Anglesite and Cerussite (25 Fig. 98: SEM backscatter image of galena-relicts
°C, 100 kPa, calculated with Phreeqc). The lines (ga) within dolomite. The galena is partly oxidised
show the phase boundary for different CO, partial to anglesite (an). The anglesite encloses the ga-
pressures. Anglesite is stable even at low sulphate lena and forms a coating, which inhibits the galena
concentrations and at low pH. (atmospheric Pcoz = from further oxidation. Sphalerite and pyrite are
3.16:107 kPa) absent, due to their complete oxidation.

Thus, the relative resistivity of galena within the oxidation process is best explained by armouring
effects. Armored galena have been observed on samples from Mehdi Abad, Irankuh, and Ku-e-
Surmeh and have also been described for other oxidised sulphides by several other authors as
well, e.g. JEONG & LEE, (2003). The immediate precipitation of anglesite under acidic conditions
results in two effects: i) the reaction inhibition by ‘armoring’ and thus prevention of a fast oxidation
of galena, and ii) the concentration of Pb? ions within the aqueous solution is limited by the solubil-
ity of anglesite (log_a Pb** < -3.5 mol*I'").

5.3.2 Armoring of calcite

The neutralisation of sulphuric acid by calcite, as described in reaction R9, leads to the precipita-
tion of gypsum, accompanied by the precipitation of Fe-oxihydroxides due to raised pH values. In
general, this leads to a strongly adhesive encrustation of calcite and/or other minerals and to a
partially or almost totally suppressed reactivity of the encrusted minerals (HUMINICKI, 2004;
HUMINICKI & RIMSTIDT 2004; WILKINS ET AL., 2001).

Recent investigations of Humicki (2004), HUMINICKI & RIMSTIDT (2004), WILKINS ET AL. (2001),
YANFUL & ORLANDEA (2000) and others have focussed on the reaction between sulphuric acid and
carbonates and the effects of precipitation of gypsum coatings on the surface of calcite. Experi-
ments that have measured the rate of calcite dissolution in conjunction with gypsum and/or iron
hydroxide precipitation on the surface of calcite show that gypsum rather than iron hydroxide coat-
ings may influence the neutralisation in slowing down the dissolution rate of the limestone in a car-
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bonate host rock (Fig. 99). The isolation of calcite from further reaction by gypsum prevents the
limestone from generating any additional alkalinity in the system (HAMMARSTROM, 2002).

—

©5.10°- 0,05M sulphuric acid + calcite
w

E410°

dn/dt=0,0203t°""*
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Fig. 99: The rate of calcite dissolution (measured as proton consumption) decreases rapidly with time. This
is an effect of the CaSOs-coating of calcite. The oxidation of a sulphide ore body is a long lasting process,
which is reflected in high values on the time-axis of this diagram - associated with low H+ consumption
rates of the calcite. (after Huminicki, 2004)

These observations are highly relevant for any oxidation- and metal-fractionation model of non-
sulphide zinc deposits. As a result of the decreased reactivity of gypsum-coated carbonates, the
pH-value of the metal-bearing aqueous solutions increase along the fluid path over a long distance.
This provides the possibility for the metals to fractionate and precipitate spatially separately, de-
pending on the pH of the solution.

The concentration of SO,* ions is highly increased during the oxidation of sulphides (oxidation of
galena, sphalerite, reactions, R6 to R9) and the associated generation of sulphuric acid due to the
oxidising of pyrite (reaction R1and R2). The solubility of gypsum in these acidic SO4*-rich fluids is
much less than in pure water due to the common ion effect (Le Chatelier’s Principle) (formula F 3).
Under these conditions, gypsum is insoluble and forms a stable coating.

After the oxidation of the sulphides, the SO,* concentration decreases rapidly, gypsum becomes
much more soluble and is transported out of the (karst- and non-sulphide zinc) systems. The solu-
bility of gypsum under normal aqueous conditions (Ksp=1.9-10'4) is higher than the solubility of
calcite and dolomite.

CaCO; +2H" +SO;” +2H,0 — CaSO, -2H,0 \2 +H,C0; ) after WILKINS ET AL. (2001), R9
a A o
K, =——2—=[ca’ | s0;" | =1,9*10" F3
dcaso,

An additional mechanism for the armoring of limestone is the precipitation of Fe-oxihydroxides. The
mechanisms, by which Fe-oxihydroxides armour limestone is still poorly understood. However, the
reactivity of Fe-armoured limestone has been estimated to range from 4% to 62% compared to the
reactivity of ‘fresh’ limestone (SUN ET AL., 2000).
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The difference in the effectiveness for the armoring of carbonate minerals by either gypsum- or
ferrihydrite-coatings is due to the geochemical origin and genesis of both types of coatings. Gyp-
sum precipitates close to or immediately onto the carbonates as a result of a neutralisation reac-
tion, whereas ferrihydrite has to be transported as insoluble particles towards the calcite to be
available for armoring. A combination of both armoring mechanisms is presumably particularly ef-
fective to maintain a stable acidic environment within the oxidation zone of a carbonate-hosted
sulphide ore body. Thus, the dissolution of primary and the precipitation of secondary minerals and
the metal transport within the active oxidation zone is modelled for these most common conditions.

Contrary to expectations, which would suggest an immediate neutralisation within the highly reac-
tive host carbonates (pH of 7 and above), the oxidation of sulphides and the armoring of the car-
bonates results in an oxidation front, which shows stable low pH values, ranging from approxi-
mately pH 4 to pH 6. Observations of sulphide- and carbonate-bearing mine tailings show, that the
oxidation of sulphides leads to low pH values within a carbonate-dominated environment due to
armoring effects (YANFUL & ORLANDEA, 2000). Long-term experiments by several authors, such as
YANFUL & ORLANDEA, (2000), have shown the effects of limestone armoring to the neutralisation of
acid mine drainage (ARD). The added limestone lost its effectiveness for neutralisation after a cou-
ple of years, as a result of the precipitation of secondary minerals onto the limestone particles.

5.3.3 Metal sorption onto ferrihydrite

Cu, Cd, Pb, Zn and As can be adsorbed onto Fe-oxyhydroxides (goethite, ferrihydrite) and this
process of cation—adsorption onto hydrous ferric oxides is highly dependent on the pH level of the
aqueous solution (MARTINEZ & McCBRIDE, 2001; DzomBAK & MOREL, 1990). The chemical behaviour
and mobility of metal cations are largely controlled by their interaction with these iron-oxides
(TRIVEDI ET AL., 2003). Ferric hydroxides have specifically high surface areas (up to 600 ng'1) (Lee
& Saunders, 2003). This high surface area, associated with the affinity of ferric iron hydroxides to
Me(ll)-ions, results in a highly effective adsorption process controlled by pH and metal concentra-
tion.

Lead and zinc show different degrees of absorption onto ferrihydrites as shown in. The quantitative
binding of Pb(ll)-ions onto ferrihydrite reaches its maximum and the saturation of the ferrihydrite at
approximately pH 5.5 (DYER ET. AL, 2003; RUTHERFORD, 2002). In contrast to lead, quantitative zinc
adsorption starts at higher pH values, ranging from approximately pH 5.5 to 7.5 (DzOMBAK &
MOREL, 1990). This is an additional, important reason for the metal separation and fractionation of
lead and zinc within non-sulphide ore bodies. Most of the lead within the oxidation front is adsorbed
under acidic condition onto hydrous ferric oxides. Under these acidic conditions however, zinc re-
mains mobile in the aqueous solution and is, consequently, transported further (vertically or later-
ally) to distal areas. The pH increases slightly due to the neutralisation inhibition by the CaSO, and
Fe-oxyhydroxide armoring of the carbonate host rock. As a result, zinc precipitates in distal (com-
monly deeper) portions of the supergene system, which are commonly free of hydrous ferric oxides
and lack any substantial secondary lead accumulations.

Fe-oxyhydroxides occur as nanometre-sized colloidal precipitates. These colloidal precipitates can
be transported in aqueous solutions into spatially deeper or to more distal levels (RUTHERFORD,
2002) dependent on the (acid-) karst system, fault systems and the general porosity and perme-
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ability of the host rock. Thus, it is important to note that the occurrence of red Fe-oxides alone is
not a sufficient indicator of a sulphide (proto-) ore that existed originally at this position.

Fig. 100:
PHREEQC precipitation and adsorption
simulation of a hypothetical metal-rich,
which contains 2.4 102 mol Zn, 1.6 10
mol Pb. In simulation 1 the Zn-Pb
solution is in reaction and equilibrium
with hydrous ferric oxides (HFO). The
adsorption curves of Zn** and Pb*
show clearly the dependence of the
amount of adsorption to the pH. The
quantitative adsorption of lead starts at
approximately pH 3, and zinc at pH 5.
Simulation 2 is more realistic and
shows the effect of the additional re-
movement of Zn and Pb due to the
precipitation of anglesite, cerussite,
and hydrozincite. Until Point A nearly
75 % of lead have been removed from
the solution due to the precipitation of
8 " anglesite. At point (A) additional ad-
J ! ) J sorption effects take account and the
concentration of lead reaches the ad-
Simulation 1 sorption isotherme at point (B). Zinc
* % Pbadsorbed onto HFQ ~ ===== % Zn adsorbed onto HFO does not form insoluble sulphate min-
erals. Thus, zinc is removed from solu-
tion due to adsorption effects exclu-
olution due to fprroen;ipitation /;oﬂizr;n:jou‘f?of;ecipitation sively. At point (C) precipitation of hy-
& HFO adsorption & HFO adsorption drozincite starts and most portion of the
zinc is removed from solution.
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Simulation 2

The sorption of metal-ions as well as carbonate-ions onto hydrous ferric oxides (HFO) is a function
of pH (DzomBAK AND MOREL, 1990). HFO is also called amorphous ferric hydroxide, or amorphous
iron hydroxide and is a precipitate, which forms upon rapid hydrolysis-precipitation from ferric iron
solutions. Hydrous ferric oxide is a poorly crystalline, highly porous solid with a large surface area
from 200 m°g” to approximately 750 m°g”. The mineral-to-water interface of HFO has a pH-
dependent charge and is highly reactive (HOFMANN ET AL., 2004). The reactive surfaces of metal
oxides, such as hydrous ferric oxide in natural waters are predominantly covered by carbonate
species (CO32', HCOj3). The lower availability of sorption sites affects sorption of other metals such
as Cd, Cu, Ni, Pb, Zn and As and thus influences the mobility of these heavy metals in the natural
environment.

The adsorption onto HFO plays an important role for the oxidation processes of Fe-rich Zn-(Pb)
sulphide ores. The high amount of iron within the initial sulphide ore is a requirement for the forma-
tion of two different types of non-sulphide ore: the red zinc ore and the white zinc ore. The results
of the calculated metal sorption (Fig. 100) onto HFO supports the explanation of several aspects
and phenomena related to the formation of the red zinc ore and the white zinc ore. It is possible to
envisage several scenarios of pH for the oxidation zone. The most interesting range of pH reflects
acidic conditions of approximately pH 5 to 6.5 within the oxidation zone, where several effects in-
teract. By applying the effects of HFO adsorption to the hypothetical Zn-Pb-Fe-rich solution of an
oxidation zone, one can assume that HFO is able to adsorb up to 3 % of the zinc from the solution
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and additionally adsorb up to 18% lead from this solution. In contrast to zinc, which is exclusively
bound to HFO, the biggest portion of lead is removed from the solution due to the precipitation of
anglesite. Thus, the final aqueous solution, which leaves the oxide zone is still rich in zinc but
shows only traces of lead.

The ability of HFO to bind particularly zinc within the oxidation front depends on the local character-
istics of each oxidation front.

5.4 Formation of hemimorphite, smithsonite, and hydrozincite, occurrence
and mechanisms

541 Hemimorphite

Hemimorphite occurs as the most common zinc hydrosilicate mineral in all of the Iranian non-
sulphide zinc deposits examined in this study. Other secondary zinc silicates, such as sauconite or
willemite are rare or absent. In most cases, hemimorphite occurs in veins and open spaces of the
‘white-* and ‘red zinc-ore’, within fault zones and -breccias and in the matrix of fault breccias as

Oxidation Zone, pH 5 pH >5

1 ] | ]
’ o Migration into adjacent carbonate strata '

Zn=97% of init. solution

Zn 2,4107 mol/l 2.3 10% molll
Initial . — q Final
Solution 49 Solution

Pb 1,6-10° mol/l Pb<1% of init. solution

P b 1,6 107 mol/l
T5% TR0 ORISRty
HFO
Anglesite

Fig. 101: Schematic processes and mass balance for precipitation and adsorption of Zn and Pb within an
HFO-rich oxidation zone at pH=5. Zn and Pb are adsorbed by HFO. Lead, additionally, precipitates as Angle-
site within the oxidation zone. Calculated data are based on a hypothetical Zb-Pb-Fe rich solution (see also
Methods).

euhedral crystals, which have grown perpendicular to the underlying surface of fractures and
spaces (Fig. 102). The size of the hemimorphite crystals ranges from sub-mm up to several milli-
metres. In some cases, several generations of hemimorphite can be distinguished. This phenome-
non of several stages of hemimorphite precipitation is common, especially at the Mountain Ore
Body (MOB) of Mehdi Abad (REICHERT & BORG, 2003), but also visible at Irankuh.

Zinc carbonates are soluble under acidic conditions and start to precipitate as smithso-
nite/hydrozincite at approximately pH 6.5 , depending on the P, and the activity of Zn* (Fig. 103
and Fig. 104). Zinc silicate minerals will form if silica is available and the partial pressure of CO; is
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low (Fig. 104). Hemimorphite is not commonly observed as a first stage mineral within the par-
agenetic sequence. Observations from Mehdi Abad and Irankuh (and reports for carbonate host
rocks by TAKAHASHI, 1960 and others) have shown that hemimorphite is related to late or even last
stages of non-sulphide mineralisation processes growing within fractures and open spaces of the
‘white-* and ‘red zinc-ore’ Fig. 102 growing over long periods

The quantitative precipitation of
hemimorphite and other zinc-
silicates is dependent on the
availability of silica. For this
reason, it is necessary to con-
sider the geochemical behav-
iour of such fluids with respect
to SiO, as well. The solubility of
silica phases increases drasti-
cally from crystalline quartz to
amorphous silica (Dove &
RiMsTIDT, 1994). H,SiO, is a
weak acid and dissociates ap-
preciably about two pH units
above neutrality (Dove &

RIMSTIDT, 1994). The carbonate  Fig. 102: Hemimorphite (white/colourless), which grewed in open
dissolution process within a spaces of a red zinc ore. Hemimorphite occurs as a late stage mineral
locally in large quantities.

‘closed” system consumes
enough H’ to increase the solu-
bility of SiO, significantly. The availability of dissolved silica is limited by the solubility of SiO, in
water and the slow dissolution rate of SiO,. Thus, silica within natural waters is not sufficient for an
effective and quantitative binding of zinc. The biggest portion of zinc will precipitate as carbonates.
Calculations with PHREEQC (Tab. 20) show, that SiO, concentration in carbonate-buffered solu-
tions reaches 9.6-10™ mol-I" for crystalline quartz and up to 2.0-10° mol-I" for amorphous quartz
(chert). Thus, chert provides the highest concentrations of SiO, in aqueous solution. The low con-
centrations of dissolved silica lead to the precipitation of small amounts of Zn-silicates only, and,
consequently, zinc precipitates at the oxidation stage predominantly as zinc carbonates from the
supergene fluids.

Hemimorphite is less soluble than hydrozincite over a pH range from 5 up to approximately 7.6
under atmospheric pressure logPco.= -1.5 kPa (Fig. 103). Under these conditions, hemimorphite is
more stable than hydrozincite and should precipitate. However, the stability fields occur close to-
gether and can be shifted easily by varying the Pco, values and by the chemistry of the mineral
assemblage in equilibrium with the aqueous solution (Tab. 18).

According to Tab. 18, an intimate association of dolomite/calcite with smithsonite and/or hydrozin-
cite results in ph-values, which do not reach the stability of hemimorphite. The ‘white zinc ore’,
found in numerous deposits, consists predominantly of smithsonite and/or hydrozincite. Thus, the
phases, which are in equilibrium with the aqueous solution, are limited to smithsonite and/or hy-
drozincite. The resulting pH values for the equilibrium with aqueous solutions are lower with re-
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spect to the calcite/dolomite-dominated mixtures (Tab. 18). Here, the stability of hemimorphite is
reached for log_Pco. < -0.5 kPa. Higher values of P¢o, (log_Pco2 > -0.5 kPa) support the precipita-
tion of hydrozincite or smithsonite. Thus, the precipitation of hemimorphite is limited to relatively
low Pco, values, which occur preferentially in arid climates with low biological activities within the
soil and deep groundwater tables.

Tab. 18: pH values for equilibrated mineral associations dependent on Pcog.

Log Pco: [kPa] -1.5 -1 -0.5 0 0.5 1

pH value for dolomite/sm/hy association 8.28 7.95 7.62 7.30 6.97 6.65
pH values for calcite/sm/hy association 8.18 7.85 7.53 7.2 6.88 6.55
PH values for sm/hy association 7.42 7.2 6.96 6.73 6.46 6.14

sm: smithsonite, hy: hydrozincite, equilibrium reaction calculated with PHREEQC.

The data and calculations presented by TAKAHASHI (1960), MCPHAIL ET AL. (2003) and INGWERSEN
(1990) indicate that the zinc silicates hemimorphite and willemite are the least soluble and most
stable Zn-minerals in a pH range less then pH 7 (at atmospheric Pco,) compared with zinc carbon-
ates. Thus, hemimorphite can be interpreted as a mineral, formed under acidic to slightly basic
conditions and thus should precipitate as the earliest non-sulphide zinc mineral.

In general, hemimorphite was formed after the oxidation of a sulphide ore, probably as a result of
dissolution and re-precipitation of precursor zinc carbonate minerals. An exception, in which hemi-
morphite can be assumed as a quantitatively important first stage mineral, is the Mountain Ore
Body (MOB) of Mehdi Abad. Here, at the MOB, hemimorphite occurs in large quantities and at
least two different stages for the formation of hemimorphite are distinguishable (REICHERT ET AL.,
2003).

© + © +
E@/ 3] ZnHCO, . . 95./ 3. ZnHCO,
o | Smithsonite o Smithsonite
O 2/ O 2
a | Q|
S 1] g 11
0 0
] Zn* Hydrozincite n Zn*
2] 2]
1 ] Willemite
-3 =3
4] 5 Zincite o 4]
-5 N N -5
4 5 6 7 8 9 10 11 pH 4 5 6 7 8 9 10 1 pH

Fig. 103: Stability of zinc carbonates in the chemical
system Zn-O-H-C dependent to Pco2 and the pH.
The activity of zinc is a(Zn)= 10° (after MCPHAIL ET AL.
(2003)

Fig. 104: Zinc mineral stabilities dependent to pH and
pcoz for a silica and carbonate containing solution.
Smithsonite becomes stable at relative high partial
pressures of COz (pcoz> 3.16 kPa) in the chemical
system Zn-O-H-C-Si (after MCPHAIL ET AL. (2003).
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5.5 Geochemical genetic model for carbonate-hosted non-sulphide deposits

5.5.1 A metallogenetic model for carbonate hosted non-sulphide zinc deposits

The model attempts to explain the genesis of carbonate-hosted non-sulphide zinc deposits sensu
lato and related ore types, such as red zinc ore and the white zinc ore sensu stricto and is primarily
adapted to carbonate-hosted non-sulphide zinc deposits with a distinct karst- and acid-karst brec-
cia zone. Good examples for this type of deposit are the Mountain Ore Body (MOB) of Mehdi Abad
and the Kohladarvazeh pit within the Irankuh deposit. These share similar typical geological attrib-
utes, resulting in the occurrence of the same types of non-sulphide zinc ore. At least three impor-
tant factors for the genesis of this type of non-sulphide zinc deposit can be distinguished:

(i) The first important feature is a proto-sulphide ore close to surface. All of the investigated Ira-
nian deposits are characterised by sulphide ore at or closely below the surface due to intensified
exhumation rates, and which can easily be reached by supergene meteoric fluids and by oxygen.
The (present) depths of the sulphide ore ranges from 10’s of meters (Irankuh) to 130 meters and
more (Mehdi Abad). The near-surface and partly exposed position of the sulphides in areas of high
topographic relief are important factors that support a fast and effective oxidation process.

(ii) Secondly, the presence of karst-originated breccia clasts seems to be important for the for-
mation of large quantities of non-sulphide ore. The breccia clasts are characterised by high surface
area, high porosity and good permeability that allows metal-carrying groundwater to penetrate eas-
ily. The non-sulphide zinc minerals precipitated from these fluids and now form pore-filling cements
to the karst fragments

(iii) The third important factor in the investigated deposits is the proximity of an aquiclude or ag-
uifuge, such as shales (Irankuh, Kuh-e-Surmeh (REICHERT & BORG, 2002), shaly limestone (Mehdi
Abad: Mountain Ore Body) and schists (Angouran) (DALIRAN & BORG, 2004). The aquiclude acts as
a nearly impermeable and insoluble barrier for meteoric water, the groundwater system, and the
metal-delivering fluids. This hydraulic barrier stops descending fluids, such as meteoric recharge
from the surface and leads to a mixing with the local aquifer. These mixing processes can result in
an increased capability to dissolve calcite and thus causes additional karst processes. The underly-
ing aquiclude leads to a “ponding” of fluids in front of the hydraulic barrier.

These geological features suggest a general process of oxidation and the formation of non-
sulphide zinc ore that can be explained in several stages:

At a first step, the sulphide-ore-bearing carbonate sequence was uplifted and the overburden
eroded. Subsequently, the carbonate sequence reached a near surface environment and was
penetrated by meteoric water and groundwater. This activated karst processes in the saturated
zone and the adjacent strata. Extensive karst processes, supported by numerous faults and frac-
tures, have affected the carbonate host rock. Partitioning of the bedding planes and the related
fractures might have been additionally used by meteoric water for karst-processes.

The karst system supported the influx of oxygen and thus supported the oxidation process of the
sulphide ore. Bedding planes and related (karst-) fractures additionally act as conduits for the su-
pergene Zn-(Pb-) bearing fluids and the metal-bearing supergene fluids migrated to the underlying
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breccia zone. The volume of the karst breccia zone and the related high surface area of the brec-
cia-clasts provided a highly reactive surface and excellent porosity for the precipitation of the non-
sulphide ore. A high portion of the non-sulphide zinc ore occurs as a cement to breccia clasts that
originated from karst-collapse and the size of the breccia clasts ranges from sub-centimetre up to

several decimetres.
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Fig. 105: Conceptual model for the formation of a
carbonate-karst and the subsequent emplacement of
non-sulphide zinc ore as a cement to the karst breccia
clasts.

(A) Initial stage: small amounts of water pass the
limestone through fractures. Underlying shales act as
an aquiclude. (B) At later stages, more water reaches
the groundwater zone through karst-widened frac-
tures. A mixing-effect of the recharge with the
groundwater leads to accelerating karst processes.
(C) The fractures and pathways are wide enough to
provide access for a large quantity of oxygen and
water to the sulphide ore. The oxidation speed in-
creases and zinc-carbonates precipitate at deeper
levels as cement to karst breccia clasts. At this time,
the water table has been lowered due to a extremely
arid climate.

Typical massive and disseminated sulphide ores contain iron, which is bound to pyrite, sphalerite,
and Cu-Fe-sulphides. Most of the iron, released during the oxidation process precipitates as largely
insoluble hydrous ferric oxides (goethite, ferrihydrite) (reaction R3 & R4). The oxidation front and
the adjacent areas are characterised by low pH-values, due to the precipitation of CaSO, (reaction
R9) and subsequent coating of the calcite/dolomite host rock. This coating inhibits the neutralisa-
tion of sulphuric acid as described above. The pH-value should be relatively stable over a broad
spatial range of the oxidation front and the adjacent regions and deeper levels, which are typically
affected by the acidic fluids with low pH values. The low pH-value (pH<5) within the oxidation front,
in turn, is important for the sorption of metals onto these ferrihydrites and, as a consequence, the

metal fractionation processes.
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5.5.2 Theoretical studies on the precipitation of secondary supergene minerals

The solubility and the precipitation of secondary minerals are predominantly triggered by pressure,
temperature, Pcop, pH, and element concentration of different species within the aqueous solution
(TAKAHASHI, 1960). The Eh (oxidation-reduction potential) is not related to the stability boundaries
and the precipitation of these minerals, since there is no change in the valences of the elements
during the (re-) precipitation process (TAKAHASHI, 1960). Temperature and pressure of supergene
conditions have been assumed to be constant at 25 °C and 101.3 kPa. Thus, the controlling factors
involved in the formation of the most common secondary minerals (anglesite, cerussite, smithso-
nite, hydrozincite, hemimorphite, Fe-oxihydroxides, gypsum, calcite, dolomite) can be assumed as
pH, total carbon dioxide in solution (dependent on the Pcoy), concentration of silica, sulphur (pre-
dominantly as SO,%), and the concentration of the (metal-) cations (Ca**, Mg®*, Zn**, Pb**, Fe*").

The occurrence of minerals is determined by their solubility, which can be calculated for equilibrium
conditions. A mineral starts to precipitate under equilibrium conditions if its solubility limit is reached
and the saturation index Si_[mineral] equals 0. These individual conditions for various minerals will
be described below.

Smithsonite and hydrozincite

Fig. 103 shows the stability field for zinc carbonates at different P¢o, values, which depend on the
mineral stability, on the pH value and the influence of the Pco,. Generally, an increase of Pcos
leads to an increased stability of Zn- and Pb-carbonates within the relevant pH interval for a car-
bonate environment/host rocks. This effect is due to the raised activity of HCO3; and COs% ions
within the aqueous solution.

The most common zinc carbonate hydroxide mineral at Irankuh and the MOB of Mehdi Abad is
hydrozincite (Zns(CO3)2(OH)e). Smithsonite (ZnCO,) is detectable in most of the non-sulphide min-
eralised samples, but occurs only in subordinated amounts compared to hydrozincite. The reason
for this disproportion between hydrozincite and smithsonite is the influence of the partial pressure
of CO,. The precipitation of smithsonite is restricted to relatively high Pco, values (log Pco, = 0.2
kPa) TAKAHASHI (1960). Thus, regarding the atmospheric Pco, value (Tab. 19), it is not possible to
precipitate smithsonite from an aqueous solution, which is in equilibrium with the atmosphere. The
atmospheric Pcoz is much lower (SIGG & STuMM, 1989) as the minimum conditions required for the
precipitation of smithsonite (log P(CO3)m << log P(CO3)seii << log P(CO2)smithsonite)(Tab. 19).

95



Data interpretation and numerical modelling of carbonate-hosted non-sulphide zinc deposits

.Fig. 106: BSE image of partly oxidised
sulphide ore. The most common non-
sulphide zinc minerals are smithonite and
hydrozincite. Relics of galena (Ga) are
surrounded by cerussite (Ce). Massive and
anhedral smithsonite (Sm) is overgrown (or
was altered to) hydrozincite (Hy). The for-
mation of smithsonite indicates the pres-
ence of high CO; partial pressures most
likely at a precursor stage. However, the
overgrown and smithsonite replacing hy-
drozincite at later/last stages indicate that
hydrozincite became more stable. The
process of alteration of smithsonite to hy-
drozincite is believed to be still active today
and caused by open fractures and thus by . gl s
1K02145Q

equilibrium processes with the atmospheric C—— 100 pm JEOL

Pcoz. (Irankuh, Sample 1K02145)

Tab. 19: Typical values of Pcoz within the atmosphere, soils and partial pressure for smithsonite precipi-
tation.

) (3)

atmospheric log Pco2 « soil log Pco2? minimum log Pco2 — smithsonite

0...-2 kPa (actual log P(CO2)= -1.5kPa) 0.5...5kPa 0.24 kPa (15 °C) 1.4 kPa (40 °C)

' Si6G & STUMM, 1989; ¥ after SCHEFFER & SCHACHTSCHABEL, 2002; GRYSCHKO & HORLACHER, 1997, ©
AFTER TAKAHASHI, 1960;

A logPco2 = 0.2 kPa (at 15 °C) is valid for the formation of smithsonite according to the equation
(after TAKAHASHI, 1960):

5ZnCO, +3H,0 <> 2Zny(CO,), (OH), +3CO, R18

The reaction would be driven to the right in case of logPco, < 0.2 kPa and hydrozincite would pre-
cipitate. These conditions are common for aqueous solutions, which are in equilibrium with the
atmosphere, such as surface near solutions in unsaturated zones.

In contrast to these equilibrium conditions, aqueous solutions at deeper levels or water-saturated
zones are in disequilibrium with the atmospheric CO, and reach values, which are favourable for
the precipitation of smithsonite. Increasing carbonate concentrations as well as a high P¢o, tend to
stabilise smithsonite and other carbonate-bearing minerals (MCPHAIL ET AL., 2003). Thus, the domi-
nance of hydrozincite in the non-sulphide deposits of Iran-Kuh, and Mehdi Abad, Kuh-e-Surmeh
(REICHERT & BORG, 2002), support the thesis of (near-) equilibrium conditions with the atmosphere.

All these examined non-sulphide zinc deposits are near-surface examples or are situated on the
flanks of high topographic relief mountain ranges, associated with faults and intensively brecciated
host-rocks. However, the occurrence of corroded traces of smithsonite, mostly replaced by hy-
drozincite within these three observed deposits suggests periods of raised Pco, during which this
early smithsonite was formed.
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55.3 Possible reasons for high CO, partial pressures for the formation of smithso-
nite

Several sources of CO, are possible to explain the elevated P¢o, and thus the disequilibrium with
the atmosphere The authors consider that the biggest portion of smithsonite as having been pro-
duced during the early stages of formation of the non-sulphide zinc deposits - contemporaneous
with the oxidation of the sulphide ore body. The smithsonite in samples of Mehdi-Abad and Irankuh
shows textures of corrosion and alteration to hydrozincite, which is the most common zinc carbon-
ate mineral at the investigated non-sulphide deposits. The present atmospheric and climatic related
Pco2 conditions in Iran favour the formation of hydrozincite only. As seen above, the precipitation
and stability of smithsonite is limited to sufficiently high Pco,. Since the formation of smithsonite is
limited to high partial pressures of carbon dioxide, one has to consider additional sources of CO,
that was available during its formation.

One well-known source of carbon dioxide are biological processes. These processes consume O,
and oxidise mainly organic carbon to CO,. The partial pressure of the biological induced CO, is
able to increase up to values that reach the stability field of smithsonite. However, thick organic soil
coverage in a humid climate on top of the oxidising sulphide ore consumes oxygen and thus hin-
ders/inhibits the oxidation process of the sulphides.

Another important additional source of CO, is probably from the generation during the neutralisa-
tion of the acidic aqueous solution, derived from the oxidation process of the sulphide ore. This
acidic solution reacts with the carbonates of the host rock (PALMER & PALMER, 2000; RITCHIE, 1994;
LAPAKKO, 2002). The results of his reaction are gypsum (and other salts), water and carbon dioxide.
The highest portion of the CO, generated through this neutralisation reaction dissolves in the
aqueous solution as H2CO3°. The dissolved HZCO30 can degas CO, to achieve equilibrium with the
pore gasses. This process has been measured at carbonate-bearing sulphide mine tailings. Here,
carbon dioxide increases from 0.15 vol. % at surface near tailing regions to concentrations as high
as 24 vol. % within the tailings (GERMAIN ET AL. 1994) that is equivalent to a partial pressure of log-
Pco2=1.38 kPa.

CaCO, +2H" + S0}~ 2 H,COJ +CaS0, (s)-2H,0 pH>6.4 R19

CaCOy +2H" +50;” © HCO; + H* +CaSO, (s)-2H,0 pH<6.4 R20

Thus, one can consider that H,CO; dissociation to H,O and CO, increases the partial pressure of
CO, not only locally at the oxidation zone of the sulphide ore, but also adjacent to the oxidation
zone due to four principal processes. These processes can be postulated as:

(1) Immediate degassing of CO, as a result of the equilibration with the pore gas

(2) Transport of CO, mainly dissolved as H,COj; into adjacent areas of the host rock and thus
the time-delayed degassing of CO,

(3) Diffusion of CO, through the open pores of the host rock and/or karst spaces. The time-
delayed degassing of CO; is due to a slow equilibrium reaction
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The neutralisation processes is favoured here as the main source of carbon dioxide, which caused
the high partial pressures of CO, and thus precipitation of the first-stage smithsonite. This CO,-
source is independent of the climate and is available even at low temperatures (which additionally
support the formation of smithsonite). The high partial pressure of carbon dioxide is active as long
as the oxidation process is in progress. Thus, it is possible to generate high Pco, in an arid climate
without or with low biological activities only. Additionally, a vegetation- and soil-free surface would
support an effective penetration of oxygen to the sulphide and the effective formation of a non-
sulphide ore body.

554 Anglesite and cerussite

The solubility of anglesite in pure water is relatively high and results in calculated activities of Pb?*
and SO4* of approximately log_a = -3.5 mol*I" (Fig. 107). However, the solubility is dependent on
the activity of SO,>. Thus, additional SO, ions will decrease the solubility of anglesite and there-
fore decreases the activity of lead within the aqueous solution to ap,=10" mol*I”" (Fig. 108). Addi-
tional sources of SO,* ions are the generation sulphuric acid during the oxidation process and/or
the presence of gypsum and other S0~ bearing minerals.
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Fig. 107: Lead- and sulphate (8042') concentration
and saturation indices (Si) of anglesite and cerussite
for an aqueous solution, which is in equilibrium with
atmospheric Pco2 (Log_Pco2=-1.5 kPa) dependent on
the pH of the solution. The solubility of anglesite,
which is reflected by log_a of Pb%, is relatively high
(compared with the diagram on the right side) and the
concentration of lead starts to decrease by reaching
Si_[cerussite]=0 and cerussite starts to precipitate.
(data & numerical simulation: PHREEQC)

Fig. 108: Lead- and sulphate (8042') concentration
and saturation indices (Si) of anglesite and cerussite
for an aqueous solution, which is in equilibrium with
atmospheric Pcoz (Log_Pco2=-1.5 kPa) and gypsum
dependent to the pH of the solution. Here, the solu-
bility of anglesite is relatively low (reflected by low
log_a of Pb*), which is due to the high activity of
SO,” released from gypsum. The concentration of
lead decreases by reaching Si_[cerussite] =0 due to
precipitation of cerussite. (data & numerical simula-
tion: PHREEQC)

Calculations with PHREEQC indicate, that the presence of gypsum (and of course other sulphate
sources) is able to force anglesite to precipitate at even lower concentrations of Pb* compared to
anglesite’s precipitation in pure water. The equitation R21 is shifted to the right side and the result-
ing concentrations of Pb?" decrease in order to fulfil the formula F 4.
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Pb** + SO} = PbSO, 1 R21
F4
a  »ad o
K, =———2 [ Pp*" | S0;" | =1,58*10"°  (Faure, 1998)
appso,

After the oxidation of the sulphide ore, the pH value tends to change to basic conditions and cerus-
site becomes more stable then anglesite, according to figure Fig. 104. Thus, anglesite will be re-
placed by cerussite according to the following equitation R22 (after SANGAMESHWAR & BARNES,
1983):

PbSO, + H,CO, 22 PbCO;, +SOF +2H* R22

Reaction R22 shows the dependence of the activities of pH, H,CO3; and SO42'. Active oxidation
processes are associated with high activities of both S0,* and H*, which shifts the reaction to the
left. After the oxidation process, the concentration of S0.* decreases an pH will increase, which
supports the formation of cerussite.

The armoring process and reaction inhibition of galena due to coating with anglesite/cerussite re-
sults in a decreased reactivity of galena (Fig. 98). Thus, the de facto reactivity of galena is much
lower than the proposed theoretical rate, which would suggest that galena should be supposedly 5-
times more reactive compared to sphalerite (ZEMAN, 1985). It is known, that the behaviour of sul-
phide oxidation, especially the oxidation of galena and sphalerite is highly dependent on the geo-
chemical environment (pH, host rock geochemistry, hydrology) and is often different from the pro-
posed theoretical values (JAMBOR, 1994).

5.5.5 Hydrocerussite

The investigations of the non-sulphide zinc deposits Mehdi Abad and Iran-Kuh, and Kuh-e-Surmeh
(REICHERT & BORG, 2002) show either trace amounts or no hydrocerussite (Pbz(OH),(CO3),). Hy-
drocerussite also lacks on the Angouran non-sulphide zinc deposit (Iran), which was shown by
studies by DALIRAN & BORG (2004). Non-sulphide zinc deposits of the United States from HEYL &
BozIoN (1963), and HEYL (1963 AND 1964), from Sardinia from BONI ET AL (2003) and investigations
of KARNER (2003) and BOLAND ET AL. (2003) at Shaimerden/Kazakstan, of REYNOLDS ET AL (2003) at
Mae Sod, and MULLER (1972) at Beltana are other examples of similar rare occurrence of hydroce-
russite.

The scarcity of hydrocerussite can be explained by its stability parameters and the formation of
hydrocerussite can be described as an equilibrium reaction as shown in reaction R23:

3PbCO, + H,0 <> Pb,(OH),(CO,), + CO, Re3

(MERCY ET AL., 1998)

The formula and thermodynamic/geochemical analysis indicate that the formation of hydrocerussite
is highly dependent on the partial pressure Pco, and the temperature. ESSINGTON ET AL (2004)
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show, that the formation of hydrocerussite is favoured at P.,, equal or less than the atmospheric
Pe2 at 25 °C. Partial pressures of CO, above the atmospheric level of approximately 10" kPa
lead to the precipitation of cerussite instead of hydrocerussite.

The lack of hydrocerussite in all examined carbonate hosted non-sulphide zinc deposits might be
due to the relatively high Pcop, which is equal or higher than the atmospheric Pco, and the relatively
low temperatures of the groundwater and in the host rock. Thus, the conditions, which are neces-
sary for the formation of hydrocerussite, have not - or only very locally been reached.

556 Climatic effects

Acidic waters in carbonate host rocks, as a result of oxygen path oxidation with water-dissolved
oxygen, are uncommon. In most cases, the concentration of dissolved oxygen in groundwater is
insufficient to produce acidity greater than the alkalinity of the groundwater (DREVER, 1997). Thus,
for an effective and fast oxidation, additional O, has to be introduced into the system, e.g. via faults
and the drainage effects of karstification. Beside the geochemical parameters of the host rock such
as limestone and dolomite, climatic and morphologic effects are other important factors for an ef-
fective oxidation process and the formation of supergene non-sulphide zinc deposits. These factors
will be discussed for several scenarios below.

Climatic influence to geochemical systems and oxidation processes

The oxidation of sulphide ore bodies occurs usually in a ‘near surface’ environment. Water is read-
ily available, as well as oxygen, nitrogen, carbon dioxide, and biological activities can also occur
within this zone.

At a first stage, the meteoric water with no significant concentrations of metal ions is in equilibrium
with the atmosphere. The gasses O, and CO, dissolve, depending on the temperature and on their
related partial pressure P, and Pco,. Although other gasses are available in the atmosphere and in
equilibrium with the meteoric water, gasses other than O, and CO, are not important for the geo-
chemical behaviour of water during the oxidation of sulphides and the precipitation of non-sulphide
minerals and are thus not included in the present geochemical models.

Biological activity is a possible source for disequilibrium of soil and host rock pores with the atmos-
phere. An example might be the relatively high partial pressure of CO, within soil horizons of humid
climates (SCHEFFER & SCHACHTSCHABEL, 2002). The Pco, within soils is variable, significantly ele-
vated and not in equilibrium with the atmospheric CO, partial pressure. Thus, the Pco, of deeper
levels of the host rock is often significantly elevated compared to the atmosphere and has to be
included in geochemical models.

Above the groundwater table, the downward percolating rainwater interacts with the atmosphere as
well as with soil and regolith before the meteoric water reaches and oxidises the sulphide ore. The
chemistry of the water changes dramatically during this interaction and this modification plays an
important role for further oxidation, dissolution, and transport processes. There are at least two
different systems, in which water can be in equilibrium: i) equilibrium with atmospheric CO, and
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carbonates and ii) equilibrium with atmospheric CO, and elevated P¢o, of soils and carbonates of
the host rock. These hydraulic systems can be described either as ‘closed’ or ‘open’ systems.

Within an ‘open’ system, water is able to equilibrate continuously with the atmosphere. Highly po-
rous rocks and under-saturated conditions provide these ‘open’ conditions to seepage water and
descending fluids.

A predominantly ‘closed’ system is characterised by minute fissures and pores, filled with capillary
water. The exchange of gasses is inhibited and, consequently, the system is not atmosphere-
equilibrated. The Pco, within the water is able to drop down to zero and pH increase rapidly or P¢co;
may increase due to regional e.g. microbiological induced disequilibria.

These ‘open’ and ‘closed’ systems can be modelled by PHREEQC. Especially two drastically dif-
ferent scenarios are interesting to look at and these are either humid or arid climates.

¢ A humid climate is characterised by thick soil cover of the bedrock with biological
activity supported by high annual precipitations of >500 mm. Thus, the soils show
a highly increased Pco, due to (micro-) biological activities. The seepage rates are
high and the groundwater level is generally higher than in arid influenced regions.

¢ An (hyper-) arid climate shows generally low biological activities and is character-
ised by a low mean annual precipitation between 0-50 mm (hyper arid) or 50-200
mm (arid) (LLoYD, 1986). Therefore, the biological activity within the soil is rather
limited compared to humid conditions. As a result of these limited biological proc-
esses, the Pco, of such soils is nearly equal to that of the atmosphere.

Humid climate, ‘open’ system:

In a region with soil covered limestone and carbonate rocks, water that infiltrates through the soil
approaches saturation with dissolved carbonates while still in contact with abundant CO,. This
reaction consumes CO, especially during contact with and dissolution of calcite from carbonate
host rocks. The consumed gasses will be rapidly replenished by CO, from the overlying soil and/or
atmosphere (PALMER & PALMER, 1995). This process stabilises the pH and leads to slightly in-
creased pH-values. The pore water is characterised by relatively high CO, and low O, concentra-
tions.

Humid climate, ‘closed’ system:

The first equilibrium reactions of the meteoric water within the closed system are similar to the
open system. The water is in equilibrium with the atmosphere and the raised partial pressure of
CO, of the soil. However, in contrast to the open system, here the dissolution of calcite/dolomite
consumes most of the dissolved CO,. Due to the lack of atmospheric CO, within the small fissures
and the water-filled pores, the pH value increases drastically. The pore water is characterised by
low CO; and O, concentrations (APPELO & POSTMA, 2005).
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Arid climate, ‘open’ system:

An arid climate is characterised by low rates of precipitation (rainfall) and only subordinate biologi-
cal activities within soils and associated with Pco, and Pg, values similar to those of the atmos-
phere. The meteoric fluids are in equilibrium with the atmosphere. The pH is slightly increased and
the fluids are relatively rich in dissolved O,.

Arid climate, ‘closed’ system:

Similar to a “closed” system in a humid environment, the pH increases due to the dissolution proc-
ess of calcite. However, in contrast to the humid climate, the concentrations of O, in water are
higher, due to the lack of O,-consuming organisms within the soil.

It is important to note, that the climate as well as the local geology (fragmentation, karstification) of
the carbonate host rocks influence the O, and CO, concentrations of the descendent fluids, and
thus, influence the pH and the ability of the fluid to dissolve the carbonate host rock. Calculations
with PHREEQC have shown that arid environments provide best conditions for the oxygen-driven
oxidation of sulphide ores (Tab. 20). The oxidation by Fe(lll) is not included here, since Fe(lll) itself
is provided by oxygen and affects the oxidation process only on a regional scale. In arid environ-
ments, the dissolved O, reaches its maximum concentration, compared to other climates, and will
not be consumed by biological activities within soils. The moderate to low rates of meteoric precipi-
tation results in slow velocities of the seepage water and optimal conditions for equilibration with
both the atmosphere and the host rocks. The groundwater table of arid climates is commonly low.
This will lead to an opening of the water-filled pores and joints after an individual rainfall event and
will thus provide an inward flow of gasses (O,, CO,) to any available sulphide ore body. This sys-
tem will commonly change to a highly permeable system due to (karstic) dissolution processes of
the carbonate host rock. Such a drained system allows continuous O, diffusion from the surface
into the ore-bearing zones within the (water-) unsaturated zone. In this case, the oxidation rate of
the sulphides is less limited by the O, concentration within the water but rather by the thickness of
the overlying unsaturated zone. The possible depth of oxidation tends to deeper regions compared
with oxidation processes, which are influenced by a humid climate. This is in agreement with ob-
servations of HEYL & BOzION (1962). The resulting sulphate and metal concentration within the flu-
ids would be highly increased (APPELO & POSTMA, 2005) and pH decreases according to the gen-
eration of sulphuric acid.
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Fig. 109: Several stages of equilibrium reactions of descent fluids/seepage water in contact with silicates
and/or carbonates. (modified after PALMER & PALMER, 1995)

(1): Equilibrium reaction with atmospheric O, and CO; (2): Water infiltrates the soil and reaches equilibrium
with the CO, partial pressure of the soil. The pH value decreases, HCO3™ and C032' concentration increases
due to the dissolved COs.. (3/4): Seepage water becomes isolated from soil, SiO; dissolves. The value of pH
increases due to intercalated carbonates and solubility of SiO, increases significant. (5): P(CO_) decreases
to 0 due to the ‘closed’ system, the high amount of carbonates, pH increases. (6): Pcoz increases due to the
equilibrium reaction with CO, rich atmosphere in (karstic) spaces within the carbonate host rock, pH de-
creases and solubility increases due to the low pH and the high availability of CO..

Due to the limited availability of water in arid and hyper-arid climates, the fluids, which have been
generated during the oxidation process, would be highly enriched in zinc and other metals. These
high metal concentrations support an effective precipitation of non-sulphide base metal minerals.
The low velocity seepage rates would generate aqueous solutions with high metal concentrations,
the residence time of the fluid is relatively long and the oxidation process is more complete due to
the mixed sources of oxygen: water-dissolved oxygen and oxygen, which has been provided by
diffusion processes within the joints and pores of the host rock. These high element concentrations
support an effective precipitation process within the carbonate host rock. Thus, an arid or semi-arid
climate provides best conditions for the (slow, but effective) oxidation of a sulphide ore and also
provides the best conditions for the preservation of a non-sulphide ore-body.
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Tab. 20: Result of geochemical simulations with PHREEQC code. Seepage water has been modelled for
different climates to simulate the capability to dissolve CO2/O, and the ability of those waters to dissolve
carbonates and SiO,. Due to their different solubility, SiO; is divided into crystalline quartz and amorphous
SiO,. Simulations have shown that arid conditions provide the best environment for an effective oxidation of
sulphide ores by dissolved O, and provide additional SiO; for the formation of zinc-silicates. Especially
amorphous SiO; achieves high concentrations in aqueous solutions.

Arid climate with

amorphous
Sio,

closed open
LOg Pcoz atm -15 '15
Log Pco:
soil -1.5 -1.5
LOg Poz
atm. 1.7 1.7
pH 9.03 8.2
PE 11.5 12.3
Total [SiO;]  2.0.10° 1.8.10°
[Ca®] 14.10* 4.9.10™
[02] 2.7.10* 2.6.10"

Arid climate with

Humid climate with,
soil coverage, amor-

Humid climate with, soil

quartz-Sio, phous SiO, coverage, quartz-SiO,
closed open closed open closed open
1.5 15 15 15 1.5 1.5
1.5 1.5 0.5 0.5 0.5 1
1.7 1.7 1 1 1
9.66 8.3 7.6 6.9 7.6 7
10.9 12.3 12.8 13.5 12.9 13.6
1.4.10* 96.10° 1.8410° 1.8.10° 94.10° 94.10°
1.4-.-10* 4.8.10% 1.0.-10° 24.10° 1.0-10° 24.10%
2.5.10* 25.10* 13.10* 1.3.10* 1.3.10* 1.3.10*

concentrations [mol/l], Log P in [kPa]

fields of high/optimum concentrations of the specific element shown in grey

Climate change influenced Iran through the times and thus was one of the driving forces for chang-
ing mineral stabilities (Tab. 21). Especially the stability of hemimorphite is dependent on the Pco;
(e.g. as a result of biological processes) and thus indirectely influenced by temperatures and rain-

fall.

Tab. 21: . A provisional chronology of Quaternary climate in the southwest-
ern part of the Arabian region. (after SADIQ & NASIR (2002)

Epoch Date in years Climate

Holocene 0-700 Hyperarid
700-5,500 Slightly moist
5,500-6,000 Hyperarid
6,000-10,000 Wet (pluvial)

Late Pleistocene 10,000-17,000 Hyperarid
17,000-36,000 Wet (pluvial)
36,000-70,000 Arid
70,000-270,000 Moist
270,000-325,000 Arid

Middle Pleistocene 325,000-560,000 Wet
560,000-700,000 Arid

Early Pleistocene

700,000-2,500,000

Wet humid (pluvial)
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55.7 Numerical simulation of precipitation processes within a carbonate host rock

The aqueous solution, on which the computer model is based upon, represents a hypothetical
acidic fluid, which was formed during the oxidation process of a primary pyrite-galena-sphalerite-
bearing sulphide ore (see Methods section). The resulting theoretical initial solution has been al-
lowed to equilibrate under different geochemical conditions with respect to Pco, and host rock
composition (dolomite-calcite).

Scenario A: Low P, and limestone host rock (limestone or marble)

The scenario A simulates the reaction of a near-surface aqueous solution, which is in equilibrium
with the atmospheric Pco, (log Pcoz= -1.5 kPa), and which migrates from the oxidation zone
through reactive limestone. The following assumptions have been made for this simulation: An
initial solution (as described in Tab. 4) reacts with limestone (99% CaCO; and 1% CaMg(COs;),).
This geochemical system continuously equilibrates with the atmospheric Pcos.

The first and most important reaction within the highly acidic environment is the precipitation of
anglesite (Fig. 110). All simulations (scenario A and scenario B) show a rapid and immediate pre-
cipitation of anglesite. Thus, after the first equilibrium reaction, the activity of Pb?* within the aque-
ous solution never reaches the initial value of 2.8:102 mol'I" (loga_Pb** = -1.5 mol‘I") but de-
creases to approximately Ioga_Pb2+ = -5.5 molI"". This effect is due to the precipitation of anglesite,
which is nearly insoluble under the influence of the high activity of sulphate ions (Fig. 110). The
immediate precipitation of anglesite and the associated process of lead-immobilisation have been
discussed in detail above. Zinc, in contrast, remains dissolved under these acidic conditions with its
initial activity of a_zZn®* = 3.8:10"" mol-I"" (loga_Zn*" = -0.42 mol-I"" ). These results prove and sup-
port the assumptions of a highly different mobility of zinc and lead. Lead remains immobile within
the oxidation zone, whereas zinc becomes mobile due to the oxidation of the sulphide minerals and
migrates to levels that are more distal. The continuous neutralisation reaction leads to the precipita-
tion of gypsum, which decreases the activity of sulphate ions (Fig. 110).

The pH of the initial solution increases up to pH= 6.4. At this pH willemite becomes stable and pre-
cipitates up to pH= 7.71 at which point the final equilibrium of the aqueous solution with the lime-
stone is reached. The amount of willemite, which primarily precipitates at this stage of the non-
sulphide ore formation, is very low due to the low solubility and thus low availability of silica in wa-
ter. Thus, the precipitation of willemite shows no visible effect on the activity of zn*.

Hydrozincite becomes stable at pH= 6.4 according to the saturation index of this mineral and pre-
cipitates within the pH-range from pH= 6.4 to pH= 7.7. This precipitation consumes most of the
dissolved zinc. Within this pH-range, the activity of zinc decreases from initial Ioga_Zn2+ =-1.6
mol-I" down to Ioga_Zn2+ = -5.9 mol-I"". The saturation index of smithsonite never reaches the nec-
essary saturation (Si_smithsonite = 0) to precipitate this zinc carbonate. Thus, smithsonite is not
stable and does not form under these conditions. As described above, smithsonite is associated
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with high values of approximately log_Pco, = 0.5 kPa, which is not given here. Cerussite becomes
stable at pH 7.2 and its formation decreases the activity of Pb? ions down to Ioga_Pb2+ = -6.6
molI" at the end of the neutralisation. The final composition of the aqueous solution is given in the
following table (Tab. 22):

saturation index

log a [mol/1]

Tab. 22: Hypothetic composition of an initial- and final solution according to geochemical modelling
of scenario A.

initial final initial final
pH 1 6.7 Fe 1.7 10 mol-" 1.210" mol-I"
pe 4 12.9 Zn 2.4102 mol-I" 1.1-10"® molI”
Temperature 25 °C 25 Pb 1.6-10° mol-I” 2.7-107 mol-I"
Log Pcoz -1.5kPa -1.5kPa S0  0.14 molI” 1.210% mol-I"
ca® 0.0 mol-I" 16102 mol"  Mg* 0.0 moll” 1.2:10° mol-I"
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Fig. 110: Activities and saturation indices of a continuous pH dependent fluid evolution, produced by applica-
tion of the PHREEAC program. The solution is in equilibrium with atmospheric CO- (log_Pco2 = -1.5 kPa).
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Scenario B: High P¢o; and limestone host rock (limestone or marble)

The initial conditions for the aqueous solution and the mineralogy of the host rock of the second
model are identical to those from ‘Scenario A’. However, in contrast to ‘Scenario A’, the Pco» is
assumed to be relatively high at log Pco, = 0.5 kPa, which can be reached e.g. due to biological
activity or caused by the neutralisation reaction of acidic solutions with the carbonate host rock or
easily due to CO, degassing due to neutralisation processes.

The modelling of the neutralisation process (Fig. 111 and Tab. 23) and the behaviour of anglesite
precipitation are similar to ‘Scenario A’. Most of the lead precipitates as anglesite because of the
first equilibrium reaction. Concentration of sulphate ions is relatively low, due to the precipitation of
anglesite and gypsum. Zinc is soluble and remains within the aqueous solution. Smithsonite
reaches the saturation index Si_smithsonite= 0 at pH 6and precipitates. Hydrozincite gets close to
saturation, but does not reach this point and does not precipitate. The precipitation of smithsonite
occurs within the pH range of pH= 6 up to pH= 6.7, but most quantity of smithsonite precipitated
between pH 6 and 6.4. After precipitation of smithsonite, the final concentration of dissolved zinc
has been decreased from initial logaz,= -1.6 mol-I"" to final logaz,= -3.95 mol-I"". Cerussite is stable,
according to the raised Pco, and thus precipitation of cerussite starts at pH=6.2. The stability of
cerussite and its precipitation leads to a final activity of lead of logap,= -6.7 mol-I”.

Tab. 23: Hypothetical composition of an initial- and a final solution, according to geochemical model-
ling of scenario B.

initial final initial final
pH 1 6.7 Fe 1.7 -10”° mol-I”! 1.6:10™"? mol-"
pe 4 13.9 Zn 2.4-10 mol-I" 1.1-10™ mol-I”
Temperature 25 °C 25 Pb 1.6-10° molI” 2.2:107 mol-I"
Log Pcoz 0.5 kPa 0.5 kPa S0 0.14 moll” 1.6102 mol-I”
ca® 0.0 mol-I” 165102 molI”  Mg* 0.0 molI” 1.310°% mol-I"

Most of the zinc (85%) precipitated as smithsonite within the pH interval pH 6.0 to 6.3 and only
traces of willemite precipitated due to the low concentration of SiO, within the solution.

The result of this model is close to the observations from different non-sulphide zinc deposits.
Smithsonite is proposed to be the main first-stage zinc-mineral during the oxidation stage (associ-
ated with logPc0,>0.5 kPa) and only subordinate amounts of zinc silicates are expected at this
stage. Cerussite occurs, but only in traces due to its immobile behaviour within the oxidation zone
and the low concentration within the initial solution. Anglesite should not precipitate outside the
oxidation zone, since cerussite is more stable under the higher pH-Pco, conditions.
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Fig. 111: Activities and saturation indices of a continuous pH dependent fluid evolution, produced by appli-
cation of the PHREEAC program. The solution is in equilibrium with atmospheric CO; (log_Pcoz2 = 0.5 kPa).

The case scenario of an arid climate with limited soil coverage and low quantities of meteoric water
should be discussed here in detail. These conditions suit the examinated Iranian non-sulphide zinc
deposits and should be applicable to similar deposits. The most important processes for the sul-
phide oxidation, metal separation, and mineral precipitation can be summarised as followed.

Stage-I: oxidation stage

The oxidation of pyrite occurs in a surface near position. Carbon dioxide as well as oxygen pene-
trate and migrate through the soil and the host rock pores and spaces (Fig. 112) to the sulphide
ore. Oxygen is partly consumed by organisms. The organic metabolism reduces the Pg, and in-
creases the Pco,. The oxygen reaches the sulphide ore and reacts with the pyrite and other sul-
phides. The products of this oxidation influence the geochemical behaviour of the oxidation system
in several important ways: The gypsum- and hydrous ferric oxide armoured carbonates of the host
rock are inhibited from a fast neutralisation reaction with the acidic solution and this establishes
and stabilises an acidic low pH within the oxidation zone and the adjacent strata in spite of the car-
bonate host rock, which usually provides high capabilities to neutralise acidic solutions.

The hydrous ferric oxides are characterised by a high surface area, which is capable to adsorb
metal ions (Ca**, Pb*, Zn**, Mg®*, and other ions). This sorption process is highly pH-dependent.
The pH values within the oxidation zone triggers the ability of HFO to adsorb zinc from the aqueous
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solution. However, the zinc concentration of the aqueous solution is still high in contrast to lead,
which has been removed from solution due to both processes the precipitation of anglesite and the
adsorption to HFO. It can be assumed that up to 40% of the initial dissolved zinc is adsorbed onto
HFO and 60 % leaves the oxidation zone and migrates into adjacent/deeper areas. Lead in con-
trast remains within the oxidation zone and only 1% is able to escape from the oxidation zone.

The neutralisation of the sulphuric acid with the carbonates of the host rock lead to the forma-
tion/liberation/degassing of CO,, which equilibrates with the open pores, that increases the local
Pcoz. Part of the CO, remains dissolved within the aqueous solution and is transported into adja-
cent areas. Subsequent degassing forms a CO,-rich ‘halo’, which surrounds the oxidation zone and
furthermore the local adjacent area. These high Pco. levels indicate the lacking equilibrium with
atmospheric CO, and should only be stable as long the oxidation (and neutralisation) process is
active.

Smithsonite and/or hydrozincite start to precipitate at deeper levels, due to a progressing neutrali-
sation and increasing pH-values of the migrating aqueous solution. Since the oxidation-stage is
associated with a highly elevated Pcq, the formation of the high-Pco, zinc carbonate smithsonite
predominates over the precipitation of the low-P¢o, zinc carbonate hydrozincite. The ‘stage-I smith-
sonite’ precipitates as massive botryoidal layers (e.g. at Angouran; GILG ET AL. 2003; BORG ET AL.,
IN PREP.) or as a fine crystalline matrix of carbonate (karst-) breccia clasts of the limestone/dolomite
host rock. Minor amounts of zinc precipitate as ‘stage-l zinc-silicates’, such as hemimorphite or
willemite. The amount of zinc-silicate precipitation is limited by the low SiO, concentration within
the aqueous solution. Lead precipitates in small quantities as anglesite and/or cerussite according
to its low concentration.

In an exclusively carbonate-dominated environment, zinc precipitates as smithsonite or as hy-
drozincite. The stability and the occurrence of these zinc carbonates are dependent on the partial
pressure of CO,. Hydrozincite precipitates at relatively low Pco,, which indicates in most cases
equilibrium of the aqueous solutions and the pore space with the atmosphere and the atmospheric
Pco2 - typical for the unsaturated zones as a near-surface precipitation.

Stage-ll: post oxidation stage

The post-oxidation stage starts with a change of the entire geochemical system (Fig. 113). At this
stage, the sulphide ore has been completely oxidised and/or occurs as a small remnant. The gen-
eration of acidic fluids stops and the neutralisation process ends at this stage. The consequence of
these changes is a successive lowering of the sulphuric acid-derived sulphate ion concentration.
The solubility of sulphates, such as gypsum and anglesite increases with these lowering concentra-
tions due to Le Chatelier’s Principle (MORTIMER, 1987). Gypsum starts to dissolve and is removed
over time and anglesite starts to dissolve as well. The increasing pH value favours the precipitation
of cerussite instead of anglesite, thus anglesite becomes unstable an dissolves or is replaced with
cerussite. The liberation of Pb leads to the formation of late-stage cerussite crystals within fractures
and open spaces, which were form during this post oxidation stage and are common at MOB of
Mehdi Abad and Irankuh - Kolahdarvazeh Mine.

Zinc carbonate minerals become stable within the former oxidation zone since the pH value has
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risen to neutral and alkaline conditions. Under these conditions zinc is immobile an will remain at
this Fe-rich zone and here forms secondary zinc minerals such as hydrozincite, smithsonite and
zinc-silicates.

Now the Pco, is changed now back to ‘normal’ conditions, which are equilibrium-near with the at-
mosphere. The low Pco, changes the stability of the zinc carbonate minerals. Thus, smithsonite
becomes unstable, whereas hydrozincite reaches its stability. At this point, the stage-I hydrozincite
starts to replace the stage-lI smithsonite. Additionally, hydrozincite starts to precipitate within the
former oxidation zone.

In most cases, the formation of large quantities of zinc silicates (hemimorphite/willemite) is not as-
sociated with the oxidation stage of sulphide ores. As long as the oxidation process is still active,
only subordinate amounts of zinc silicates (willemite, hemimorphite) will precipitate. In most cases,
the formation of zinc silicates becomes an important process at the post-oxidation stage. Zinc sili-
cates, such as hemimorphite or willemite precipitate in open spaces and pores and are commonly
intimately associated with the red- or white zinc ore (smithsonite/hydrozincite). Hemimorphite is
common in systems, which are able to provide sufficient concentrations of silica. The successive
contact with SiO,-bearing descending fluids leads to the formation of zinc silicates over the time.
The amount of hemimorphite within the examinated deposits seems to correlate with the availability
of SiO,. Thus, the MOB, which contains chert-rich limestone, shows high amounts of late-stage
hemimorphite, whereas hemimorphite is less common at Irankuh, since the SiO, content within
host rock and the overlying strata is much lower.

The stage | and stage Il processes should result in a non-sulphide zinc deposit with an ideal zona-
tion pattern of two spatially separated and geochemically different types of zinc ore: the ‘red zinc
ore’ (within the former oxidation zone) and the ‘white zinc ore’.
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Fig. 112: Stage-I: Oxidation. (A): Descendent fluids (rain fall) partly penetrate an organic cover/soil. This proc-
ess is associated with the partial loss of dissolved oxygen (HERBERT, 1999) and the increase of the CO, partial
pressure Pcoz. This water reaches the sulphide ore. (B): The sulphide ore is in contact with atmospheric O»
and CO; due to diffusion of these gasses. The sulphide ore is oxidised and this process is associated with
acidic pH values, the release of sulphuric acid, and the precipitation of hydrous ferric oxides. The ph is low
(<4). (C): The reaction of sulphuric acid with the adjacent carbonate host rock forms a CaSOs - and Fe-
oxihydroxide-barrier, which inhibits the carbonate from further neutralisation reactions. This process stabilises
the low pH of the oxidation zone. Lead precipitates as anglesite and is partly adsorbed from aqueous solution
onto ferric hydrous oxides, whereas Zn*" ions remain mobile and migrate into deeper levels. The pH is still
acidic and increases moderately due to the CaSO4 coating of the carbonates. (D): The pH increases, zinc
silicates, such as hemimorphite will precipitate. However, due to low SiO, concentrations, the amount of zinc
silicates is very low. Smithsonite, and/or hydrozincite start to precipitate at higher pH values as a cement of
the carbonate breccia fragments. Only minor amounts of cerussite and other Pb-minerals precipitate, due to

low Pb concentrations of the aqueous solution.
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Fig. 113: Stage-ll: (A): Descendent fluids (rain fall) partly penetrate an organic cover. This water reaches the
former oxidation zone. (B): Most part of the sulphide ore is oxidised by now. Pco> is relatively low, compared
with stage-1 and is in equilibrium with the atmosphere. The pH within the former oxidation zone has changed
to neutral or alkaline conditions. No or only minor amounts of galena are present, rimmed by an anglesite
coating. Anglesite is replaced by cerussite due to changed Pco2. Zinc precipitates as hydrozincite. Smithsonite

will precipitate only if the Pcoz is high enough, probably due to microbiological metabolism. (C): The gypsum

armoring of stage-l dissolves and is washed out of the system. The higher pH-values support the solubility of

SiO2 and zinc-silicates start to precipitate successively. The mobility of Fe, Zn and Pb is low, which limits their

quantitative transport. (D): Due to the lack of CO2 generating reactions the PCO2 decreases and smithsonite
becomes unstable and is replaced by hydrozincite.
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5.6 Interpretation of the Mehdi Abad deposit

Mountain Ore Body of Mehdi Abad

No clear indications for the sulphide protor of the MOB have been identified, which might be due to
the thorough oxidation, folding, and faulting of the strata and solution collapse. The non-sulphide
mineralising and ore-modifying processes at the MOB of Mehdi Abad appear to be relatively young
or have continued until relatively recently. Mineralised breccias of tectonic and solution collapse
origin document the earlier stages of the non-sulphide mineralisation. Locally, the open, partly min-
eralised pore-, fracture-, and breccia-spaces contain extremely delicate dissolution textures and
euhedral supergene non-sulphide zinc minerals without any deformation by folding or gravitational
compaction. The processes of ore formation, partial dissolution, and re-precipitation have only
been terminated and ‘mummified’ by the current arid to hyper-arid climate.

The ore occurs in a carbonatic host-rock, which consist of limestone or dolomitc limestone. Most of
the fault-breccias show a high content of zinc and lead within the matrix of the breccia, whereas the
wallrock shows relatively low concentration of base metals. All examined and sampled adits show a
high content of hemimorphite. This appears rather surprising, because of the carbonate dominated
environment and the carbonatic host-rock. However, the high content of hemimorphite implies a
source for the silicate, which is productive enough to deliver this quantity. Two sources of SiO, are

capable to deliver these quantities. One possible source for the silicate may be the chert-bearing

members of the Abkou Formation (K*"', K*'*), which hosts the non-sulphide ore of the MOB. An-

other source is probably the strata of the Sangestan Fm., which are (a) underlying the Abkouh and
Taft Formation and (b) are lateral located to the southwest of the Black-Hill Fault. The Sangestan
Formation consists, among others, of fine-grained quartzitic-feldspatic sandstones, and sandy
shales. The origin of the silica from the Sangestan Formation might imply ascendant or lateral fluid
systems. This fluid-transport is possible by using the faults as pathways for the ascending fluids.
However, the chert-bearing member of the Abkou Formation is the favoured and more probable
source of the silica. As shown above, the chert is able to interact easily with the descending mete-
oric fluids. It is presumed that the precipitation of hemimorphite is a long lasting process, due to low
SiO, concentrations within aqueous solutions. Thus, the formation of hemimorphite is supposed to
occur successively after the oxidation stage of the sulphide ore, as a result of dissolution and cor-
rosion processes of hydrozincite and smithsonite and the re-precipitation as hemimorphite.

The following stages are suggested, to be important for the formation of the non-sulphide zinc ore
of the MOB:

At the first stage (oxidation stage), Fe-oxihydroxides, zinc- (hydro-) carbonates (hydrozincite,
smithsonite) and minor amounts of hemimorphite precipitated and two distinct and spatial sepa-
rated ore types have been formed due to metal mobilisation- and separation processes : the red
zinc ore and the white zinc ore. The P¢o, at this stage was relatively high, due to the oxidation of
pyrite and the subsequent neutralisation reaction with the carbonate host rock. Thus, the non-
sulphide zinc ore was smithsonite dominated. The red zinc ore was formed, which mainly consisted
of smithsonite, goethite (and other Fe-oxihydroxides), hemimorphite and Pb-bearing minerals. The
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white zinc ore has been formed distal to the red zinc ore trapped in karst collapse breccias and
within pores and open spaces of the host rock. At this stage, the white zinc ore was also smithso-
nite dominated, due to a proposed halo effect of a high P¢o,.

At a second stage (post oxidation stage), the generation of CO, has stopped and smithsonite
became unstable and was replaced by hydrozincite due to lower Pgo,. The lowered Pco; initiated
also the alteration of the hemimorphite. Early-stage related hemimorphite became unstable at this
point and was partly replaced by hydrozincite.

The third stage has led to the cessation of the hemimorphite dissolution/alteration. The stability-
field changed again in favour of hemimorphite. The climate changed to the present arid to hyper-
arid climate, and hemimorphite became more stable again and euhedral hemimorphite-1l precipi-
tated within fractures and open spaces, locally overgrowing the earlier mineral phases. This proc-
ess is apparently still active

The reasons for the changing mineral stabilities are presumably a change of pH and Pco,; as an
immediate result of the ending of the oxidation and acid/CO, generating process. Pco, and pH
changes are additionally a result of a changed climate, which might have been led to a rise in Pcog,
possibly due to microbial CO, production within the soil profile and groundwater of the palaeo-
weathering surface under a more humid climate (REICHERT & BORG, 2004).

Valley Ore Body of Mehdi Abad

The geochemical evolution of the VOB is completely different from the MOB. At least three different
stages of (tectonic or collapse) displacement and mineralisation can be interpreted.

The first stage, which has influenced the strata of Taft Formation, is characterised by paleo-karst
and partly collapse of the limestone of the Taft Formation.

A second phase is associated with the dolomitisation of the carbonate rock. This dolomitisation is
probably genetically linked with the emplacement of the sulphide ore and barite. The sulphide ore
occurs as a filling of fractures and as cement of the carbonate/dolomite breccia. However, the sul-
phide ore itself occurs regionally limited as breccia fragments, cemented by sulphide ore. The syn-
mineralising brecciation is possibly due to the dolomitisation of the carbonate host rock. A dolomiti-
sation of a limestone is commonly associated with a decrease of volume (WEYL, 1960) (approxi-
mately 13 vol. %). This volume reduction has led to regional collapse processes and an increased
permeability. This collapse has involved both: dolomite as well as the sulphide ore. The results are
angular sulphide clasts at the VOB sulphide ore. The sulphide mineralisation was associated with
the dolomitisation process, resulted in a subsequent (partial) collapse of dolomite and sulphide ore
and cementation with new sulphides. The occurrences of deformed and broken barite crystals sup-
port the thesis of dolomite collapse and are most likely due to one single event, which has affected
the entire region of Mehdi Abad. This hypothesis is based on a constant Ba-Sr ratio in all analysed
samples of VOB and MOB, whereas different barite mineralising events should be distinguishable
by different Ba-Sr ratios. Barite occurs as mm- to cm-sized crystals within the breccia as well as
massive barite (Black Hill). This barite is common within the (sulphide and non-sulphide) ore-
bearing strata of the VOB as well as in strata of the non-sulphide ore-bearing MOB. This barite
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mineralisation is

The third Phase started with the oxidation of the sulphide protore. In contrast to the MOB the oxi-
dation process of the VOB is still active and is actually limited to the upper sulphide zone of the
VOB. The most portion of the non-sulphide zone overlies the sulphides of the VOB.

The metallogenetic source for both sulphides the (thoroughly oxidised) sulphide protore of the MOB
and the sulphides of the VOB is not solved. One can assume a separate sulphide mineralising
phase that has probably delivered Zn- and Pb-rich (hydrothermal) fluids for the protore of the MOB
or has overprinted the geochemically parameters (such as As, Cd, Tl content) of the MOB. This
would explain the geochemically different behaviour of the MOB with regard to the VOB. Another
possible mechanism to achieve these geochemical differences is a possible lateral-separated posi-
tion during the emplacement of the sulphide protore. Thus, the different REE pattern and the Ele-
ment fingerprint were generated as a function of the proximity to the vent. A subsequent thrusting
and stacking after the sulphide ore emplacement has finally resulted in the present vicinity of the
MOB and VOB.

5.7 The interpretation of the Kolahdarvazeh mine data

Non-sulphide zinc-(lead-) mineralisation of the Kolahdarvazeh mine occurs predominantely as ce-
ment of a dolomite breccia. This feature is similar to the Mehdi Abad deposit. However, the geo-
chemical evolution is completely different compared to the MOB and the VOB of Mehdi Abad and
represents a special case in non-sulphide ore formation. The main difference between the Ko-
lahdarvazeh mine and Mehdi Abad is the low amount of Fe sulphides within the sulphide protor of
the Koladahrvazeh mine. This fact results in a completely different geochemical behaviour of the
oxidising sulphide ore. The potential of such a low-Fe sulphide ore to generate sulphuric acid is
highly limited. Only small quantities of sulphuric acid were generated during the oxidation stage.
This low acidity would have led to a nearly immediate neutralisation with a limited armouring effect
due to the low quantity of precipitated gypsum. Furthermore, the low amount of Fe-oxihydroxides
should also not have played a significant role for the metal separation process. Thus, the main
portion of the non-sulphide ore is assumed to be formed as an in situ direct replacement of the
sulphide ore. The geochemical analyses of the Kolahdarvazeh mine support this theory. Especially
the REE pattern as well as the composition of the sulphide ore compared to the non-sulphide ore
shows no signs of separation processes of mobile zinc from immobile Fe (Pb). The non-sulphide
ore in fact shows nearly the same element composition compared to the sulphide protor. The lack
of acidity and the lacking liberation of COs> ions from neutralisation reactions has been balanced
by the incorporation of supergene (meteoric) delivered carbonate ions. This is reflected by rela-
tively low 5'°C values compared to Mehdi Abad. The low §"°C values of the non-sulphide zinc ore
of the Kolahdarvazeh mine suggest an important role of organic and meteoric CO,.

The formation of non-sulphide mineralised dolomite breccias in the proximity of the Kolahdarvazeh
fault is the result of a long lasting and successive dissolution process of the primary non-sulphide
ore and reprecipitation nearby the Kolahdarvazeh fault. The karstification and the zinc-enrichment
of the dolomite host rock have been accompanied by numerous faults and fractures. Additionally
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the bedding of the dolomite and limestone dips towards the Kolahdarvazeh Fault. The partition of
the bedding plains and the related fractures could have been additionally used for karst processes
and as conduits by the Zn-(Pb-) bearing fluids. Black shales limit the deposit to the south at the
contact of the Kolahdarvazeh fault and also underly the ore bearing dolomite strata. The shales
might have acted as an impermeable and insoluble barrier for the ore-delivering fluids and the
ground water system. This hydraulic barrier stopped the fluid flow and led to the ‘ponding’ of the
fluids in front of the hydraulic barrier (Fig. 114).

The oxidation process of the sulphide protor is supposed to be relatively short, due to the highly
fractured dolomite and the exposed location at a flank of a mountain ridge. The oxygen reaches the
sulphides easily, and is not adsorbed by a deep soil horizon or hindered by a thick overlying (allu-
vial) cover. Thus, the following steps are proposed for the formation of the non-sulphide orebody of
the Kolahdarvezeh mine:

At a first stage the sulphide protor has been oxidised in a fast and effective way. The non-sulphide
ore has been formed as a result of a direct sulphide replacement. Only a small amount of zinc was
mobilised and precipitated distal from the sulphides as cement of collapse breccias.

The second stage is characterised by successive dissolution of the primary non-sulphide zinc
minerals according to their solubility. The mobilised zinc was transported with supergene, meteoric
driven fluids towards the Kolahdarvazeh fault. Here, a concentration process and the high surface
of a karst collapse breccia led to the reprecipitation of non-sulphide zinc minerals. However, a
white zinc ore is the dominating type at the Irankuh mining district.

SW A NE

Kolahdarvazeh 6 66 6
A

mine

Kolahdarvazeh

- Cretaceous Shales
- Jurassic Shales

<™ Groundwater Flow =" Nas# 7n- (Pb-) rich Fluid

Fig. 114: Schematic model of the fluid-flow processes, during the genesis of the Kolahdarvazeh deposit.
The impermeable and insoluble shales might have been acted as a barrier for supergene fluids, which
interacted with the sulphide-ore of the dolomite/limestone. The ore has been oxidised, zinc became
mobile and has been transported along fractures and faults towards the Kolahdarvazeh fault. This led to
the ponding of the fluids in front of the hydraulic barrier. The result was a highly effective karst- and non-
sulphide mineralising process.
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6 Conclusions

Although various non-sulphide zinc deposits worldwide differ in individual aspects, there are a num-
ber of common features and interpreted genetic mechanisms that are proposed to be more or less
always present during the oxidation and metal-separation process.

The oxidation process necessary to form a non-sulphide zinc deposit is triggered by numerous
factors of which the most important are: the climate, and the tectonic setting and the geometrical
position of the sulphide protore (Fig. 115). The efficiency of the precipitation apparently increases if
an aquitard or aquifuge is present and underlies the sulphide ore.

Efficiency of oxidation

High Low
Aride climate Humid climate
* thin soil coverage, low microbiological activity, * Thick soil coverage, high microbiological activity and
* high influx of O, into host rock * O, consumption, low influx of oxygen into host rock
* |ow meteoric precipitation « high meteoric precipitation,
e tendency of a low water table « tendency of high water table
s surface-near position of the sulphide-ore e deep position of the sulphide-ore
* presence of an underlying aquifuge

Fig. 115: Overview of parameters that influence descent both the oxidation of the sulphide protore and the
formation of a non-sulphide ore body.

A near-surface position and a (hyper-) arid environment particularly support the formation of high-
grade non-sulphide zinc ores, whereas a humid climate and a deep position of a sulphide protore
should normally reduce the effectiveness of the accumulation of non-sulphide zinc minerals. A tec-
tonically induced, rapid uplift process (DALIRAN & BORG, 2005) and the associated erosion process
of the overlaying strata is one of the most effective ways to move a sulphide ore to a surface-near
position. The suitable climate as well as crustal uplift and the resulting near-surface position are
main factors for the large number of well-developed and well-preserved Iranian non-sulphide zinc
deposits (DALIRAN & BORG, 2005). Most of the Iranian non-sulphide zinc deposits are typically influ-
enced by an arid- or hyper-arid climate.

Beside the climatic and geometrical aspects of the genesis of non-sulphide zinc deposits the local
stratigraphic sequence influences the metallogenetic process as well. Especially the occurrence of
an aquifuge seems to be important. The aquifuge acts in two possible ways:

1) The aquifuge and the related groundwater table support karst-processes e.g. as a result of water
mixing effects with different concentrations of CO,. This results in karst related breccias, which are
able to act as a voluminous trap with a highly reactive surface area derived from the breccia clasts.
These breccia filled cavities act as a geochemical trap for the dissolved zinc of the descent aque-
ous solutions and leads to the concentration of the zinc within a regional limited region and thus
prevents that zinc disperses over a wide range. These carbonate breccias with non-sulphide zinc
minerals as matrixes are a common type of non-sulphide zinc ore both in the examined Iranian
deposits and other examples worldwide.

2) An underlying aquitard or aquifuge focuses the fluids within well-defined and locally limited
strata. Common strata, which act as an aquitard, are shales, shaly limestone and other strata with
low permeability.
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The spatial position, the climate, and the lithostratigaphic setting provide the physical parameters
for the oxidation process. However, the geochemical processes and the resulting non-sulphide zinc
ore are highly dependent on the composition of the sulphide protore. In most cases, Zn- and Pb-
mineralised rocks (sphalerite, galena) are associated with large quantities of iron-bearing minerals,
mainly pyrite. The iron content is most likely one of the key features of the sulphidic protore that
triggers the evolution and geochemical behaviour of the oxygen-driven oxidation process in several
ways (Fig. 116). The most important effect to the geochemical behaviour of the oxidation zone
related to the formation of a non-sulphide zinc ore is the amount of iron bound in pyrite rather than
in the sphalerite. Only the oxidation of pyrite and similar sulphides (arsenopyrite, chalcopyrite) is
capable to influence the geochemical system in all of these four ways:

1. Generation of sulphuric acid and low pH values,
2. Increased P¢o, due to acid-neutralisation by host-rock carbonates,
3. Generation of sulphate ions

4. Precipitation of hydrous ferric oxides

The strength and influence of these four points depend on the availability of oxygen and water,
which represent the key driving forces of the oxidation process and control its effectiveness.

Geochemical evolution

s generation of sulphuric acid —> low pH

& precipitation of Fe-oxihydroxides adsorption of Pb and Zn
from solution and transport of Zn in ag. solution

+ evolution of thwo ore-types: red ore/white ore

e high P_.,during oxidation stage

« smithsonite-rich first-stage non-sulph. zinc ore

low guantities of sulph. acid —> high pH
subordinate amounts of Fe-oxihydroxides

fast precipitation of Zn/Pb carbonates

evolution of mainly one ore-type

rel. low P..,during oxidation stage
hydrozincite-rich first-stage non-sulph. zinc ore

* 0 0 o 0

Fig. 116: The geochemical behaviour and the formation of non-sulphide zinc deposits are dependent on
the initial composition of the sulphide protore. The concentration of iron (mainly bound to pyrite) influences
the pH, sulphate concentration and the amount of Fe-oxihydroxides. All of them are important parameters
that control the mineralogy and formation of non-sulphide zinc minerals in different ways.

Sulphuric acid, as a product of pyrite oxidation reacts with calcite/dolomite with subsequent precipi-
tation of gypsum as the product of this neutralisation reaction. The development of gypsum crys-
tals, which growt onto the calcite leads to the armoring of calcite. Furthermore, the insoluble Fe-
oxyhydroxides attached to the calcite build an additional barrier between the calcite and the acidic
solution and thus intensify the armouring effect. As a result, the armouring effect lowers the reactiv-
ity of the limestone/dolomite and stabilises low pH-values within the carbonate host rock, especially
within the oxidation zone.

The formation of the ‘white-* and ‘red zinc ore’ are the result of aqueous transport processes cou-
pled with a gradual increase of the pH-value due to neutralisation reactions and adsorption effects.
The paragenetic sequence of the precipitated minerals is highly dependent on the Pco, and is
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dominated by oxides, hydroxides (mainly Fe-bearing minerals), sulphates, such as gypsum and
anglesite, and carbonates (smithsonite, hydrozincite, cerussite, and others), especially at higher
pH-values while the oxidation process is in progress. The process of the armoring of limestone and
other carbonates is known and described for acid mine drainage systems. Thus, it is reasonable to
apply these armoring processes to the oxidation of sulphide ore and the formation of non-sulphide
ore.
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Fig. A. 1: Mehdi Abad, MOB: Schematic map of the base level adit (No. 1) with faults, and location of sam-
ple points. The graph (logarithmic scale on y-axis) shows the concentration of Zn, Pb, Ba, and Cu of se-
lected samples. (after NOSRATIAN, 1991)
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Fig. A. 2: Mehdi Abad, MOB: Schematic map of the mid level adit (No. 2) with faults, and location of sample
points. The graph (logarithmic scale on y-axis) shows the concentration of Zn, Pb, Ba, and Cu of selected

samples. (Map after NOSRATIAN, 1991)
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Fig. 117: Mehdi Abad, VOB: Stratigraphic position of bore hole no. 7008. The sulphide ore is mainly associated
with the brecciated dolomite of the Taft Formation. The breccia as well as the barren host rock appears dolo-

mitised. (Graphic modified after BRGM, 1994)
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Fig. 118: Mehdi Abad, VOB: Stratigraphic position of bore hole no. 5308. Here the sulphide ore is partly oxidised.
Dolomitisation has apparently affected the limestones of the Taft Formation exclusively. The strata of the Abkou
Formation, which shows regionally massive barite mineralisation, have not been influenced by subsequent dolo-
mitisation processes. (Graphic modified after BRGM, 1994)
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ICP-MS whole rock analyses

Sample Location Borehole No. Depth Local Lithology Comments
5204-122a Mehdi Abad 5204 -122 VOB dolomite breccia, oxidised
5204-122b Mehdi Abad 5204 -122 VOB dolomite breccia, oxidised
5204-153 Mehdi Abad 5204 -153 VOB dolomite breccia, oxidised
5204-159 Mehdi Abad 5204 -159 VOB dolomite/limestone fault breccia
5204-173 Mehdi Abad 5204 -173 VOB gossan barite veins
5204-185 Mehdi Abad 5204 -185 VOB dark grey dolomite

5204-194 Mehdi Abad 5204 -194 VOB dark grey limestone intercalations of shale
5204-225 Mehdi Abad 5204 -225 VOB limestone with intercalated shales

5308-045 Mehdi Abad 5308 -45 VOB gossan oxidised
5308-156 Mehdi Abad 5308 -156 VOB gossan barite-rich oxidised
5308-167 Mehdi Abad 5308 -167 VOB gossan barite-rich oxidised
5308-189 Mehdi Abad 5308 -189 VOB gossan barite-rich oxidised
5308-196 Mehdi Abad 5308 -196 VOB Barite oxidised
5308-212 Mehdi Abad 5308 -212 VOB Barite/sulphides sulphide ore
5308-226 Mehdi Abad 5308 -226 VOB Barite oxidised
5308-247 Mehdi Abad 5308 -247 VOB sulphides, barite sulphide ore
5308-265 Mehdi Abad 5308 -265 VOB sulphides, barite sulphide ore
5308-275 Mehdi Abad 5308 -275 VOB sulphides, barite breccia
5308-394 Mehdi Abad 5308 -394 VOB shale breccia
5308-431 Mehdi Abad 5308 -431 VOB siltstone, barite

M02104 Mehdi Abad MOB dolomite

M02108 Mehdi Abad MOB limestone fault breccia
M02109 Mehdi Abad MOB limestone fault breccia
M02113 Mehdi Abad MOB limestone

M02114 Mehdi Abad MOB non-sulph. ore red ore

M02115 Mehdi Abad MOB limestone fault breccia
M02116 Mehdi Abad MOB limestone fault breccia
M02123 Mehdi Abad MOB non-sulph. ore red ore

M02124 Mehdi Abad MOB non-sulph. ore red ore

M02125 Mehdi Abad MOB non-sulph. ore red ore

M02126 Mehdi Abad MOB non-sulph. ore red ore

M02127 Mehdi Abad MOB non-sulph. ore red ore

M02128 Mehdi Abad MOB limestone breccia

M02129 Mehdi Abad MOB non-sulph. ore white ore
M02130 Mehdi Abad MOB mylonite fault zone
M02132 Mehdi Abad MOB non-sulph. ore red ore

M02133 Mehdi Abad MOB non-sulph. ore red ore

M02134 Mehdi Abad MOB non-sulph. ore red ore

M02135 Mehdi Abad MOB non-sulph. ore white ore
M02136 Mehdi Abad MOB non-sulph. ore white ore
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Appendix ICP-MS whole rock analyses

% % % % % % % % % % % % ppm % % %
Sample SiO2 Al203 Fe203 MgO CaO Na20 K20 TiO2 P205 MnO Cr203 LOI Ba SUM (Oxides+LOI+Ba) | TOT/C | TOT/S
5204-122a 0.18 0.12 1.28 8.12 44.74 0.00 0.02 0.00 0.02 0.83 0.00 43.90 514 99.28 12.30 | 0.01
5204-122b 0.22 0.15 3.66 16.63 32.74 0.00 0.02 0.00 0.06 1.24 0.00 44.20 1426 99.09 12.60 | 0.00
5204-153 0.42 0.42 8.91 11.81 28.77 0.03 0.02 0.02 0.07 7.57 0.00 39.80 1658 98.03 11.70 | 0.01
5204-159 19.21 6.49 8.12 5.00 10.38 0.07 2.06 0.34 0.04 2.28 0.01 19.80 120466 87.25 4.38 3.10
5204-173 6.16 0.55 45.95 0.23 0.13 0.01 0.21 0.03 0.02 9.48 0.00 9.60 137736 87.75 0.16 3.12
5204-185 17.03 2.41 25.01 5.55 10.62 0.03 0.81 0.13 0.05 8.61 0.00 28.80 0 99.06 9.19 0.53
5204-194 14.09 1.56 171 1.78 42.65 0.00 0.56 0.09 0.03 0.40 0.00 36.80 26 99.68 10.40 | 0.13
5204-225 47.51 8.14 3.71 2.95 15.09 0.44 2.26 0.45 0.14 0.12 0.01 17.90 532 98.77 4.71 0.12
5308-045 46.82 3.80 25.71 0.35 0.19 0.06 0.99 0.19 0.08 2.29 0.01 7.00 67944 95.08 0.13 1.71
5308-156 44.08 0.35 19.02 1.09 0.68 0.00 0.05 0.01 0.04 2.28 0.00 6.90 148196 91.05 0.64 3.58
5308-167 0.98 0.03 22.43 0.21 0.02 0.00 0.00 0.00 0.00 2.31 0.00 4.00 290601 62.43 0.75 6.95
5308-189 5.27 0.20 62.35 0.24 0.02 0.01 0.00 0.00 0.04 0.69 0.00 7.50 147706 92.82 0.17 3.53
5308-196 0.16 0.00 10.72 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 1.00 494743 67.16 0.07 | 11.90
5308-212 10.57 0.00 4.21 0.12 0.02 0.01 0.00 0.00 0.00 0.24 0.00 7.70 225379 48.06 0.44 | 15.20
5308-226 12.18 0.03 5.96 0.26 0.07 0.00 0.00 0.00 0.00 0.76 0.00 4.10 408074 68.93 1.07 | 10.30
5308-247 3.57 0.24 43.90 1.89 0.44 0.03 0.08 0.01 0.01 6.90 0.00 27.60 62662 91.67 8.89 3.44
5308-265 14.47 0.14 19.45 0.78 0.19 0.01 0.03 0.00 0.03 2.67 0.00 14.30 211922 75.74 3.70 9.24
5308-275 7.65 0.14 35.46 1.30 0.35 0.00 0.04 0.00 0.02 4.92 0.02 21.00 154589 88.17 6.28 5.90
5308-394 18.29 3.46 38.74 2.28 0.49 0.08 1.06 0.18 0.04 8.33 0.01 26.10 5241 99.64 8.02 0.56
5308-431 56.49 7.07 9.07 1.01 0.33 0.05 1.76 0.37 0.09 0.99 0.03 12.20 73301 97.64 1.78 1.98
M02104 2.27 1.17 4.50 16.40 30.69 0.05 0.22 0.06 0.20 0.12 0.00 44.00 17 99.68 12.22 | 0.18
M02108 1.31 0.11 0.42 0.16 52.71 0.05 0.02 0.00 0.03 0.21 0.00 42.00 92 97.04 11.64 | 0.00
M02109 7.17 1.44 4.37 0.67 45.94 0.01 0.31 0.07 0.04 0.06 0.01 38.30 768 98.48 10.09 | 0.38
M02113 4.52 0.93 0.75 0.55 51.33 0.01 0.25 0.04 0.03 0.08 0.01 41.00 245 99.53 11.35 | 0.00
M02114 27.43 1.87 11.74 0.26 0.25 0.04 0.51 0.08 0.06 0.12 0.01 9.70 131 52.09 0.05 0.00
M02115 4.88 0.47 1.07 0.44 46.08 0.02 0.13 0.02 0.01 0.13 0.02 38.10 36 91.38 10.19 | 0.00
M02116 28.78 7.96 14.05 1.14 21.54 0.24 1.99 0.39 0.12 0.04 0.01 20.90 754 97.25 4.65 0.40
M02123 14.93 0.31 29.98 0.03 0.08 0.01 0.04 0.01 0.03 0.06 0.00 11.10 12730 58.01 0.14 0.33
M02124 5.97 0.20 16.73 0.02 0.09 0.00 0.02 0.01 0.03 0.01 0.00 10.10 229464 58.80 0.10 5.27
M02125 2.15 0.64 58.92 0.06 0.34 0.05 0.03 0.03 0.05 0.01 0.00 13.80 53701 82.09 0.18 1.41
M02126 21.90 1.60 3.54 0.08 0.09 0.00 0.17 0.08 0.01 0.60 0.01 12.40 33168 44.20 0.61 0.81
M02127 2.41 0.42 2.76 0.21 0.28 0.00 0.02 0.02 0.02 0.25 0.02 25.40 46919 37.07 4.61 1.15
M02128 5.52 1.58 1.33 0.49 39.43 0.06 0.05 0.08 0.04 0.07 0.00 35.50 13996 85.72 8.85 0.35
M02129 20.81 4.16 3.19 0.49 3.98 0.57 0.69 0.21 0.07 0.10 0.00 15.80 7254 50.88 1.41 0.34
M02130 10.56 0.69 3.02 0.78 0.48 0.02 0.18 0.04 0.00 0.21 0.01 27.90 47 43.91 7.32 0.00
M02132 15.28 0.39 29.08 0.07 1.20 0.00 0.08 0.02 0.11 0.07 0.00 11.10 5412 58.01 0.35 0.13
M02133 18.93 3.14 21.94 0.29 0.69 0.17 0.58 0.13 0.07 0.10 0.00 11.30 632 57.43 0.25 0.09
M02134 6.06 0.21 16.71 0.15 3.14 0.13 0.03 0.01 0.00 0.11 0.00 23.50 4072 50.52 4.45 0.12
M02135 24.82 1.05 1.02 0.13 0.20 0.00 0.26 0.05 0.00 0.08 0.00 9.00 10550 37.79 0.11 0.26
M02136 28.26 9.78 1.00 0.88 0.78 0.01 0.22 0.03 0.00 0.01 0.00 14.20 6042 55.86 0.03 0.10
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Appendix ICP-MS whole rock analyses

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Sample Ni Co Cs Sc Ga Hf Nb Rb Sn Sr Ta Th Tl U V \W
5204-122a 2.4 33.5 0.0 0.0 0.0 0.0 <0.05 0.8 <1 30.5 0.0 <0.1 0.4 0.8 8.0 796.8
5204-122b 3.5 14.7 0.1 0.0 1.0 0.0 <0.05 0.7 1.0 52.2 0.3 0.2 0.8 0.9 10.0 1946.5
5204-153 6.2 11.1 0.0 1.0 5.6 0.0 <0.05 0.5 <1 131.2 0.7 0.4 0.1 3.1 42.0 3846.2
5204-159 26.6 6.5 9.5 5.0 10.0 3.2 6.30 75.2 <1 2063.4 1.2 6.1 18.1 4.4 77.0 10.0
5204-173 17.0 9.1 0.7 1.0 7.9 0.8 0.70 5.5 <1 2776.7 1.3 0.5 15.4 3.6 8.0 2655.8
5204-185 11.3 10.1 2.4 2.0 9.8 1.3 2.50 26.0 <1 57.3 0.3 2.8 1.7 3.8 21.0 1047.1
5204-194 11.5 16.3 1.4 2.0 2.6 1.3 1.70 16.1 <1 207.8 0.3 2.1 0.7 0.9 16.0 1309.9
5204-225 24.4 26.9 7.2 9.0 10.0 4.9 9.10 91.9 2.0 140.6 2.0 9.2 0.3 2.1 66.0 7824.8
5308-045 45.0 9.0 7.2 1.0 6.7 1.3 3.50 48.9 1.0 1161.4 0.4 2.6 4.9 5.1 55.0 24.3
5308-156 1.7 24.3 0.0 1.0 2.7 0.7 0.80 2.1 <1 3142.4 2.6 0.2 0.3 1.3 <5 5088.2
5308-167 3.6 40.5 0.0 0.0 2.2 2.2 <0.05 0.0 <1 5881.4 3.3 <0.1 5.7 0.4 <5 976.7
5308-189 3.1 18.3 0.0 0.0 0.8 0.0 <0.05 0.0 <1 3333.0 15 0.2 0.1 3.8 9.0 1626.9
5308-196 0.1 6.5 0.0 0.0 0.0 2.8 <0.05 0.0 <1 8521.8 6.0 <0.1 <0.1 0.1 <5 1249.6
5308-212 0.9 28.2 0.1 0.0 0.9 0.6 <0.05 0.0 <1 5443.0 2.4 <0.1 2.3 0.3 <5 2590.9
5308-226 0.5 9.3 0.0 1.0 0.7 2.3 <0.05 0.0 <1 9830.5 4.2 <0.1 0.7 0.0 <5 1897.0
5308-247 1.9 20.0 0.3 0.0 5.1 0.0 <0.05 2.4 <1 1578.7 0.7 0.2 1.2 1.9 7.0 1671.1
5308-265 0.8 24.0 0.2 1.0 4.6 0.8 <0.05 1.1 <1 5532.8 1.7 <0.1 1.3 1.4 5.0 3719.7
5308-275 5.0 21.1 0.0 0.0 2.5 0.0 0.60 1.5 <1 4104.5 1.0 0.4 15 2.2 10.0 2151.2
5308-394 12.7 13.4 4.0 3.0 12.5 1.1 3.70 49.0 <1 175.6 0.3 3.1 1.1 2.3 40.0 571.3
5308-431 12.3 24.9 4.4 4.0 12.4 2.5 8.40 94.5 2.0 2095.1 15 7.0 0.4 3.0 63.0 3457.8
M02104 31.2 6.2 1.1 2.0 1.0 0.0 1.10 8.8 <1 97.0 0.0 1.7 3.0 0.0 30.0 9.6
M02108 15.8 32.9 0.0 0.0 0.0 0.0 <0.05 0.5 <1 83.2 0.3 0.3 36.7 0.4 <5 1786.3
M02109 12.6 12.8 3.7 2.0 14 0.0 1.00 15.9 <1 151.8 0.3 0.9 9.3 2.3 49.0 1130.5
M02113 1.8 6.3 2.2 1.0 1.0 0.0 0.60 12.6 <1 203.0 0.2 0.6 6.3 0.9 14.0 1229.3
M02114 23.0 23.7 3.3 3.0 2.8 0.0 0.60 20.4 3.0 42.1 0.3 1.3 348.4 2.4 35.0 1236.3
M02115 40.4 4.7 0.9 1.0 1.1 0.0 0.80 6.6 3.0 137.9 0.0 0.3 65.8 1.1 7.0 26.3
M02116 4.1 3.3 14.1 6.0 11.9 2.1 6.00 95.9 1.0 205.8 0.5 4.2 219.9 5.2 92.0 76.9
M02123 38.7 13.9 0.2 0.0 1.1 0.0 <0.05 1.6 <1 192.1 0.2 <0.1 197.9 8.7 18.0 665.5
M02124 24.2 7.7 0.0 0.0 1.6 0.0 <0.05 0.5 <1 4028.6 1.0 0.5 7.4 8.8 8.0 27.6
M02125 58.2 5.8 0.0 0.0 15 0.0 <0.05 0.8 <1 1037.6 0.5 0.8 22.6 8.4 24.0 806.9
M02126 56.4 17.4 1.1 0.0 2.3 <0,5 1.40 7.3 <1 646.0 0.3 1.2 26.8 6.7 29.0 4.6
M02127 71.1 33.1 0.0 0.0 1.6 <0,5 <0,5 0.0 <1 894.1 0.5 0.5 42.5 6.1 10.0 2429.0
M02128 18.4 7.1 0.0 1.0 2.3 0.5 0.90 2.6 <1 414.5 0.6 1.1 17.0 1.8 22.0 1096.1
M02129 43.5 10.3 2.4 4.0 7.0 1.1 3.50 35.3 <1 201.9 0.4 4.2 57.3 8.1 54.0 314.2
M02130 109.5 23.9 1.2 1.0 1.7 0.6 0.80 7.4 1.0 15.5 0.0 0.4 43.0 0.9 12.0 324.9
M02132 34.4 33.9 0.5 1.0 1.0 0.0 <0.05 2.7 1.0 128.8 0.3 0.4 92.2 5.0 10.0 2141.8
M02133 123.9 56.8 2.6 4.0 3.8 1.1 2.30 22.9 <1 45.9 0.3 2.1 42.7 7.9 42.0 1724.1
M02134 143.6 29.3 0.0 0.0 0.0 0.0 <0.05 0.7 <1 97.0 0.0 0.2 29.8 24.4 22.0 317.0
M02135 26.0 43.9 2.2 2.0 1.7 0.0 0.90 10.9 <1 206.4 0.1 0.8 33.1 2.4 20.0 895.2
M02136 189.1 10.3 2.1 5.0 15 <0,5 <0,5 8.2 <1 279.6 0.0 0.6 19.2 2.1 15.0 91.5
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Appendix ICP-MS whole rock analyses

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Sample Zr Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er m Yb Lu Mo
5204-122a 1.3 0.50 0.80 2.10 0.11 0.4 <0,1 <0.05 0.15 0.03 0.14 <0.05 <0.05 <0.05 0.1 0.02 0.4
5204-122b 1.2 0.90 1.50 3.50 0.23 0.6 0.30 <0.05 0.30 0.02 0.20 <0.05 0.13 <0.05 0.1 <0.01 0.8
5204-153 5.9 2.70 5.50 8.40 0.72 3.2 0.70 0.82 0.78 0.07 0.46 0.09 0.24 <0.05 0.2 0.02 2.1
5204-159 89.1 10.00 19.20 28.70 2.72 11.7 2.10 0.98 2.36 0.27 2.38 0.30 0.95 0.2 1.1 0.20 3.1
5204-173 5.5 2.30 6.10 6.20 0.50 2.1 0.80 <0.05 1.18 0.07 1.22 0.05 0.11 <0.05 0.3 0.01 5.7
5204-185 50.8 9.10 11.40 20.30 2.03 8.9 1.90 1.58 2.35 0.33 2.00 0.34 0.78 0.1 0.9 0.10 1.7
5204-194 36.0 6.50 6.80 15.10 1.38 5.6 1.20 0.29 1.35 0.22 0.88 0.19 0.67 0.1 0.7 0.11 0.6
5204-225 156.3 17.50 25.80 46.10 4.99 20.3 4.30 0.81 3.56 0.56 3.23 0.79 1.89 0.3 1.7 0.20 0.5
5308-045 37.9 6.70 16.30 22.50 1.96 7.8 1.30 <0.05 1.01 0.16 151 0.19 0.66 0.1 0.8 0.13 2.2
5308-156 5.1 1.90 2.90 3.40 0.21 0.7 0.50 2.01 1.04 0.06 1.39 <0.05 0.07 <0.05 0.1 0.02 1.2
5308-167 0.5 3.30 5.00 2.80 0.24 1.2 0.90 <0.05 2.01 0.13 2.34 0.05 0.13 <0.05 0.1 0.01 2.7
5308-189 1.8 2.70 3.30 4.50 0.26 1.3 0.70 1.59 1.33 0.09 1.39 0.07 0.14 <0.05 0.2 0.02 1.3
5308-196 0.0 5.50 7.50 3.10 0.14 0.5 1.30 <0.05 2.76 0.09 3.34 <0.05 <0.05 <0.05 0.2 0.01 2.5
5308-212 1.0 1.60 3.80 3.30 0.10 <0,1 0.40 4.52 1.23 0.03 1.43 <0.05 <0.05 <0.05 0.1 <0.01 0.8
5308-226 0.0 4.20 7.30 4.30 0.31 1.5 1.40 0.34 2.28 0.10 3.24 <0.05 0.05 0.1 0.2 <0.01 1.3
5308-247 2.7 1.50 4.30 5.30 0.40 1.5 0.40 0.79 0.69 0.05 0.72 <0.05 0.12 <0.05 0.1 0.02 1.8
5308-265 1.4 2.70 3.80 3.10 0.15 <0,1 0.70 <0.05 1.35 0.05 1.84 <0.05 0.08 <0.05 0.1 0.02 2.0
5308-275 1.7 2.60 2.20 1.80 0.22 1.1 0.60 <0.05 1.20 0.06 0.65 0.07 0.09 <0.05 0.2 0.02 5.3
5308-394 43.2 5.20 8.10 10.90 0.89 2.7 0.50 0.70 0.75 0.18 0.64 0.16 0.64 0.1 0.7 0.11 4.0
5308-431 73.0 11.20 22.70 34.20 3.60 12.4 2.00 <0.05 2.53 0.33 2.73 0.38 1.32 0.2 1.4 0.22 1.6
M02104 15.7 10.40 4.00 9.30 1.10 5.2 1.30 0.39 2.30 0.29 1.75 0.37 0.90 0.1 0.8 0.11 0.3
M02108 1.1 11.90 6.70 2.50 0.89 4.1 0.80 0.23 1.08 0.09 0.87 0.21 0.51 0.1 0.6 0.06 0.8
M02109 14.4 5.90 6.00 11.60 1.17 5.4 0.90 0.24 0.85 0.15 0.76 0.19 0.40 <0.05 0.5 0.06 2.3
M02113 9.2 5.90 5.30 7.90 0.84 3.8 0.60 0.15 0.79 0.08 0.41 0.15 0.37 0.1 0.4 0.05 0.4
M02114 13.1 11.60 12.60 16.40 2.40 10.9 1.60 0.40 1.96 0.21 1.31 0.37 0.67 0.1 0.8 0.11 4.0
M02115 5.5 14.60 7.30 8.30 1.63 8.3 1.50 0.88 1.90 0.32 1.66 0.29 0.71 0.1 0.6 0.09 0.8
M02116 69.2 8.10 18.90 29.00 3.03 9.8 1.30 0.40 1.12 0.22 1.02 0.26 0.75 0.1 1.1 0.15 2.7
M02123 2.4 8.50 4.20 10.70 1.66 8.5 1.60 0.57 1.82 0.31 1.97 0.30 0.67 0.1 0.6 0.05 7.2
M02124 1.8 4.20 3.70 2.50 0.30 14 1.00 <0.05 1.52 0.09 1.63 0.08 0.17 <0.05 0.2 0.01 9.3
M02125 7.6 10.20 7.20 8.60 1.50 7.9 1.70 0.83 2.20 0.23 1.54 0.24 0.41 0.1 0.5 0.08 51.2
M02126 17.7 3.40 5.10 9.60 0.68 3.0 0.40 <0.05 0.57 0.04 0.48 0.10 0.19 <0.05 0.2 0.04 1.8
M02127 4.8 3.60 3.50 11.70 0.59 2.7 0.80 <0.05 0.90 0.06 0.74 0.07 0.12 <0.05 0.3 <0.01 3.5
M02128 15.5 6.20 6.70 9.70 1.09 5.4 0.70 0.13 0.97 0.13 0.87 0.17 0.46 <0.05 0.4 0.03 0.7
M02129 49.4 7.50 8.60 21.60 1.60 7.0 1.10 0.23 1.38 0.20 0.95 0.27 0.70 0.1 0.7 0.07 2.5
M02130 12.0 4.70 2.50 3.70 0.67 3.5 0.80 0.16 0.93 0.09 0.69 0.11 0.28 <0.05 0.3 0.07 1.1
M02132 4.4 6.40 4.00 8.90 1.18 8.6 1.70 0.47 1.53 0.22 1.53 0.20 0.60 0.1 0.5 0.05 2.7
M02133 28.9 7.00 5.30 13.70 1.55 7.6 1.40 0.64 1.32 0.24 1.71 0.25 0.83 0.1 0.8 0.15 7.2
M02134 2.8 6.80 5.50 15.80 1.26 5.9 1.20 0.29 1.18 0.17 0.89 0.18 0.42 0.1 0.4 0.07 3.5
M02135 10.9 1.00 0.80 9.10 0.36 2.4 0.10 <0.05 0.33 0.05 0.44 0.06 0.14 <0.05 0.2 0.03 1.1
M02136 7.2 1.20 <0,5 5.30 0.13 0.8 0.20 <0.05 0.29 0.05 0.16 0.07 0.10 <0.05 0.1 0.03 0.4
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ppm ppm ppm ppm ppm ppm ppm ppm
Sample Cu Pb Zn As Cd Sh Bi Ag | [
5204-122a 29.6 2011.4 2927.0 33.0 5.5 1.8 0.0 0.2
5204-122b 15.7 219.9 4194.0 47.0 7.5 1.4 0.0 0.5
5204-153 1204.3 3137.4 6606.0 76.0 26.1 208.0 0.2 14.4
5204-159 197.6 13617.9 37164.0 317.0 161.7 71.0 0.2 15.0
5204-173 487.9 6796.5 33345.0 240.0 73.8 178.5 5.0 10.3
5204-185 12.0 186.2 6017.0 22.0 10.4 13.5 0.1 0.6
5204-194 20.0 38.30 205.0 28.0 0.8 3.3 0.1 0.2
5204-225 8.4 64.60 152.0 15.0 0.4 1.0 0.2 0.2
5308-045 128.3 25943.4 1434.0 469.0 3.2 70.6 0.2 13.6
5308-156 321.8 12157.7 9782.0 29.0 50.7 51.5 0.7 34.3
5308-167 2435.0 36603.2 4750.0 208.0 19.6 216.6 3.1 66.1
5308-189 378.9 15717.5 2899.0 203.0 3.5 53.3 0.2 11.3
5308-196 1959.3 2782.0 386.0 30.0 0.4 26.4 11.6 18.2
5308-212 248.6 31243.9 133392.0 17.0 583.3 534.2 0.6
5308-226 2420.1 5102.5 1636.0 10.0 9.9 15.9 21.5 9.3
5308-247 114.9 7123.0 30438.0 2.0 133.1 12.9 0.6 8.9
5308-265 265.5 32920.3 58299.0 5.0 280.0 64.5 0.1 36.4
5308-275 1447.3 12556.0 9391.0 15.0 33.2 29.1 5.0 10.7
5308-394 64.1 1450.7 963.0 20.0 2.9 16.0 1.5 3.5
5308-431 1793.4 3301.4 121.0 7.0 0.3 13.4 3.9 4.8
M02104 3.2 90.90 2933.0 50.0 59.2 3.8 0.1 0.2
M02108 1.1 357.1 20266.0 71.0 488.0 1.2 0.0 3.4
M02109 13.1 3640.8 9228.0 1549.0 85.0 164.9 0.1 4.6
M02113 3.8 92.00 2738.0 168.0 12.4 70.0 0.0 1.3
M02114 21.5 2118 471300.0 7114.0 16.1 274.6 0.0 0.3
M02115 4.9 1784.8 63697.0 895.0 2004.1 64.0 0.0 0.8
M02116 12.1 29428.6 5506.0 11545.0 34.6 250.1 0.3 0.7
M02123 69.2 16238.5 300000.0 7687.0 70.1 197.4 0.1 3.2
M02124 124.3 35064.4 99999.0 27387.0 127.7 1474.1 0.1 7.1
M02125 95.2 35786.1 124000.0 24767.0 370.7 959.8 0.1 4.7
M02126 15.8 31754.2 389900.0 6612.0 63.8 129.5 0.1 4.6
M02127 3.3 30755.4 461253.0 6404.0 395.2 183.4 0.1 1.0
M02128 3.9 5784.1 89818.0 1116.0 844.6 110.0 0.0 0.4
M02129 7.0 24713.4 434320.0 1543.0 134.5 371.4 0.1 15
M02130 3.6 702.3 472105.0 906.0 654.4 17.2 0.1 0.7
M02132 133.4 4179.5 292344.0 6323.0 147.2 307.0 0.1 43.8
M02133 38.3 8490.7 375258.0 2453.0 93.3 299.4 0.1 3.7
M02134 4.9 5764.6 380608.0 5635.0 1600.8 75.2 0.0 0.5
M02135 58.2 1904.8 99999.0 564.0 121.9 46.9 0.1 9.4
M02136 200.4 1103.6 383200.0 199.0 44.6 19.7 0.0 2.8
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Sample Location Borehole No. Depth Local Lithology Comments
M02111 Mehdi Abad MOB limestone

7006-117 Mehdi Abad 7006 -117 VOB dolomite barite veins

7006-267 Mehdi Abad 7006 -267 VOB dolomite with massive barite
7006-268 Mehdi Abad 7006 -268 VOB dolomite breccia

7006-275 Mehdi Abad 7006 -275 VOB dolomite

7006-291 Mehdi Abad 7006 -291 VOB dolomite

7006-303x Mehdi Abad 7006 -303 VOB shaly limestone breccia

7006-317x Mehdi Abad 7006 -307 VOB shaly limestone breccia

7006-330 Mehdi Abad 7006 -330 VOB shale breccia

7006-330x Mehdi Abad 7006 -330 VOB shale breccia

7006-336 Mehdi Abad 7006 -336 VOB shale

7016-167 Mehdi Abad 7016 -167 VOB dolomite/barite sulphide ore

7016-197 Mehdi Abad 7016 -197 VOB shale mylonite with sulphides
7016-202x Mehdi Abad 7016 -202 VOB shaly limestone sulphides

7016-65x Mehdi Abad 7016 -65 VOB gossan

7016-75 Mehdi Abad 7016 -75 VOB gossan highly oxidised

7018-145a Mehdi Abad 7018 -145 VOB dolomite breccia

7018-171 Mehdi Abad 7018 -171 VOB dolomite

7018-171a Mehdi Abad 7018 -171 VOB dolomite sulphide ore

7018-188 Mehdi Abad 7018 -188 VOB dolomite

7018-194 Mehdi Abad 7018 -194 VOB dolomite breccia

7018-204a Mehdi Abad 7018 -204 VOB dolomite sulphide ore

7018-360 Mehdi Abad 7018 -360 VOB limestone/dolomite partly oxidised

7018-370a Mehdi Abad 7018 -370 VOB shaly limestone/dolomite sulphides

7018-370ab Mehdi Abad 7018 -370 VOB shales

7018-370b Mehdi Abad 7018 -370 VOB shales sulphides

7101-103 Mehdi Abad 7101 -103 VOB gossan barite rich

7101-131 Mehdi Abad 7101 -131 VOB gossan

7101-141 Mehdi Abad 7101 -141 VOB barite, some dolomite barite with galena Fe-Ox rich
7101-179x Mehdi Abad 7101 -179 VOB gossan barite veins

7101-267 Mehdi Abad 7101 -267 VOB gossan galena, sulphides, barite veins
7101-356 Mehdi Abad 7101 -356 VOB sulphides, barite sulphide ore

7101-404 Mehdi Abad 7101 -404 VOB sulphides, barite sulphide ore with barite veins
7101-417 Mehdi Abad 7101 -417 VOB barite veins, some galena
K02100 lirankuh Goushfil Pit dolomite with sulphide ore

K02101 lirankuh Goushfil Pit dolomite

K02102 lirankuh Goushfil Pit shales

K02103 llrankuh Goushfil Pit dolomite fault zone

K02104 llirankuh Goushfil Pit shales fault zone

K02111 lirankuh Goushfil Pit shales sulphides, partly oxidised, fault zone
K02114 lirankuh Koladahrvazeh dolomite non-sulphide zinc mineralised
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Sample Sio2 Al203 Fe203 MgO CaO Na20 K20 TiO2 P205 MnO Cr203 LOI Ba SUM (Oxides+LOI+Ba) | TOT/C | TOT/S
M02111 1.40 0.12 0.24 0.47 54.20 0.04 0.03 <0.01 0.03 0.05 0.01 43.10 60 99.70 11.93 | 0.01
7006-117 0.95 0.20 4.05 9.39 18.12 0.06 <0.02 <0.01 <0.01 1.03 <0.001 28.10 188881 83.00 7.63 4.74
7006-267 0.59 0.36 4.30 17.90 30.68 0.05 <0.02 0.01 0.04 1.75 <0.001 43.70 90 99.40 12.86 | 0.19
7006-268 0.57 0.43 4.36 17.27 30.80 0.03 <0.02 0.02 0.02 2.79 <0.001 42.50 106 98.81 12.67 | 0.50
7006-275 3.32 0.64 6.24 14.95 30.00 0.04 0.14 0.03 0.02 2.49 <0.001 39.20 600 97.13 12.20 | 1.05
7006-291 1.32 1.04 3.83 16.69 30.64 0.03 <0.02 0.05 0.29 3.02 0.00 42.50 32 99.42 12.30 | 0.01
7006-303x 19.86 0.53 27.76 1.27 0.73 0.02 0.10 0.03 <0.01 7.75 0.00 21.20 53002 85.17 6.56 5.06
7006-317x 20.03 2.72 38.34 1.87 0.80 0.04 0.72 0.13 <0.01 9.70 0.00 24.90 6050 99.93 8.23 0.59
7006-330 17.97 0.40 38.82 1.33 0.65 0.02 0.12 0.01 <0.01 10.76 <0.001 25.80 300 95.92 8.05 1.69
7006-330x 17.83 0.36 37.39 1.29 0.59 0.02 0.08 <0.01 <0.01 10.35 <0.001 25.50 510 93.48 7.98 2.56
7006-336 67.20 9.66 4.03 2.22 3.82 0.12 2.93 0.58 0.10 0.46 0.01 7.80 190 98.96 2.00 0.37
7016-167 4.50 1.05 40.58 1.49 0.48 0.05 0.27 0.05 0.02 6.83 0.00 27.20 24373 85.25 8.38 5.32
7016-197 15.88 3.46 22.88 1.07 0.35 0.05 1.22 0.17 0.03 4.47 0.00 17.90 103290 79.01 4.83 7.32
7016-202x 1.77 0.75 40.80 1.59 0.64 0.03 0.17 0.03 0.02 7.71 <0.001 27.00 52373 86.36 8.38 4.63
7016-65x 32.43 1.80 40.84 0.37 0.14 0.04 0.48 0.08 0.23 5.24 0.00 7.20 91533 99.07 0.10 1.75
7016-75 52.69 4.14 24.24 0.57 0.15 0.08 1.19 0.21 0.09 3.48 0.00 7.00 45849 98.97 0.11 0.85
7018-145a 1.65 0.20 1.57 19.15 30.46 0.04 0.02 <0.01 0.01 0.46 <0.001 46.00 1471 99.73 13.24 | 0.03
7018-171 1.27 0.27 2.13 18.88 29.88 0.04 0.04 <0.01 0.02 0.67 <0.001 45.30 40 98.52 13.05 | 0.16
7018-171a 1.37 0.26 1.39 6.51 10.96 0.02 0.04 <0.01 0.03 0.24 <0.001 1.50 100 22.34 5.10 | 11.08
7018-188 1.35 0.44 3.01 18.16 29.92 0.04 0.13 0.01 0.02 1.02 0.00 40.50 1791 94.81 12.01 | 0.86
7018-194 0.48 0.28 2.61 17.28 32.38 0.01 0.06 <0.01 0.02 1.03 <0.001 43.90 560 98.12 13.24 | 0.04
7018-204a 2.31 0.41 3.27 16.78 28.85 0.03 0.11 0.01 0.01 1.20 0.00 40.60 55 93.59 11.83 | 0.60
7018-360 2.00 0.65 7.57 0.83 29.06 0.06 0.17 0.03 0.02 23.24 <0.001 24.30 5260 88.52 6.61 0.01
7018-370a 3.40 0.85 41.53 4.12 1.82 0.05 0.21 0.04 <0.01 11.28 <0.001 31.50 210 94.82 9.85 1.94
7018-370ab 6.39 1.83 41.98 4.63 1.41 0.04 0.45 0.07 0.01 11.42 0.00 31.50 45 99.75 10.04 | 0.39
7018-370b 3.25 0.81 42.67 4.17 1.63 0.03 0.19 0.04 <0.01 11.54 <0.001 30.90 230 95.26 10.04 | 2.10
7101-103 26.53 0.15 1.28 0.05 0.08 0.01 0.03 0.01 0.01 0.12 0.00 1.00 366625 70.21 0.10 9.02
7101-131 8.14 0.15 54.37 0.09 0.06 0.01 0.05 <0.01 <0.01 4.49 <0.001 9.30 82227 85.85 0.49 1.97
7101-141 0.31 <0.03 15.99 0.03 0.03 0.01 0.06 <0.01 0.01 0.16 <0.001 9.80 255385 54.92 1.16 8.10
7101-179x 4.21 <0.03 26.65 0.24 0.05 0.02 0.05 <0.01 <0.01 1.47 <0.001 7.90 200581 63.00 1.23 7.58
7101-267 1.87 0.04 21.05 1.14 0.26 0.01 0.06 <0.01 <0.01 2.44 <0.001 21.00 87653 57.67 4.22 | 14.67
7101-356 4.98 0.07 27.87 1.17 0.25 0.01 0.11 <0.01 0.01 5.53 <0.001 28.60 3500 68.99 5.89 | 10.73
7101-404 11.19 0.41 23.81 1.05 0.36 0.03 0.09 0.02 0.04 3.15 <0.001 17.20 180500 77.51 4.36 7.17
7101-417 20.50 0.71 43.42 1.50 0.53 0.04 0.19 0.03 0.06 5.04 <0.001 24.70 20900 99.05 7.88 0.39
K02100 9.73 0.60 1.41 5.05 8.29 0.02 0.16 0.04 0.06 0.07 <0.001 7.00 144256 48.54 3.57 | 12.34
K02101 0.39 0.11 0.88 20.97 32.09 0.05 0.04 <0.01 0.05 0.24 <0.001 44.80 24 99.62 12.78 | <0.01
K02102 77.39 11.24 2.16 0.42 0.25 0.23 2.64 0.72 0.07 <0.01 0.01 3.30 320 98.47 0.25 1.63
K02103 1.51 0.72 2.65 18.90 31.05 0.02 0.23 0.03 0.04 0.76 0.00 42.50 120 98.43 12.40 | 0.59
K02104 56.54 15.93 1.11 1.41 3.66 0.21 4.29 0.79 0.13 0.05 0.01 7.00 56964 97.51 1.49 1.58
K02111 6.63 0.76 4.94 0.86 5.03 0.01 0.20 0.03 <0.01 1.28 0.00 29.50 4298 49.73 6.67 3.17
K02114 0.51 0.14 1.10 18.61 30.04 0.01 <0.02 <0.01 0.01 0.18 <0.001 46.30 25 96.91 12.78 | <0.01
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Sample Ni Co Cs Sc Ga Hf Nb Rb Sn Sr Ta Th Tl U vV \W
M02111 0.4 41.7 0.2 1.0 <0,5 <0,5 <0,5 1.5 5.0 209.8 0.2 0.2 3.3 0.6 <5 11219
7006-117 1.6 10.2 <0,1 2.0 1.0 <0,5 <0,5 <0,5 <1 4526.0 1.1 <0.1 0.1 2.8 47.0 1013.1
7006-267 2.8 5.9 <0,1 <1l 1.1 <0,5 <0,5 <0,5 <1 55.4 0.3 0.4 0.1 0.8 27.0 1061.4
7006-268 2.3 11.0 <0,1 2.0 1.6 <0,5 <0,5 0.8 <1 35.8 0.7 0.5 0.8 15 23.0 3318.1
7006-275 5.0 46.6 0.6 1.0 2.5 <0,5 0.70 5.9 <1 77.3 0.4 0.6 1.4 3.1 15.0 2088.8
7006-291 7.1 10.6 0.2 1.0 2.9 <0,5 1.20 1.0 <1 59.8 0.5 0.7 0.1 2.9 41.0 2331.3
7006-303x 2.8 14.1 0.4 1.0 5.7 <0,5 0.80 3.9 <1 1325.5 0.1 0.9 1.9 2.7 18.0 149.2
7006-317x 7.1 9.7 2.4 2.0 9.9 0.8 2.60 28.1 <1 186.8 0.2 2.2 0.7 5.4 40.0 124.8
7006-330 35 8.0 0.5 1.0 7.8 <0,5 <0,5 5.0 <1 12.6 0.3 0.2 0.8 0.9 5.0 2395.1
7006-330x 3.9 11.3 0.2 1.0 8.8 <0,5 <0,5 2.9 <1 15.7 <0,1 0.3 1.4 0.9 <5 171.6
7006-336 20.9 34.2 9.3 9.0 13.1 5.3 12.10 113.7 2.0 61.5 0.9 7.0 0.9 2.0 76.0 547.1
7016-167 4.4 10.4 1.2 1.0 6.6 <0,5 0.60 115 <1l 1099.1 0.4 1.1 3.8 3.5 31.0 1106.0
7016-197 6.3 12.5 5.3 4.0 9.8 1.4 3.20 50.6 <1 2932.9 0.2 3.1 4.8 18.8 38.0 1085.9
7016-202x 5.3 14.6 0.7 1.0 7.2 <0,5 1.00 6.9 <1 1439.5 0.2 0.8 5.2 1.9 12.0 45.9
7016-65x 18.1 20.1 2.9 1.0 6.8 0.7 1.70 23.0 1.0 1959.0 0.1 1.6 2.9 9.2 91.0 154.4
7016-75 10.9 20.9 5.7 4.0 11.3 1.3 4.70 58.0 1.0 1072.8 0.7 4.1 1.8 3.6 47.0 1901.4
7018-145a 7.5 1.6 <0,1 <1l 1.0 <0,5 <0,5 <0,5 <1 58.4 <0,1 <0.1 0.4 0.6 8.0 4.6
7018-171 2.5 17.0 <0,1 1.0 0.6 <0,5 <0,5 0.6 <1 33.9 0.5 0.4 0.1 1.5 10.0 2891.8
7018-171a 4.6 10.0 <0,1 1.0 0.8 <0,5 <0,5 1.1 <1 30.6 0.2 0.2 1.6 1.5 10.0 1139.3
7018-188 15.5 0.6 0.4 <1 <0,5 <0,5 <0,5 3.8 <1 59.3 <0,1 0.4 2.0 2.2 12.0 8.0
7018-194 5.5 15.8 <0,1 2.0 0.5 <0,5 <0,5 2.1 <1 32.3 0.7 <0.1 0.3 1.8 20.0 3707.3
7018-204a 5.0 13.9 0.2 <1 11 <0,5 <0,5 2.6 <1 40.8 <0,1 <0.1 0.3 15 19.0 262.8
7018-360 1.2 20.5 0.6 3.0 12.7 <0,5 1.00 5.4 <1 689.9 0.9 1.1 2.2 12.6 15.0 3898.5
7018-370a 3.0 5.4 1.0 1.0 8.9 <0,5 0.80 7.7 <1 15.7 0.3 0.6 0.4 14 11.0 1368.4
7018-370ab 5.8 10.1 2.1 2.0 10.5 0.6 1.30 18.9 <1l 12.9 0.5 1.1 0.6 2.7 25.0 2140.6
7018-370b 3.7 5.4 1.3 <1l 9.6 <0,5 0.80 7.9 <1 15.7 0.3 0.4 0.5 1.8 11.0 1413.6
7101-103 44.7 0.3 0.1 <1 2.6 <0,5 <0,5 1.4 <1 8661.6 1.1 0.2 1.3 0.3 6.0 14.3
7101-131 2.7 18.5 0.1 1.0 3.8 <0,5 <0,5 1.0 <1l 1344.7 0.4 0.2 0.2 1.1 5.0 1729.4
7101-141 0.3 6.7 0.2 1.0 1.4 0.6 <0,5 0.6 <1l 8001.0 1.2 <0.1 0.4 0.3 5.0 421.9
7101-179x 3.3 32.5 <0,1 <1l 2.2 <0,5 <0,5 0.6 <1 5977.6 0.5 <0.1 10.5 0.7 5.0 56.4
7101-267 3.1 23.6 0.3 1.0 3.0 <0,5 <0,5 0.7 <1 2315.3 0.4 <0.1 6.4 0.5 <5 1178.4
7101-356 1.4 22.8 0.3 1.0 6.1 <0,5 <0,5 0.8 <1 445 0.7 0.2 7.0 1.0 10.0 3785.8
7101-404 12.4 22.6 0.3 4.0 2.6 <0,5 0.60 3.3 <1 3252.5 0.5 0.4 0.5 0.7 11.0 1032.1
7101-417 4.4 15.1 0.3 2.0 3.5 <0,5 0.90 7.3 <1 353.9 0.5 0.8 8.5 0.9 12.0 2739.5
K02100 23.3 60.5 0.4 3.0 17.6 <0,5 0.60 5.7 <1 6792.5 0.7 0.5 0.7 0.9 15.0 1063.9
K02101 0.9 11.7 <0,1 1.0 0.6 <0,5 <0,5 1.1 <1 94.1 0.4 <0.1 0.2 0.4 7.0 2225.0
K02102 21.5 31.0 5.3 11.0 13.4 8.4 14.50 110.2 2.0 69.3 2.1 12.8 0.7 2.8 116.0 5588.6
K02103 4.1 7.8 0.6 2.0 0.9 <0,5 0.90 8.3 <1 76.7 0.4 0.8 0.4 1.6 11.0 1980.3
K02104 22.2 19.9 10.5 19.0 20.3 5.4 15.90 168.5 3.0 1131.7 1.9 13.5 2.6 3.1 132.0 4585.2
K02111 63.2 37.1 1.0 4.0 5.5 <0,5 0.80 8.3 <1 88.8 0.3 0.5 5.1 2.9 14.0 1099.4
K02114 2.7 7.2 <0,1 1.0 <0,5 <0,5 <0,5 <0,5 <1 78.2 0.1 0.1 115 1.4 5.0 751.6
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Sample Zr Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er m Yb Lu Mo
M02111 1.7 3.20 2.10 2.40 0.34 1.4 0.10 0.11 0.38 0.04 0.29 0.07 0.17 <0.05 0.2 0.03 0.3
7006-117 0.9 1.90 5.00 2.20 0.26 1.2 0.90 0.00 1.49 0.08 0.51 <0.05 0.09 <0.05 0.1 0.03 1.6
7006-267 3.1 4.20 4.60 5.90 0.78 3.0 0.70 1.17 1.02 0.15 0.53 0.12 0.28 <0.05 0.2 0.04 0.3
7006-268 4.2 4.50 5.10 7.10 0.70 3.7 0.60 1.03 0.84 0.12 0.56 0.08 0.24 <0.05 0.2 0.03 0.4
7006-275 9.3 4.50 6.30 7.70 0.82 3.6 0.80 0.93 0.88 0.13 0.53 0.09 0.27 <0.05 0.2 0.03 0.6
7006-291 12.0 6.90 13.00 20.40 2.15 9.0 2.10 3.58 1.97 0.27 1.03 0.15 0.35 0.1 0.4 0.07 0.3
7006-303x 9.1 2.90 15.60 22.40 211 9.5 1.80 <0.05 1.37 0.14 0.64 0.08 0.18 <0.05 0.2 0.03 0.7
7006-317x 28.7 4.90 21.30 30.30 2.73 10.7 1.70 1.59 1.39 0.18 0.64 0.13 0.44 0.1 0.4 0.07 2.7
7006-330 3.3 2.70 3.00 6.00 0.59 3.3 0.80 1.39 0.76 0.10 0.37 0.06 0.15 <0.05 0.1 0.02 0.7
7006-330x 2.9 2.30 2.50 4.80 0.57 2.6 0.60 1.19 0.65 0.08 0.45 0.06 0.13 <0.05 0.2 0.03 0.7
7006-336 183.1 22.10 25.30 52.40 5.52 24.6 4.10 0.94 4.11 0.74 3.66 0.75 2.37 0.3 2.1 0.34 0.4
7016-167 11.1 2.30 5.70 6.70 0.64 2.3 0.60 <0.05 0.65 0.06 0.43 0.08 0.23 <0.05 0.2 0.05 2.8
7016-197 45.2 5.40 17.60 25.80 2.56 10.3 1.90 <0.05 1.67 0.16 1.07 0.13 0.48 0.1 0.7 0.09 2.5
7016-202x 7.8 3.40 5.80 9.30 0.88 3.6 1.00 0.53 0.89 0.12 0.59 0.11 0.27 <0.05 0.3 0.04 1.1
7016-65x 15.2 6.90 11.60 13.10 1.31 6.0 2.70 <0.05 2.60 0.29 1.54 0.18 0.53 0.1 0.4 0.08 9.8
7016-75 48.8 6.20 26.30 24.80 2.03 6.8 1.60 <0.05 1.86 0.21 1.19 0.22 0.66 0.1 0.6 0.10 3.3
7018-145a 0.9 1.10 1.10 1.10 0.16 <0,1 0.20 0.08 0.27 0.03 0.11 <0.05 0.10 <0.05 0.1 0.01 0.4
7018-171 2.0 2.20 2.00 3.30 0.41 1.1 0.50 0.35 0.48 0.08 0.43 0.06 0.16 <0.05 0.2 0.02 0.3
7018-171a 3.1 1.10 0.70 1.80 0.22 0.8 0.20 0.16 0.26 0.03 0.21 <0.05 0.08 <0.05 0.2 <0.01 0.5
7018-188 4.9 2.60 2.40 3.90 0.44 2.3 0.40 0.41 0.67 0.07 0.39 0.07 0.17 <0.05 0.2 0.03 0.3
7018-194 2.0 2.60 2.00 3.10 0.41 1.8 0.50 0.36 0.68 0.07 0.44 0.07 0.16 <0.05 0.2 <0.01 0.4
7018-204a 3.4 5.00 4.30 9.20 0.96 4.6 1.30 1.03 0.85 0.13 0.94 0.11 0.31 <0.05 0.4 0.04 0.2
7018-360 10.7 18.00 22.70 31.80 3.49 17.4 4.20 5.16 4.99 0.48 2.59 0.43 1.02 0.1 0.7 0.10 5.3
7018-370a 9.4 4.80 6.60 12.00 1.27 6.1 1.60 2.40 1.88 0.17 0.85 0.12 0.33 <0.05 0.3 0.04 1.1
7018-370ab 17.9 6.20 9.70 16.10 1.64 7.7 1.60 2.16 1.78 0.23 1.19 0.17 0.39 0.1 0.4 0.06 1.4
7018-370b 9.4 5.00 6.90 11.70 1.36 7.1 1.80 2.56 211 0.21 0.95 0.13 0.33 <0.05 0.3 0.05 1.0
7101-103 3.5 0.60 7.60 0.60 0.07 <0,1 1.50 2.86 2.52 0.03 0.82 <0.05 <0.05 <0.05 0.1 <0.01 4.1
7101-131 2.3 0.80 2.60 1.80 0.14 0.5 0.50 0.88 0.72 0.03 0.38 <0.05 0.06 <0.05 0.1 0.01 3.1
7101-141 <0,5 0.60 11.30 1.50 0.07 0.6 2.20 7.09 3.64 0.03 1.27 <0.05 <0.05 <0.05 0.2 0.01 1.7
7101-179x 0.5 0.90 7.40 1.90 0.20 0.7 1.80 1.90 2.44 0.05 0.71 <0.05 <0.05 <0.05 0.1 <0.01 6.5
7101-267 1.1 1.00 5.90 6.80 0.65 3.3 1.00 1.07 1.39 0.04 0.38 <0.05 <0.05 <0.05 <0.05 <0.01 2.2
7101-356 2.1 3.10 4.50 7.20 0.75 3.3 1.10 151 0.94 0.10 0.58 0.05 0.18 <0.05 0.1 0.02 15
7101-404 5.5 2.90 6.80 4.80 0.48 1.8 1.90 2.26 2.70 0.13 1.13 0.08 0.21 <0.05 0.2 0.01 2.3
7101-417 6.9 2.70 5.80 10.80 1.11 5.0 1.40 1.67 1.49 0.12 0.60 0.09 0.19 <0.05 0.1 0.03 0.8
K02100 5.3 2.30 4.70 1.90 0.27 1.7 2.10 0.00 2.81 0.13 1.01 0.06 0.16 <0.05 0.2 0.02 14
K02101 1.1 2.40 0.90 1.90 0.26 15 0.30 0.21 0.44 0.07 0.40 0.06 0.17 <0.05 0.1 0.02 0.1
K02102 289.5 19.80 36.60 82.40 8.40 28.8 5.00 0.89 3.53 0.58 3.31 0.71 2.00 0.4 2.2 0.36 0.8
K02103 9.9 4.20 2.80 5.90 0.65 2.0 0.60 0.46 0.81 0.11 0.55 0.12 0.30 <0.05 0.3 0.03 0.9
K02104 163.5 26.30 40.60 85.60 8.69 30.4 5.80 0.76 5.41 0.79 4.95 0.95 2.59 0.5 2.6 0.46 0.8
K02111 10.6 13.50 3.00 4.50 0.73 4.4 1.60 1.53 1.95 0.30 1.34 0.28 0.55 0.1 0.5 0.05 4.8
K02114 <0,5 2.20 0.80 1.00 0.18 0.8 0.20 0.07 0.32 0.04 0.25 <0.05 0.14 <0.05 0.1 0.02 0.2
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Appendix ICP-MS whole rock analyses
Sample Cu Pb Zn As cd Sh Bi Ag | [
M02111 2.0 81.10 642.0 25.0 15.0 5.9 <0,1 3.3
7006-117 60.5 16500.0 9270.0 46.0 38.1 35.5 0.1 69.7
7006-267 5.2 340.0 5957.0 17.0 11.9 8.2 0.1 0.3
7006-268 22.8 2574.6 7655.0 55.0 12.3 7.7 0.1 15
7006-275 5.3 2854.2 18186.0 106.0 27.8 8.4 0.1 1.9
7006-291 2.2 330.0 5381.0 7.0 13.7 12.3 0.1 0.3
7006-303x 34.5 15800.0 61295.0 48.0 250.0 35.8 0.1 28.2
7006-317x 5.4 13455 4307.0 27.0 10.5 14.6 0.1 1.3
7006-330 37.1 4303.3 31584.0 43.0 150.1 34.5 0.1 13.0
7006-330x 74.3 14200.0 50390.0 65.0 255.8 55.8 0.1 26.7
7006-336 6.6 25.50 76.0 26.0 0.1 5.7 0.4 0.4
7016-167 95.3 35300.0 62007.0 49.0 268.9 123.8 0.2 66.6
7016-197 63.8 38600.0 85314.0 173.0 362.1 105.0 0.2 84.4
7016-202x 53.6 30100.0 43891.0 179.0 197.9 130.4 0.1 67.1
7016-65x 3276.4 535.9 5042.0 208.0 6.8 144.5 5.9 7.6
7016-75 1889.7 1082.8 3513.0 73.0 7.1 40.1 15.0 2.2
7018-145a 2.8 533.3 3305.0 22.0 4.2 3.3 0.1 0.2
7018-171 16 592.7 9364.0 4.0 17.6 2.1 0.1 0.8
7018-171a 61.9 378000.0 110600.0 8.0 310.3 1054.1 0.1
7018-188 14.6 1427.1 26275.0 8.0 29.1 5.4 0.1 1.6
7018-194 4.2 1178.5 9896.0 24.0 10.5 24.6 0.1 0.9
7018-204a 4.0 1681.8 44901.0 19.0 86.3 8.0 0.1 2.2
7018-360 13.9 1084.2 21739.0 35.0 24.3 2.8 0.1 10.0
7018-370a 1.4 6086.5 38780.0 11.0 137.4 6.2 0.1 0.1
7018-370ab 1.4 822.2 5703.0 5.0 13.6 4.4 0.1 0.1
7018-370b 1.2 6094.4 38850.0 11.0 139.3 6.4 0.1 0.1
7101-103 108.3 8294.1 1415.0 192.0 1.8 39.6 1.8 51.3
7101-131 1262.3 41100.0 32504.0 394.0 106.1 38.3 1.2 10.8
7101-141 597.3 108900.0 25669.0 151.0 170.1 337.8 7.8 147.1
7101-179x 2954.6 14500.0 54665.0 1628.0 213.2 51.3 14.1 28.5
7101-267 2289.6 105300.0 234900.0 189.0 634.0 150.2 12.1 130.5
7101-356 358.1 142200.0 172500.0 251.0 555.5 618.6 0.1
7101-404 971.9 10000.0 17229.0 110.0 57.7 405.9 15.5 88.0
7101-417 515.0 4601.1 1667.0 235.0 2.3 14.7 5.4 11.9
K02100 128.9 121400.0 127100.0 110.0 164.1 4115 0.1 117.0
K02101 1.0 204.0 842.0 9.0 1.6 3.0 0.1 0.3
K02102 11.7 149.2 2585.0 72.0 1.4 9.9 0.2 0.5
K02103 11.1 306.0 9574.0 39.0 15.8 13.4 0.1 5.2
K02104 42.6 724.7 692.0 19.0 1.1 46.4 0.5 2.7
K02111 83.1 17200.0 343600.0 234.0 233.0 51.0 0.1 27.0
K02114 13.5 2828.1 20573.0 38.0 231.1 15.6 0.1 0.5
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Appendix

ICP-MS whole rock analyses

Sample Location Borehole No. Depth Local Lithology Comments
K02117 lirankuh Koladahrvazeh non-sulph. ore white ore

K02118 lirankuh Koladahrvazeh dolomite breccia white ore

K02120 lirankuh Koladahrvazeh dolomite

K02121 lirankuh Koladahrvazeh dolomite

K02122 lirankuh Koladahrvazeh white zinc ore

K02128 llrankuh Koladahrvazeh white zinc ore

K02131 lirankuh Koladahrvazeh oxide ore

M02138 Mehdi Abad VOB dolomite oxidised

M02139 Mehdi Abad VOB limestone oxidised

M02140 Mehdi Abad VOB gossan

M02141 Mehdi Abad Felsite gossan

M02143 Mehdi Abad VOB dolomite

M02144 Mehdi Abad VOB shale

M02145 Mehdi Abad VOB red zinc ore non-sulphide ore
M02147 Mehdi Abad VOB red zinc ore non-sulphide ore
M02148 Mehdi Abad VOB shales, shaly limestone

M02151 Mehdi Abad VOB dolomite oxidised

M02152 Mehdi Abad VOB dolomite mineralised, oxidised
M7008-205 Mehdi Abad 7008 -205 VOB dolomite sulphides

M7008-216 Mehdi Abad 7008 -216 VOB dolomite barite veins
M7008-266 Mehdi Abad 7008 -266 VOB dolomite breccia, with sulphides
M7008-295 Mehdi Abad 7008 -295 VOB dolomite breccia, with sulphides
M7008-302 Mehdi Abad 7008 -302 VOB dolomite breccia with barite veins and sulphides
M7008-309 Mehdi Abad 7008 -309 VOB dolomite breccia with barite veins and sulphides
M7008-314 Mehdi Abad 7008 -314 VOB dark grey dolomite, shaly intercalations barite, sulphides
M7008-330 Mehdi Abad 7008 -330 VOB grey dolomite sulphide ore, barite
M7008-371 Mehdi Abad 7008 -371 VOB shaly limestone barite

1K02107 lirankuh Goushfil Pit dolomite

1K02108 lirankuh Goushfil Pit shales weathered

1K02109 llrankuh Goushfil Pit mylonite fault zone

1K02110 lirankuh Goushfil Pit dolomite mineralised

1K02112 lirankuh Goushfil Pit shales

1K02125 lirankuh Koladahrvazeh white-ore

1K02126 lirankuh Koladahrvazeh white-ore

IK02127A lirankuh Koladahrvazeh white-ore

1K02127B lirankuh Koladahrvazeh white-ore

1K02129 lirankuh Koladahrvazeh white-ore

1K02130 lirankuh Koladahrvazeh massive barite

1K02132 lirankuh DDH64 -110 Koladahrvazeh dolomite

1K02133 lirankuh DDH64 -13 Koladahrvazeh dolomite sulphides, partly oxidised
IK0O2134A lirankuh DDH64 -16.4 Koladahrvazeh dolomite
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Appendix ICP-MS whole rock analyses

Sample Sio2 Al203 Fe203 MgO CaO Na20 K20 TiO2 P205 MnO Cr203 LOI Ba SUM (Oxides+LOI+Ba) | TOT/C | TOT/S
K02117 0.42 0.06 0.11 0.62 0.49 <0.01 <0.02 <0.01 <0.01 0.05 <0.001 34.20 2993 36.29 8.76 0.07
K02118 0.34 0.05 1.64 14.41 22.27 0.02 0.02 <0.01 0.02 0.12 <0.001 42.80 3187 82.05 11.52 | 0.09
K02120 0.21 0.05 0.28 21.05 31.77 0.05 <0.02 <0.01 0.04 0.08 <0.001 46.10 142 99.64 12.78 | <0.01
K02121 0.44 0.10 0.33 21.67 32.52 0.06 <0.02 <0.01 0.03 0.09 <0.001 44.30 305 99.59 13.17 | <0.01
K02122 1.58 0.04 1.86 8.17 15.04 0.01 <0.02 <0.01 0.02 0.40 <0.001 32.00 2413 59.40 9.09 0.08
K02128 17.94 0.04 0.89 0.23 0.32 0.01 0.02 <0.01 <0.01 0.06 <0.001 10.70 7637 31.06 1.17 0.24
K02131 0.10 <0.03 0.44 0.26 0.33 <0.01 <0.02 <0.01 <0.01 0.03 <0.001 29.60 4549 31.29 7.93 0.16
M02138 4.20 1.01 22.23 5.07 14.61 2.03 0.27 0.03 0.04 7.11 <0.001 28.30 383 84.95 5.03 0.34
M02139 11.38 1.81 19.47 0.36 22.26 0.03 0.53 0.09 0.01 7.22 0.00 23.00 377 86.20 4.69 0.05
M02140 1.78 0.60 46.04 2.57 6.09 0.52 0.16 0.02 0.02 18.16 <0.001 15.60 5912 92.22 2.12 0.44
M02141 3.64 0.78 50.41 0.19 0.29 0.72 0.27 0.03 0.06 16.60 0.00 12.80 5389 86.39 0.13 0.16
M02143 29.02 8.94 4.13 8.86 18.57 0.10 2.70 0.43 0.10 0.59 0.01 26.00 230 99.47 7.03 0.24
M02144 65.26 12.24 4.06 1.85 2.51 0.12 2.92 0.71 0.10 0.25 0.01 9.30 396 99.38 1.85 1.74
M02145 2.10 0.85 44.20 1.30 0.25 0.17 0.22 0.03 0.02 24.48 <0.001 12.90 1102 86.65 0.17 0.05
M02147 3.32 1.51 48.79 1.28 0.45 0.20 0.47 0.07 0.05 22.15 0.00 11.00 6134 89.98 0.19 0.08
M02148 54.57 9.32 3.11 4.50 8.91 0.11 2.66 0.52 0.16 0.48 0.01 14.20 226 98.57 3.63 0.23
M02151 6.77 1.42 6.07 11.35 23.56 0.11 0.39 0.07 0.02 2.18 0.00 38.40 1593 90.52 10.16 | 0.18
M02152 6.32 0.95 6.05 13.99 30.32 <0.01 0.25 0.04 0.06 2.24 <0.001 38.00 97 98.23 11.44 | <0.01
M7008-205 1.32 0.48 6.86 12.07 19.31 0.03 <0.02 0.02 0.04 1.32 <0.001 32.00 120494 86.91 8.79 4.04
M7008-216 0.34 0.08 3.61 12.34 21.81 0.01 <0.02 <0.01 0.01 1.40 <0.001 34.50 95896 84.83 9.57 3.80
M7008-266 1.11 0.66 1.78 6.09 10.03 <0.01 0.07 0.04 0.01 0.97 0.00 8.30 151812 46.01 4.79 | 13.09
M7008-295 1.42 0.79 1.43 8.27 14.28 0.03 0.10 0.05 0.02 0.31 0.00 15.50 132410 56.99 6.10 8.87
M7008-302 1.32 1.04 4.91 17.13 25.76 0.04 0.05 0.06 0.11 1.35 0.00 40.80 32576 96.21 10.79 | 1.11
M7008-309 0.71 0.30 1.83 10.65 17.18 <0.01 0.10 0.02 0.02 0.53 <0.001 22.30 154480 70.89 7.11 7.84
M7008-314 2.84 0.95 3.78 11.96 22.55 0.02 0.32 0.05 0.05 1.44 0.00 34.40 57302 84.77 10.28 | 3.26
M7008-330 0.89 0.18 46.58 2.10 0.92 0.02 0.05 <0.01 <0.01 10.97 <0.001 30.80 3042 92.87 9.67 2.18
M7008-371 13.27 0.39 34.52 1.26 0.61 0.02 0.10 0.02 <0.01 6.19 <0.001 21.60 116951 91.04 6.75 3.09
IK02107 9.85 1.75 5.01 11.90 19.66 0.06 0.44 0.10 0.02 1.13 0.00 29.00 63875 86.06 8.96 4.11
1K02108 76.02 11.52 0.93 0.40 0.03 0.20 2.94 0.66 0.06 <0.01 0.01 4.50 1346 97.42 0.29 0.81
IK02109 37.44 2.09 11.26 0.26 0.31 0.05 0.50 0.11 0.02 0.06 0.00 14.80 171 66.93 1.05 | 18.59
IK02110 1.23 0.38 7.60 10.88 20.66 0.02 0.08 0.02 <0.01 2.32 <0.001 30.20 91340 83.60 9.16 4.37
IK02112 60.01 16.41 5.26 1.87 1.87 0.18 3.63 0.83 0.15 0.07 0.01 6.00 633 96.37 1.35 0.10
1K02125 18.57 0.11 2.51 0.12 0.17 0.01 <0.02 <0.01 0.01 0.41 <0.001 14.60 314 36.56 0.81 0.06
1K02126 16.07 0.02 5.85 0.03 0.02 <0.01 <0.02 <0.01 0.01 0.17 <0.001 15.00 1784 37.37 1.07 0.09
IK02127A 20.32 0.02 0.84 0.83 1.24 <0.01 <0.02 <0.01 0.03 0.28 <0.001 10.00 2843 33.88 1.34 0.09
IK02127B 21.23 0.03 1.05 0.77 1.10 0.01 <0.02 <0.01 0.04 0.17 <0.001 10.10 2628 34.79 1.23 0.07
1K02129 1.40 0.08 0.97 0.23 0.07 <0.01 <0.02 <0.01 <0.01 0.14 <0.001 28.40 459 31.36 5.26 0.01
1K02130 1.11 0.13 1.12 0.56 0.15 <0.01 <0.02 0.01 <0.01 0.21 <0.001 23.50 148220 43.35 4.72 4.67
1K02132 0.09 0.02 0.57 22.47 29.48 0.02 <0.02 <0.01 <0.01 0.13 <0.001 44.80 118 97.60 1293 | 0.01
IK02133 0.42 0.03 0.77 15.62 21.58 0.02 <0.02 <0.01 <0.01 0.12 <0.001 44.70 433 83.32 11.61 | 0.12
IK0O2134A 0.08 0.02 0.42 23.90 30.98 <0.01 <0.02 <0.01 <0.01 0.11 <0.001 43.10 69 98.64 12.83 | 0.01
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Appendix ICP-MS whole rock analyses

Sample Ni Co Cs Sc Ga Hf Nb Rb Sn Sr Ta Th Tl U vV \W
K02117 3.4 12.1 <0,1 <1l <0,5 <0,5 <0,5 <0,5 <1 6.1 0.1 <0.1 0.3 0.3 <5 566.7
K02118 6.8 10.3 <0,1 <1l <0,5 <0,5 <0,5 <0,5 <1 70.5 0.4 <0.1 0.7 1.0 10.0 1868.7
K02120 0.1 54 0.1 <1l <0,5 <0,5 <0,5 <0,5 <1 76.0 0.2 <0.1 0.3 1.2 <5 1151.1
K02121 2.4 14.5 <0,1 <1 <0,5 <0,5 <0,5 <0,5 <1l 90.4 0.4 <0.1 0.2 1.0 <5 1614.8
K02122 0.1 10.0 <0,1 <1 <0,5 <0,5 <0,5 <0,5 <1 87.8 0.3 <0.1 4.1 3.9 <5 1216.0
K02128 2.6 16.7 <0,1 <1 1.6 <0,5 <0,5 0.9 <1 66.2 0.4 <0.1 0.3 3.0 <5 1852.6
K02131 1.1 10.5 0.1 <1 14 <0,5 <0,5 0.9 <1 60.0 0.2 <0.1 0.6 0.7 <5 1084.5
M02138 8.9 10.4 0.7 1.0 4.2 <0,5 0.80 7.0 <1l 152.4 0.2 1.7 1.5 3.3 14.0 730.1
M02139 10.1 17.6 2.1 2.0 6.4 0.9 2.00 17.0 <1 65.9 0.3 1.8 17.9 3.6 27.0 831.2
M02140 13.8 40.5 1.1 1.0 9.6 <0,5 0.50 5.3 <1 373.5 0.2 0.5 2.6 3.0 7.0 444.3
M02141 8.7 65.1 0.9 2.0 10.1 <0,5 0.90 8.3 <1 104.0 0.8 0.7 14.3 10.3 14.0 3400.7
M02143 13.0 15.1 11.3 9.0 15.0 2.8 8.40 104.1 1.0 134.7 0.7 8.8 1.4 2.4 74.0 1084.0
M02144 39.8 95.5 31.3 11.0 16.4 6.5 13.10 124.6 2.0 70.2 1.2 10.8 2.5 4.2 98.0 1312.8
M02145 32.8 60.2 0.8 1.0 12.0 <0,5 <0,5 5.0 <1 330.7 0.2 0.6 0.5 3.6 12.0 780.4
M02147 42.7 63.1 14 2.0 12.0 <0,5 1.30 10.9 <1 1645.6 0.6 1.4 2.9 6.8 23.0 2508.3
M02148 12.4 21.6 10.8 11.0 14.7 55 10.40 98.9 2.0 73.5 2.0 8.3 1.0 2.9 81.0 7042.9
M02151 21.4 1.6 1.6 1.0 4.4 0.6 1.00 14.4 <1 69.1 0.1 1.4 2.9 3.2 18.0 4.0
M02152 4.9 22.7 0.8 1.0 3.8 <0,5 0.80 8.9 <1 70.0 0.3 0.7 0.3 2.0 14.0 974.3
M7008-205 4.9 9.4 0.1 <1 2.0 <0,5 <0,5 0.6 <1 2955.1 0.9 0.6 0.1 4.2 31.0 1083.1
M7008-216 2.6 10.2 <0,1 1.0 1.4 <0,5 <0,5 0.9 <1l 2311.3 0.8 0.2 0.1 0.7 9.0 2504.9
M7008-266 8.4 5.3 0.3 <1 2.6 0.7 0.80 3.6 <1 3818.7 0.9 0.7 1.0 1.2 32.0 732.1
M7008-295 8.4 7.0 0.4 2.0 1.7 0.7 0.80 5.1 <1 3188.0 1.0 0.5 0.5 15 56.0 1119.6
M7008-302 8.6 9.7 0.3 2.0 2.9 0.5 1.10 2.5 <1 703.9 0.6 0.9 0.1 2.0 115.0 2093.4
M7008-309 1.3 5.0 0.6 <1 1.1 0.8 <0,5 4.1 <1l 3234.7 1.0 0.5 0.4 2.5 18.0 841.2
M7008-314 8.8 19.5 1.1 2.0 2.4 0.7 1.10 12.6 <1 1059.0 1.1 1.2 2.5 9.0 43.0 4580.6
M7008-330 2.2 22.7 0.3 <1 9.3 <0,5 <0,5 2.3 <1 69.3 0.4 <0.1 0.6 1.7 7.0 2120.2
M7008-371 1.0 13.9 0.4 <1 54 <0,5 <0,5 4.4 <1 2414.7 0.5 0.6 0.1 1.5 9.0 1427.9
1K02107 15.1 11.3 1.3 2.0 4.7 0.9 2.00 17.8 <1l 1917.8 0.8 2.2 5.6 2.0 30.0 272.8
1K02108 14.9 37.0 5.1 10.0 15.2 6.5 14.50 122.1 2.0 78.4 1.6 14.7 0.9 4.0 102.0 3910.3
IK02109 103.2 51.1 1.3 2.0 10.3 1.2 2.60 20.9 9.0 14.4 0.3 3.3 1.2 0.7 17.0 1102.9
1K02110 15.2 10.2 0.5 1.0 2.5 <0,5 <0,5 4.0 <1 4551.2 0.9 0.3 54 1.0 14.0 1104.3
1IK02112 52.7 33.8 11.8 18.0 20.5 6.2 16.80 146.6 2.0 75.9 1.6 17.0 1.5 5.9 130.0 2302.9
1K02125 4.1 18.3 <0,1 1.0 0.7 <0,5 <0,5 1.2 <1 77.7 0.2 <0.1 6.3 12.9 <5 2367.0
1K02126 1.6 54 <0,1 <1 0.8 <0,5 1.10 <0,5 <1 135.6 <0,1 0.1 7.4 3.6 <5 930.4
IKO2127A 4.8 25.4 <0,1 1.0 0.8 <0,5 <0,5 <0,5 <1 22.0 0.2 <0.1 7.8 2.3 <5 1979.5
1K02127B 3.6 9.4 <0,1 <1 0.8 <0,5 <0,5 <0,5 <1 28.8 <0,1 <0.1 2.6 1.7 <5 267.3
1K02129 6.8 2.4 <0,1 <1 2.4 <0,5 <0,5 <0,5 <1 24.6 <0,1 0.1 1.4 0.7 <5 28.0
1K02130 5.1 6.9 <0,1 <1 1.8 0.8 <0,5 <0,5 <1 5451.6 0.8 0.5 2.9 0.7 <5 264.2
1K02132 2.2 11.6 <0,1 1.0 <0,5 <0,5 <0,5 <0,5 <1 86.7 0.4 <0.1 <0.15 0.4 <5 2688.8
1K02133 3.6 10.0 0.1 <1 0.6 <0,5 <0,5 <0,5 <1l 82.4 0.2 <0.1 0.7 1.2 <5 1152.3
IKO2134A 1.3 9.2 <0,1 1.0 <0,5 <0,5 <0,5 <0,5 <1 64.1 0.3 <0.1 <0.15 <0,1 <5 1594.9
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Sample Zr Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er m Yb Lu Mo
K02117 <0,5 1.60 0.80 <0,5 0.14 0.6 0.20 0.00 0.22 0.02 0.16 <0.05 0.11 <0.05 0.1 <0.01 0.1
K02118 <0,5 2.10 0.90 0.60 0.12 0.5 0.20 0.00 0.30 0.05 0.18 <0.05 0.14 <0.05 0.1 <0.01 1.0
K02120 <0,5 0.70 <0,5 <0,5 0.04 <0,1 <0,1 0.00 0.08 0.02 0.05 <0.05 <0.05 <0.05 <0.05 <0.01 0.3
K02121 <0,5 0.60 <0,5 <0,5 0.05 <0,1 <0,1 <0.05 <0.05 <0.01 0.00 <0.05 <0.05 <0.05 <0.05 <0.01 0.2
K02122 <0,5 0.80 <0,5 <0,5 0.06 <0,1 <0,1 <0.05 0.10 0.01 0.07 <0.05 <0.05 <0.05 <0.05 <0.01 1.7
K02128 1.7 0.20 0.50 0.50 0.06 0.5 <0,1 <0.05 0.10 <0.01 0.06 <0.05 <0.05 <0.05 <0.05 <0.01 0.5
K02131 <0,5 0.20 <0,5 0.50 0.08 <0,1 <0,1 <0.05 <0.05 <0.01 <0.05 <0.05 <0.05 <0.05 <0.05 <0.01 2.1
M02138 9.7 6.60 9.00 14.30 1.50 6.5 1.40 1.54 1.81 0.24 1.16 0.17 0.40 0.1 0.3 0.05 3.6
M02139 31.8 6.20 9.00 15.80 1.69 7.1 1.40 1.05 1.44 0.20 0.99 0.19 0.50 0.1 0.5 0.08 2.3
M02140 5.1 9.00 10.90 16.10 1.63 7.7 2.00 3.30 2.95 0.35 1.54 0.25 0.54 0.1 0.4 0.05 1.9
M02141 8.2 8.10 15.10 20.30 2.29 9.4 2.50 4.36 3.10 0.40 1.80 0.27 0.57 0.1 0.5 0.08 2.4
M02143 89.4 24.30 25.60 53.60 5.73 21.4 4.20 1.04 4.32 0.74 4.05 0.74 1.99 0.3 1.8 0.28 0.1
M02144 225.5 25.90 29.70 59.70 6.74 24.8 5.20 1.04 4.14 0.79 4.34 0.84 2.35 0.4 2.5 0.40 0.9
MO02145 9.9 8.20 13.70 19.10 2.61 11.4 2.90 3.15 3.54 0.39 1.70 0.28 0.71 0.1 0.5 0.07 3.3
M02147 15.0 9.40 13.10 18.60 2.04 8.5 2.20 2.12 2.68 0.32 1.39 0.25 0.58 0.1 0.5 0.08 6.1
M02148 182.5 24.00 27.60 56.20 6.02 22.2 5.10 1.05 4.95 0.71 3.98 0.82 2.25 0.4 2.2 0.35 0.5
M02151 16.4 7.50 7.20 9.20 1.24 5.1 1.00 0.86 1.64 0.19 0.89 0.18 0.40 0.1 0.3 0.05 4.0
M02152 11.0 3.80 4.00 7.10 0.81 3.1 0.80 0.45 1.01 0.11 0.52 0.10 0.27 <0.05 0.2 0.04 1.0
M7008-205 5.2 5.20 7.50 7.90 0.87 4.0 1.10 1.78 1.42 0.14 1.37 0.10 0.28 0.1 0.3 0.05 1.4
M7008-216 0.7 3.70 5.80 6.20 0.57 2.4 0.60 0.44 0.99 0.10 1.07 0.08 0.17 <0.05 0.2 0.03 0.4
M7008-266 9.7 3.00 5.70 5.80 0.48 1.8 0.70 0.25 0.95 0.10 1.33 <0.05 0.18 <0.05 0.2 0.04 0.5
M7008-295 10.2 3.40 6.40 7.60 0.62 2.6 0.70 <0.05 0.86 0.12 1.13 0.07 0.16 <0.05 0.2 0.04 0.3
M7008-302 13.6 6.40 9.00 14.60 1.35 5.5 1.20 1.39 1.26 0.17 0.87 0.18 0.37 0.1 0.4 0.08 0.5
M7008-309 3.9 3.10 6.30 4.60 0.48 2.1 0.60 0.43 0.88 0.08 1.34 <0.05 0.12 <0.05 0.1 0.03 0.5
M7008-314 14.4 7.10 14.50 21.60 2.07 9.0 2.00 4.17 1.84 0.25 1.48 0.17 0.44 0.1 0.4 0.08 2.3
M7008-330 15 4.80 4,70 6.80 0.78 3.0 0.90 1.83 0.95 0.16 0.68 0.12 0.25 <0.05 0.2 0.04 1.9
M7008-371 5.3 3.10 4.40 5.10 0.49 2.6 0.80 0.83 121 0.12 1.13 0.07 0.15 <0.05 0.1 0.02 1.1
IK02107 20.2 10.20 6.50 13.10 1.45 6.7 2.50 1.14 2.46 0.36 1.93 0.29 0.72 0.1 0.6 0.08 6.7
IK02108 233.0 20.60 36.90 77.10 7.70 31.0 4.90 1.07 3.68 0.68 3.26 0.76 1.97 0.3 2.3 0.36 0.9
IK02109 40.2 6.00 5.80 12.90 1.27 6.1 1.30 0.44 1.39 0.18 1.07 0.22 0.58 0.1 0.5 0.09 0.6
IK02110 4.1 8.30 3.10 5.30 0.78 3.8 1.90 5.51 221 0.30 2.10 0.28 0.51 0.1 0.4 0.07 1.9
IK02112 190.4 29.00 41.20 85.10 9.48 37.1 6.50 1.38 5.04 0.94 4.86 1.11 2.78 0.5 2.7 0.47 0.6
IK02125 0.5 0.30 0.50 0.50 0.06 <0,1 <0,1 <0.05 <0.05 0.01 <0.05 <0.05 <0.05 <0.05 <0.05 <0.01 2.7
IK02126 <0,5 0.20 <0,5 <0,5 0.05 <0,1 <0,1 <0.05 <0.05 0.01 <0.05 <0.05 <0.05 <0.05 <0.05 <0.01 3.5
IK02127A <0,5 0.40 <0,5 1.20 0.05 <0,1 <0,1 <0.05 0.07 0.01 0.08 <0.05 <0.05 <0.05 <0.05 <0.01 2.4
IK02127B <0,5 0.40 <0,5 0.80 0.06 <0,1 <0,1 0.06 <0.05 <0.01 <0.05 <0.05 <0.05 <0.05 <0.05 <0.01 1.6
IK02129 1.1 0.40 0.50 0.80 0.07 <0,1 <0,1 <0.05 <0.05 0.01 <0.05 <0.05 <0.05 <0.05 <0.05 <0.01 2.4
IK02130 1.9 1.50 2.60 0.70 0.07 <0,1 0.40 0.80 0.68 0.04 1.15 <0.05 <0.05 <0.05 <0.05 0.02 3.3
IK02132 0.5 0.50 <0,5 <0,5 0.04 <0,1 <0,1 <0.05 <0.05 <0.01 <0.05 <0.05 <0.05 <0.05 <0.05 <0.01 0.3
IK02133 0.7 0.50 <0,5 <0,5 0.06 <0,1 <0,1 <0.05 <0.05 <0.01 0.09 <0.05 <0.05 <0.05 <0.05 <0.01 0.7
IK02134A <0,5 0.50 <0,5 <0,5 0.05 <0,1 <0,1 <0.05 <0.05 <0.01 0.06 <0.05 <0.05 <0.05 <0.05 <0.01 0.2
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ICP-MS whole rock analyses

Sample Cu Pb Zn As cd Sh Bi Ag | [
K02117 218.9 1334.5 497300.0 10.0 >2000 4.9 0.1 0.6
K02118 30.3 1512.0 136300.0 113.0 205.8 44.8 0.1 3.7
K02120 1.4 81.60 493.0 8.0 1.2 9.0 0.1 0.4
K02121 0.8 89.50 222.0 12.0 0.3 0.8 0.1 0.3
K02122 38.2 47000.0 237700.0 393.0 1009.6 23.9 0.1 12.3
K02128 60.7 60600.0 436000.0 214.0 18.8 250.9 0.1 23.9
K02131 49.3 225800.0 350600.0 136.0 308.1 643.4 0.1 5.4
M02138 2.7 19900.0 90592.0 140.0 265.8 14.5 0.1 2.0
M02139 38.9 23600.0 84195.0 469.0 192.7 63.0 0.1 3.9
M02140 2.3 453.6 45749.0 160.0 254.4 4.2 0.1 1.7
M02141 2.9 32100.0 74661.0 532.0 164.8 123.0 0.1 15
M02143 21.8 204.6 863.0 20.0 1.4 7.0 0.2 0.1
M02144 138.2 106.9 1103.0 129.0 1.0 18.2 0.3 0.6
M02145 9.7 10637.2 80707.0 254.0 480.4 9.6 0.1 9.7
M02147 1.9 5670.0 61025.0 58.0 418.9 4.2 0.1 20.3
M02148 5.1 114.6 974.0 9.0 1.4 4.0 0.3 0.2
M02151 45 6834.4 62443.0 43.0 383.9 53.3 0.1 0.8
M02152 1.0 483.8 10255.0 19.0 8.2 36.4 0.1 0.1
M7008-205 31.2 15600.0 10200.0 12.0 34.9 41.8 0.1 435
M7008-216 25.3 18900.0 26000.0 1.0 99.6 13.8 0.1 29.5
M7008-266 258.2 59300.0 177300.0 5.0 691.5 85.8 0.1 168.9
M7008-295 57.3 106800.0 93600.0 2.0 399.4 36.3 0.1 65.3
M7008-302 42.8 1751.0 11700.0 24.0 53.6 54.7 0.1 6.4
M7008-309 49.5 11400.0 51400.0 8.0 205.0 425 0.1 75.4
M7008-314 335 5090.5 29900.0 139.0 127.2 45.1 0.1 11.0
M7008-330 <0,1 1127.8 40400.0 12.0 118.8 5.9 0.1 3.8
M7008-371 610.6 456.2 734.0 99.0 2.5 231.2 4.2 7.0
1IK02107 14.9 1918.8 19200.0 122.0 22.6 17.0 0.1 5.6
1K02108 7.2 784.0 2870.0 60.0 4.6 21.1 0.2 1.0
1K02109 218.3 2875.4 264800.0 714.0 440.5 152.6 0.1 14.5
1K02110 6.7 3425.4 28800.0 38.0 65.6 7.6 0.1 3.2
1IK02112 46.5 49.20 290.0 21.0 0.1 6.8 0.3 0.1
1K02125 52.0 96900.0 478300.0 515.0 507.8 101.1 0.1 7.3
1K02126 102.9 166700.0 408500.0 927.0 26.8 151.4 0.1 45.2
IK02127A 20.2 6057.2 517800.0 142.0 177.8 228.0 0.1 0.7
IK02127B 24.0 5028.2 510600.0 157.0 174.4 222.0 0.1 0.6
1K02129 256.2 214200.0 430900.0 201.0 452.7 1170.0 0.1 23.6
1K02130 241.7 50000.0 322200.0 106.0 623.5 787.0 0.1 9.2
1K02132 3.1 752.2 2598.0 7.0 8.8 12.9 0.1 0.8
1K02133 29.3 25700.0 100600.0 48.0 81.5 108.3 0.1 10.3
IK02134A 1.0 106.4 326.0 2.0 1.4 1.1 0.1 0.4

Appendix

147




Appendix

ICP-MS whole rock analyses

Sample Location Borehole No. Depth Local Lithology Comments
1IK02134B lirankuh DDH64 -16.4 Koladahrvazeh shales

1K02135 llrankuh DDH64 -50.5 Koladahrvazeh non-sulph. ore

1K02139 lirankuh DDH64 -96.8 Koladahrvazeh non-sulph. ore

1K02140 lirankuh DDH64 -97 Koladahrvazeh non-sulph. ore

1K02141 lirankuh DDH64 -109.5 Koladahrvazeh non-sulph. ore

1K02142 llrankuh DDH64 -111 Koladahrvazeh dolomite parltly non-sulph. Minerals
1K02143 lirankuh DDH64 -111.5 Koladahrvazeh dolomite sulphides

1K02145 lirankuh DDH64 -112.5 Koladahrvazeh non-sulph. ore

1K02149 lirankuh DDH40 -77 Koladahrvazeh dolomite

1K02151 llrankuh DDH40 -74.5 Koladahrvazeh non-sulph. ore

IK02151grey lirankuh DDH40 -74.5 Koladahrvazeh dolomite

1K02154 llIrankuh DDH40 -54.2 Koladahrvazeh dolomite/shale contact zone

1K02155 lirankuh DDH40 -45 Koladahrvazeh dolomite partly non-sulphide minerals
1K02156 llrankuh DDH40 -40.5 Koladahrvazeh non-sulph. ore

IK02158 llIrankuh Koladahrvazeh dolomite barite rich

IK02159 llrankuh Koladahrvazeh non-sulph. Ore malachite bearing
1K02160 lirankuh DDH10G Goushfil Pit dolomite

1K02161 llrankuh DDH10G -156 Goushfil Pit dolomite

1K02162 lirankuh DDH10G -149 Goushfil Pit dolomite partly sphalerite

1K02164 lirankuh DDH10G -117 Goushfil Pit dolomite sulphides, pyrite, partly oxidised
1K02166 lirankuh DDH10G -72 Goushfil Pit shales and limestone fault

1K02170 llrankuh DDH10G -25 Goushfil Pit highly alterated, gossan

1K02171 lirankuh DDH10G -20 Goushfil Pit non-sulph. ore gossan

IK02172 llIrankuh DDH10G -15 Goushfil Pit alterated, limestone fault zone

1K02173 lirankuh DDH10G -12 Goushfil Pit barite

1K02174 llrankuh DDH10G -8 Goushfil Pit gossan

IK02175 llirankuh DDH10G -5 Goushfil Pit dolomite oxidised

M02155 Mehdi Abad VOB barite black hill

M02156 Mehdi Abad VOB barite black hill

M02157 Mehdi Abad VOB barite black hill

M02158 Mehdi Abad VOB barite black hill

M02159 Mehdi Abad VOB barite black hill

M02160 Mehdi Abad VOB barite black hill
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Appendix ICP-MS whole rock analyses

Sample Sio2 Al203 Fe203 MgO CaO Na20 K20 TiO2 P205 MnO Cr203 LOI Ba SUM (Oxides+LOI+Ba) | TOT/C | TOT/S
IK02134B 55.39 14.53 5.70 2.36 4.85 0.73 3.51 0.71 0.14 0.07 0.01 10.60 255 98.64 2.68 0.32
IK02135 1.73 0.11 1.05 3.42 4.82 0.02 <0.02 <0.01 <0.01 0.12 0.00 20.40 179549 51.73 5.07 6.13
IK02139 12.23 0.03 1.04 9.25 14.00 <0.01 <0.02 <0.01 <0.01 0.21 <0.001 28.10 1999 65.11 6.46 0.10
1K02140 10.64 0.09 0.96 0.22 0.15 0.03 <0.02 0.01 0.02 0.16 <0.001 17.20 33600 33.24 2.50 0.97
1K02141 0.14 0.04 0.83 11.93 16.55 0.03 <0.02 <0.01 <0.01 0.15 <0.001 37.40 266 67.12 10.38 | 1.65
1K02142 0.18 0.02 2.23 18.11 26.08 <0.01 <0.02 <0.01 <0.01 0.41 <0.001 44.00 97 91.06 11.81 | 0.02
1K02143 0.15 0.05 0.60 13.26 17.89 0.01 <0.02 <0.01 <0.01 0.11 <0.001 14.20 27 46.29 8.67 | 10.69
1K02145 0.23 0.04 0.48 0.47 0.24 0.01 <0.02 <0.01 <0.01 0.08 <0.001 31.10 56 32.66 6.88 0.13
1K02149 0.24 0.06 2.12 21.78 30.55 0.01 <0.02 <0.01 <0.01 0.30 <0.001 43.40 18 98.47 13.68 | 0.46
IK02151 0.09 0.02 0.42 4.42 5.89 <0.01 <0.02 <0.01 <0.01 0.07 <0.001 18.80 96 29.71 6.05 | 11.32
IK02151grey 0.16 0.10 1.37 16.36 22.88 0.01 0.02 <0.01 <0.01 0.21 <0.001 21.30 71 62.43 10.20 | 7.84
IK02154 13.25 4.08 2.16 4.46 6.52 0.03 1.05 0.19 0.05 0.09 0.00 12.90 100348 55.99 432 | 11.94
IK02155 0.33 0.06 1.70 8.95 13.97 <0.01 <0.02 <0.01 <0.01 0.14 <0.001 9.00 90630 44.28 6.23 | 13.89
IK02156 2.00 0.73 3.81 1.52 2.51 <0.01 0.19 0.03 0.01 0.02 <0.001 10.60 191316 42.78 1.18 | 24.17
IK02158 0.31 0.05 3.26 12.73 17.63 <0.01 <0.02 <0.01 <0.01 0.20 <0.001 27.60 194143 83.47 7.91 4.99
IK02159 0.52 0.05 6.64 0.36 0.08 0.01 <0.02 <0.01 <0.01 0.91 <0.001 30.50 27 39.09 8.14 0.02
1K02160 0.41 0.19 10.36 15.67 28.08 0.04 0.05 0.01 <0.01 2.49 <0.001 33.20 28 90.51 11.52 | 3.92
IK02161 0.59 0.34 3.72 19.49 30.92 0.04 0.10 0.02 <0.01 1.56 <0.001 42.10 2810 99.20 13.16 | 0.32
1K02162 0.57 0.33 3.03 20.67 31.06 0.02 0.09 0.02 <0.01 1.18 <0.001 40.70 251 97.71 13.06 | 0.96
IK02164 141 0.19 30.79 8.77 25.57 <0.01 0.03 0.01 0.02 1.64 0.00 26.60 14710 96.69 7.73 2.03
IK02166 8.29 4.53 9.14 12.89 24.52 0.08 1.18 0.24 0.02 3.06 0.00 32.70 8496 97.60 10.00 | 1.53
IK02170 1.58 0.67 14.68 0.42 0.11 <0.01 0.13 0.03 0.02 1.86 0.00 26.90 62085 53.35 6.50 1.99
IK02171 4.12 1.46 41.18 0.08 0.01 0.02 0.29 0.12 0.03 0.05 0.01 9.30 228555 82.19 0.07 5.68
IK02172 12.22 6.90 11.11 0.33 0.13 0.09 1.63 0.41 0.06 0.56 0.01 13.20 276624 77.54 0.13 8.55
1K02173 1.54 0.48 0.53 0.03 0.03 <0.01 0.14 0.03 <0.01 0.02 <0.001 2.30 578144 69.66 0.07 | 13.89
IK02174 7.21 2.27 9.84 0.10 0.02 0.02 0.58 0.13 0.02 <0.01 0.00 5.70 433948 74.35 0.05 | 11.22
IK02175 1.37 0.54 7.36 14.60 27.43 0.03 0.16 0.02 <0.01 2.49 <0.001 39.60 3982 94.06 11.21 | 0.12
M02155 12.96 0.02 0.09 0.01 0.01 <0.01 <0.02 <0.01 <0.01 <0.01 <0.001 4.40 402612 62.40 0.12 | 12.25
M02156 22.39 0.09 28.89 0.05 0.16 0.02 <0.02 <0.01 <0.01 0.82 0.00 3.80 246693 83.79 0.07 6.20
M02157 0.09 0.02 0.02 0.01 0.01 <0.01 <0.02 <0.01 0.01 <0.01 <0.001 0.05 596815 66.78 0.01 | 13.59
M02158 18.83 0.03 2.29 0.01 0.02 0.01 <0.02 <0.01 <0.01 <0.01 <0.001 0.80 465897 74.01 0.03 | 11.22
M02159 60.68 1.82 1.49 0.04 0.04 0.02 0.34 0.13 0.67 <0.01 0.00 4.30 160181 87.43 0.08 4.35
M02160 7.97 0.81 9.73 0.23 0.34 0.06 0.22 0.04 0.03 1.40 <0.001 25.00 320930 81.66 0.19 | 11.11
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Sample Ni Co Cs Sc Ga Hf Nb Rb Sn Sr Ta Th Tl U vV \W
1K02134B 38.2 21.4 18.5 15.0 18.8 4.2 11.00 131.8 2.0 113.9 1.1 10.7 2.8 1.8 106.0 2442.7
1K02135 3.2 6.7 <0,1 <1 0.8 0.8 <0,5 <0,5 <1 4405.8 1.5 0.1 1.6 4.2 <5 626.3
1K02139 2.1 16.0 <0,1 <1 0.6 <0,5 <0,5 <0,5 <1 67.7 <0,1 <0.1 5.3 0.5 16.0 231.8
1K02140 12.3 9.3 <0,1 <1 2.6 <0,5 <0,5 0.6 <1 438.9 0.3 <0.1 2.2 53.2 <5 1284.4
1K02141 2.1 5.3 0.1 <1 1.7 <0,5 <0,5 0.5 <1 126.4 <0,1 <0.1 1.0 0.3 <5 151.8
1K02142 3.2 20.2 <0,1 <1 1.1 <0,5 <0,5 <0,5 <1 64.8 0.2 <0.1 6.8 <0,1 <5 1143.6
1K02143 14 3.6 0.4 <1 2.9 <0,5 <0,5 0.5 <1 62.2 <0,1 <0.1 2.5 0.1 5.0 276.8
1K02145 3.8 2.5 <0,1 <1 2.6 <0,5 <0,5 <0,5 <1 67.1 <0,1 <0.1 2.2 1.1 <5 35.9
1K02149 17.0 31.3 <0,1 1.0 0.8 <0,5 <0,5 <0,5 <1 99.1 0.2 <0.1 <0.15 0.1 <5 801.5
1K02151 5.2 12.9 <0,1 1.0 0.6 <0,5 <0,5 <0,5 <1 272.1 0.4 0.1 4.6 0.4 <5 2377.5
IK02151grey 54 14.5 0.1 1.0 0.8 <0,5 <0,5 0.9 <1 69.5 0.4 <0.1 1.7 0.2 10.0 2674.2
1IK02154 21.5 116.5 4.4 5.0 6.2 1.7 2.90 40.0 <1l 4096.4 0.4 2.6 2.6 1.0 31.0 727.7
1K02155 4.2 5.2 <0,1 <1 1.7 <0,5 <0,5 <0,5 <1 2756.5 0.6 <0.1 2.6 0.2 <5 191.1
IK02156 9.5 3.2 1.0 1.0 3.3 0.7 <0,5 7.0 <1 7870.1 0.7 0.5 8.6 0.3 5.0 136.8
1K02158 2.8 3.8 <0,1 <1 1.0 0.8 <0,5 <0,5 <1 3538.7 1.9 0.1 1.4 0.6 <5 1287.8
IK02159 9.4 15.3 <0,1 <1 4.4 <0,5 <0,5 <0,5 <1 3.2 0.1 <0.1 9.0 6.8 <5 456.5
1K02160 6.2 8.5 <0,1 1.0 2.2 <0,5 <0,5 1.3 <1 69.8 <0,1 0.1 1.4 1.4 14.0 388.5
1K02161 3.0 5.6 0.3 <1 2.0 <0,5 <0,5 3.1 <1 154.2 <0,1 0.1 1.1 1.4 10.0 257.5
1K02162 6.9 9.2 0.2 1.0 1.7 <0,5 <0,5 3.1 <1 93.8 0.2 0.2 2.2 1.3 9.0 849.3
1K02164 43.4 23.6 <0,1 1.0 1.7 <0,5 <0,5 1.2 <1 380.0 0.5 0.4 3.9 1.8 6.0 2016.8
1K02166 19.6 12.1 7.0 7.0 7.4 1.4 2.90 43.9 <1l 173.2 0.5 3.2 2.6 4.0 61.0 1398.5
1K02170 140.5 15.4 0.9 1.0 3.1 <0,5 <0,5 5.3 <1 1053.4 0.2 0.6 45.2 6.7 17.0 63.6
1IK02171 10.1 2.1 0.9 1.0 7.6 1.0 1.90 10.4 <1l 2660.8 1.1 1.8 4.1 54 45.0 238.7
1K02172 14.6 18.9 2.8 6.0 8.3 2.8 5.00 49.6 <1 7917.7 1.2 7.7 99.7 11.7 73.0 310.7
1K02173 1.9 2.3 0.2 <1 1.2 2.1 0.50 3.9 <1 16375.2 2.7 0.5 1.3 1.2 11.0 48.2
1K02174 3.4 3.6 0.9 1.0 4.5 1.8 1.80 16.3 <1l 12444.1 1.2 2.1 3.5 3.0 40.0 503.7
1IK02175 3.7 15.6 0.4 1.0 2.8 <0,5 <0,5 5.6 <1 419.6 <0,1 0.7 4.9 1.6 14.0 148.9
MO02155 0.8 15.3 <0,1 1.0 0.7 1.2 <0,5 <0,5 <1 11753.1 1.4 <0.1 1.0 0.5 <5 2670.5
M02156 36.6 3.3 <0,1 <1 1.1 <0,5 <0,5 0.5 <1l 4583.3 0.5 <0.1 262.9 2.2 6.0 21.9
M02157 0.1 4.4 <0,1 <1 <0,5 1.4 <0,5 0.5 <1 9113.2 3.0 <0.1 5.0 <0,1 <5 272.6
M02158 0.1 17.6 <0,1 1.0 0.8 1.4 <0,5 <0,5 <1 7221.6 1.6 <0.1 1.8 0.2 <5 1652.0
M02159 0.1 9.6 1.4 5.0 7.4 1.2 2.00 12.1 <1 3934.8 2.4 4.7 2.5 16.0 112.0 6615.3
M02160 19.5 31.6 2.4 <1 2.8 1.8 0.90 13.9 <1 8834.3 1.6 0.9 3.0 1.5 53.0 713.1
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Appendix ICP-MS whole rock analyses

Sample Zr Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er m Yb Lu Mo
IK02134B 153.1 26.20 31.00 61.70 6.85 27.3 4.90 1.16 471 0.78 4.22 0.89 2.42 0.4 2.6 0.39 0.4
IK02135 0.6 1.80 2.90 <0,5 0.05 <0,1 0.40 <0.05 0.72 0.04 1.28 <0.05 <0.05 <0.05 <0.05 0.02 1.6
IK02139 0.9 0.80 0.50 <0,5 0.07 <0,1 <0,1 <0.05 0.07 <0.01 0.06 <0.05 0.05 <0.05 <0.05 <0.01 2.7
1K02140 2.2 0.70 1.70 1.50 0.15 <0,1 0.10 0.20 0.16 <0.01 0.30 <0.05 <0.05 <0.05 <0.05 <0.01 2.7
IK02141 0.6 0.60 0.70 0.70 0.10 <0,1 <0,1 <0.05 0.07 0.02 0.07 <0.05 <0.05 <0.05 <0.05 <0.01 1.1
1K02142 <0,5 1.10 0.60 0.60 0.12 <0,1 <0,1 <0.05 0.17 0.02 0.12 <0.05 0.08 <0.05 <0.05 <0.01 1.7
1K02143 0.7 0.80 0.50 0.60 0.08 <0,1 0.10 <0.05 0.11 0.01 0.05 <0.05 <0.05 <0.05 <0.05 <0.01 0.9
1K02145 0.9 0.30 <0,5 <0,5 0.06 <0,1 <0,1 <0.05 0.10 <0.01 0.05 <0.05 <0.05 <0.05 <0.05 <0.01 14
IK02149 0.5 1.40 <0,5 <0,5 0.06 <0,1 0.10 <0.05 0.23 0.03 0.19 <0.05 0.10 <0.05 0.1 0.02 0.3
IK02151 <0,5 0.30 <0,5 <0,5 0.02 <0,1 <0,1 <0.05 <0.05 <0.01 <0.05 <0.05 <0.05 <0.05 <0.05 <0.01 0.6
IK02151grey 1.2 0.60 <0,5 0.60 0.07 <0,1 <0,1 <0.05 0.07 0.02 <0.05 <0.05 <0.05 <0.05 0.1 0.01 0.5
IK02154 36.8 7.40 7.60 13.70 1.58 6.3 1.50 <0.05 1.42 0.20 1.69 0.22 0.62 0.1 0.7 0.09 2.5
IK02155 1.3 3.00 1.10 0.80 0.08 <0,1 0.40 <0.05 0.69 0.09 0.96 0.06 0.16 <0.05 0.1 0.02 0.4
IK02156 4.7 2.50 2.50 1.30 0.15 0.6 0.40 <0.05 0.89 0.06 1.37 <0.05 0.11 <0.05 0.1 0.02 0.4
IK02158 0.8 1.90 2.60 0.60 0.08 <0,1 0.30 <0.05 0.70 0.05 1.15 <0.05 0.06 <0.05 <0.05 0.01 1.6
IK02159 1.0 0.30 <0,5 0.90 0.05 <0,1 <0,1 <0.05 0.12 <0.01 0.07 <0.05 <0.05 <0.05 <0.05 <0.01 6.5
IK02160 2.3 1.90 1.00 2.00 0.31 1.1 0.40 0.62 0.52 0.06 0.34 0.05 0.14 <0.05 0.2 0.03 15
IK02161 3.9 1.70 1.20 2.10 0.25 1.0 0.40 0.23 0.38 0.06 0.21 <0.05 0.12 <0.05 0.1 0.02 1.1
1K02162 3.5 1.60 1.10 2.30 0.23 1.0 0.30 0.20 0.30 0.04 0.29 <0.05 0.12 <0.05 <0.05 0.02 0.8
IK02164 1.8 2.80 1.10 2.10 0.33 14 0.50 0.48 0.58 0.09 0.34 0.05 0.17 <0.05 0.1 0.02 2.2
IK02166 34.2 8.80 8.30 16.00 1.94 7.7 1.80 1.64 1.82 0.26 1.43 0.28 0.71 0.1 0.7 0.10 18.7
IK02170 11.8 5.50 2.30 3.60 0.52 2.7 1.30 1.47 151 0.20 1.23 0.18 0.41 <0.05 0.3 0.07 13.4
IK02171 20.3 3.60 6.40 7.00 0.67 2.6 0.60 <0.05 0.78 0.06 1.45 0.07 0.17 <0.05 0.3 0.05 7.6
IK02172 55.6 8.10 23.40 32.10 4.01 16.8 2.40 <0.05 1.69 0.22 2.63 0.22 0.59 0.1 0.8 0.14 36.6
IK02173 6.6 4.40 6.60 2.50 0.24 1.2 1.10 <0.05 1.60 0.10 2.96 <0.05 0.06 <0.05 0.1 0.04 1.7
IK02174 22,5 5.40 9.10 8.90 1.04 3.9 1.20 <0.05 1.45 0.12 2.40 0.07 0.23 0.1 0.4 0.07 11.2
IK02175 4.1 4.30 2.00 4.30 0.61 2.6 1.10 1.49 1.00 0.17 0.67 0.12 0.34 <0.05 0.3 0.04 2.5
M02155 <0,5 3.10 5.00 0.50 0.04 <0,1 0.60 <0.05 1.22 0.05 2.35 <0.05 <0.05 <0.05 0.1 <0.01 2.6
M02156 <0,5 3.00 3.50 1.80 0.20 0.8 0.60 <0.05 1.11 0.08 1.64 <0.05 0.06 <0.05 0.1 0.01 3.6
M02157 <0,5 4.10 6.30 <0,5 0.03 <0,1 0.90 <0.05 1.57 0.07 3.13 <0.05 <0.05 <0.05 0.1 0.01 0.2
M02158 <0,5 3.10 5.70 <0,5 0.02 <0,1 0.70 5.63 1.26 0.06 2.53 <0.05 <0.05 <0.05 0.1 0.01 5.0
M02159 23.4 5.80 14.30 29.00 4.40 21.9 8.10 9.85 6.00 0.48 2.33 0.14 0.30 0.1 0.4 0.06 2.3
M02160 10.1 5.20 8.70 4.80 0.47 1.4 0.90 3.37 1.56 0.13 2.44 0.07 0.20 0.1 0.2 0.06 2.2
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Appendix ICP-MS whole rock analyses
Sample Cu Pb Zn As cd Sh Bi Ag | [
IK02134B 30.2 16.70 92.0 28.0 0.1 8.8 0.3 0.1
1K02135 114.1 9177.2 230300.0 78.0 427.0 137.5 0.1 314
1K02139 31.5 3624.5 282300.0 108.0 436.7 88.4 0.1 115
1K02140 195.9 4906.8 511600.0 127.0 143.1 292.0 0.1 5.4
IK02141 144.6 72100.0 201900.0 49.0 605.9 252.8 0.1 27.6
1K02142 62.1 3150.2 56800.0 57.0 213.9 158.9 0.1 3.2
1K02143 17.2 12800.0 221000.0 194.0 534.1 226.0 0.1 3.9
1K02145 179.5 239800.0 391900.0 160.0 1390.5 748.0 0.1 61.4
1K02149 1227.5 3464.6 3218.0 67.0 6.6 706.2 0.1 27.3
IK02151 52.7 234700.0 329400.0 13.0 1331.8 263.5 0.1 6.0
IK02151grey 77.2 2990.8 153100.0 29.0 243.1 59.5 0.1 11.1
IK02154 14.7 19300.0 211700.0 90.0 1085.5 93.7 0.1 0.4
IK02155 7.3 12900.0 228700.0 19.0 223.2 270.7 0.1 0.1
1K02156 91.2 932.2 308400.0 441.0 450.2 212.6 0.1 1.9
IK02158 133.1 2163.5 16400.0 116.0 55.7 95.0 0.1 5.1
1K02159 >10000 15000.0 465600.0 1362.0 1706.8 >4000 0.1 87.1
1K02160 12.7 1259.8 2646.0 130.0 5.7 17.6 0.1 3.9
IK02161 2.6 426.8 967.0 11.0 1.8 6.2 0.1 1.0
1K02162 3.0 2192.5 9192.0 18.0 16.4 9.9 0.1 3.7
1K02164 115.2 1900.8 12500.0 683.0 11.6 82.9 0.1 116.6
IK02166 13.0 1207.5 9227.0 24.0 11.8 9.0 0.1 2.6
1K02170 91.1 6876.5 352800.0 171.0 744.6 240.0 0.1 22.8
IK02171 39.4 9804.7 40700.0 586.0 33.1 21.1 0.1 5.4
1K02172 33.4 25400.0 39900.0 1235.0 6.8 146.5 0.1 156.9
IK02173 1.4 6836.8 2201.0 22.0 0.4 15.9 0.1 47.1
1K02174 22.1 10800.0 6700.0 138.0 4.0 25.1 0.1 26.2
IK02175 5.2 1954.6 38100.0 30.0 55.1 9.0 0.1 43.6
M02155 1489.1 81500.0 225.0 76.0 2.3 360.0 0.1
M02156 2292.8 1417.1 1121.0 43.0 2.6 18.3 4.8 35.9
M02157 7.9 73.20 18.0 29.0 0.1 9.6 4.7 3.0
M02158 525.8 3111.6 96.0 497.0 0.6 81.8 5.3 58.8
M02159 98.8 9600.0 135.0 88.0 0.1 65.8 3.3 11.5
M02160 66.5 66.30 350.0 82.0 15 15.5 15 17
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