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Abstract. A massive magnetite deposit with associated 
Cu, Co and Au mineralization, situated in the Mavis 
Bank district is the most important deposit of its kind in 
Jamaica. However, the deposit has not been the subject 
of any significant geochemical or petrogenetic studies. 
One early study described the deposit as a 
“hydrothermal replacement of limestone”. In this study, 
the geochemistry of magnetite was used as an 
important petrogenetic tool to classify the deposit type 
as well as to determine the genesis of the 
mineralization. 

The Mavis Bank deposit is located within an inverted 
Eocene rift system. Bulk rock major and trace elements 
indicate that the host rock ranges from calc-alkaline 
basaltic-andesite to rhyodacite and belongs to the 
Jamaican Type Adakite (JTA) suite. The trace element 
composition of the magnetite was determined using LA-
ICP-MS and the results were used to plot several 
discriminant diagrams including Ni/(Cr+Mn) vs Ti+V, 
Ca+Al+Mn vs Ti+V, Ti vs V and Ti vs Ni/Cr. The results 
indicate that the magnetite is of hydrothermal origin with 
geochemical signatures akin to skarns. In addition, 
oxygen isotope analysis of magnetite revealed δ18O 
values of 6.6‰ and 7.1‰ VSMOW which are values 
typically associated with skarns and may suggest a 
limestone signature. 
 
1 Introduction 
 
The Mavis Bank District hosts the largest known deposit 
of iron in Jamaica with an estimated reserve of 1.2 
million tonnes (Zans 1955). Although comparatively 
small, the deposit has been of interest to several 
exploration companies since the 1950’s.   

Iron mineralization occurs chiefly as massive 
magnetite veins (with hematite) in contact with calcic 
iron skarns and intermediate lavas. Copper and 
associated cobalt and gold occur as low grade 
disseminations within skarns and massive magnetite 
bodies. Despite the varying ore morphology, there 
appears to be a co-genetic relationship between 
minerals (Blaise and Fenton 1976; Fenton 1982). The 
zones of mineralization occur preferentially at contacts 
and are believed to be of epigenetic or hydrothermal 
origin (Zans 1955). 

Recent interest in the Mavis Bank Prospect has 
prompted a re-examination of its potential to produce 
economic quantities of iron and minor copper. 
Unfortunately, the deposit has been subject to limited 
geochemical research and as such, is not well 
understood; no research has been conducted to identify 
the source of the iron, the conditions under which the 

iron formed, nor the mechanisms by which the metal 
was concentrated. Data from this research will lead to a 
greater understanding of the magmatic and 
hydrothermal history of the region and add to the 
repository of information that is important in unravelling 
Jamaica’s geological history. 

Research has shown that both the trace element 
composition of magnetite obtained from in situ analytical 
methods such as laser ablation ICP-MS, and the stable 
isotope signature of magnetite are reliable petrogenetic 
tools (Nystrom et al. 2008; Nadoll et al. 2014). This is 
based on the premise that the geochemistry of 
magnetite is influenced by environmental conditions 
such as temperature and oxygen fugacity at the time of 
formation. The geochemistry of magnetite can therefore 
be used to decipher the genesis of the deposit and to 
classify deposit types (Nadoll et al. 2014; Beaudoin and 
Dupuis 2009, Dupuis and Beaudoin 2011; Dare et al. 
2014). The stable isotope composition of magnetite can 
also distinguish between magnetite formed within 
different temperature ranges typical of magmatic or 
hydrothermal environments. 

This study utilizes several discrimination diagrams 
and other comparative plots proposed by authors such 
as Dare et al. (2014) and Dupuis and Beaudoin (2011) 
to decipher the ore genesis and deposit type of the 
Mavis Bank Prospect. The oxygen isotope composition 
of magnetite was also utilized in this process. These 
data, along with the petrology and mineralogy of the 
study region has been used to create a preliminary 
genetic model for the Mavis Bank massive magnetite 
deposit.  
 
2 Regional and local geology 
 
The district of Mavis Bank lies within a fault bounded 
Eocene rift system called the Wagwater Trough. This 
region is structurally and stratigraphically complex and 
consists of intercalated terrigenous coarse-grained 
strata, evaporites, limestone, marine shales, calc-
alkaline and dacitic lavas, and porphyritic dykes 
(Robinson 1994). 

The Wagwater Trough is bounded to the west by the 
Wagwater Fault (a NW-SE trending high angle fault) and 
to the east by the Yallahs-Blue Mountain Fault (Benford 
et al. 2012; Blaise and Fenton 1976; Mann and Burke 
1990). Structural inversion has been critical in the 
unearthing of the stratigraphy of the basin that would be 
otherwise unexposed. Following the development of the 
rift zone and subsequent deposition of sediments, the 
extensional geometry reversed to contraction and uplift 
(Draper 1987, 2008; Mann and Burke 1990). 
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3 Petrology and mineralogy 

 
The basal unit within the study area is a hard, dark grey 
recrystallized limestone which has been metasomatised 
in some areas to a calcic iron skarn. The degree of 
mineralization decreases with distance from the main 
mineralized zones. The limestone is also characterized 
by the presence of calc-silicate minerals, disseminated 
copper and pyrite. The limestone is overlain by 
fossiliferous, calcareous shales that have also 
undergone metasomatism and iron mineralization. 

The sedimentary succession within the trough was 
intruded by aphanitic to porphyritic lavas of intermediate 
composition called the Newcastle Volcanics; these lavas 
crop out throughout the majority of the study area. The 
Newcastle Volcanics are characterized by magnetite 
and specular hematite mineralization with minor copper. 
Intense propylitic alteration is common within the main 
mineralized zones. Iron occurs chiefly as discontinuous 
massive magnetite veins in contact with limestone 
(skarn) and lavas. Magnetite is martitized in some areas 
and the veins are characterized by cubic pyrite and late 
calcite stringers.  

 
4 Tectonic setting 
 
The tectonic environment that produced the iron 
mineralization within the Wagwater Trough is genetically 
related to the Newcastle Volcanics which crop out over 
the majority of the study area. A plot of Th vs Co, which 
is used as a proxy for the K2O vs SiO2 plot, indicates 
that the lavas range from basaltic andesites to dacite- 
rhyolites and were produced in a calc-alkaline setting 
(Fig. 1). 
 
 

 
Figure 1. Th-Co diagram for the classification of volcanic rock and 
volcanic series as proxy for K2O-SiO2 diagram. The Newcastle 
Volcanics plot within the basaltic andesite to dacite-rhyolite field of 
the calc-alkine series. After Hastie et al. (2007). 

 
The major and trace element geochemistry of the 

Newcastle Volcanics suggest that the lavas belong to a 

group of arc rocks, Jamaican type adakites (JTA). When 
plotted on the (La/Yb)cn vs Ybcn diagram (Fig. 2), the 
Newcastle Volcanics fall within the adakite field. This 
coincides with research first conducted by Hastie et al. 
(2010) which concluded that the Newcastle Volcanics 
were formed from 15-30 % partial melting of a garnet 
amphibolite source, the Caribbean oceanic plateau, 
which under thrusted Jamaica during the early 
Paleogene. 

 

 
Figure 2. (La/Yb)cn vs Ybcn diagram to discriminate adakites from 
normal arc lavas. Normalizing values from McDonough and Sun 
(1995). REE composition and ratios correspond to those of 
Cenozoic adakites. Modified from Martin (1999). 
 

The lavas also plot within the general adakite field on 
the Sr/Y vs Y diagram. Sr/Y values are however 
characteristically low, due to a negative Sr anomaly that 
is characteristic of the Newcastle Volcanics. 
 
5 Source of mineralizing fluids 
 
Trace element geochemistry of magnetite from massive 
magnetite veins and skarn within the study area was 
obtained using laser ablation induced coupled mass 
spectrometry (LA-ICP-MS).  

 

 
Figure 3. Ti vs Ni/Cr to distinguish magmatic magnetite from 
hydrothermal magnetite. Magnetite from massive magnetite (red 
circle) and skarn (green square) both plot within the field of 
hydrothermal magnetite.  After Dare et al. (2014) 
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The results of this analysis show that magnetite from 

these two sources has low trace element 
concentrations. In addition, the samples show a low 
concentration of elements such as Ti, Cr, Mn and Ni 
which are immobile in hydrothermal fluids but highly 
mobile in magmatic fluids. This suggests that both types 
of iron mineralization originate from fluids of similar 
temperature. A plot of Ti vs Ni/Cr (Fig. 3) shows that 
magnetite from both mineralization types are from 
hydrothermal fluids (< 300°C).  
 
6 Deposit type 
 
The trace element geochemistry of magnetite can be 
correlated to various mineral deposit types, which 
generally form under distinct geochemical conditions 
(Beaudoin and Dupuis 2009; Dupuis and Beaudoin 
2011). Magnetite from the massive magnetite veins and 
skarns have very high concentrations of Ca, Al and Si 
which are highly mobile in low temperature 
environments and typically found in high concentrations 
in deposits such as skarns.  

The Ca + Al + Mn vs Ti + V discriminant diagram after 
(Dupuis and Beaudoin 2011) is useful in distinguishing 
Kiruna, IOCG, porphyry Cu, skarn, Fe-Ti-V and BIF 
deposits. When plotted on this diagram, the magnetite 
from massive magnetite veins plotted within the skarn 
field (Fig. 4). A similar result was obtained when the 
samples were plotted on the Ni/(Cr+Mn) vs Ti+V 
discriminant diagram. 
 

 
Figure 4. Ca + Al + Mn vs Ti + V discriminant diagram to 
distinguish Kiruna, IOCG, porphyry Cu, skarn, Fe-Ti-V and BIF 
deposits. Magnetite from massive magnetite (red circle) plots 
within the skarn field. After Dupuis and Beaudoin (2011). 
 

Two samples of massive magnetite were analyzed for 
δ18O ratio relative to VSMOW. The result of the isotopic 
analysis of oxygen revealed δ18O of 6.6‰ and 7.1‰ for 
the two samples analyzed. These results further 
confirmed the findings of the trace element plots and 
point to a limestone protolith for the massive magnetite 
veins. 

7 Discussion 
 
The geochemistry of the magnetite veins is similar to 
that of skarns with which it is in contact and suggests 
that they are genetically related. The formation of 
distinct veins of massive magnetite suggests an 
overprinting of an initial skarn deposit by iron rich fluid. 
An iron rich source is therefore required to supply this 
magnetite.  

By nature of its petrogenesis and adakitic 
composition, the Newcastle Volcanics could not have 
been the source of iron in the study area. The source of 
iron is therefore most likely from plutons of mantle 
derived basaltic lavas which also outcrop in the 
Wagwater Trough.  
 
7.1 Preliminary deposit model 
 
It is being proposed that the mineralization within the 
trough occurred in two phases. In the first phase of 
mineralization, silica rich lava formed from the partial 
melting of the under thrusted Caribbean oceanic plate 
and intrudes the sediments of the Wagwater Trough at 
shallow depths. Initial skarn formation occurred at the 
contact between porphyritic lavas and limestone. At 
some point, meteoric water entered the system and was 
heated along the geothermal gradient.  

In the second phase of mineralization, hydrothermal 
fluids scavenged large amounts of iron from iron-rich 
mantle derive basaltic plutons. Iron rich fluids travel 
preferentially along the contact between skarn and silic-
rich lava and overprinted the existing skarn, completely 
replacing calcium minerals with magnetite. As the fluids 
moved outwards, skarn formation became less intense 
and resulted in the formation of normal skarns. The 
Newcastle Volcanics and shales were also mineralized 
by this iron rich fluid. Further research will include 
isotopic analysis and dating to test this model. 
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Abstract. In this study, the possibility of U-Th-He dating 
of pyrite is explained and then substantiated by isotope 
geochemistry. The first U-Th-He age obtained for 9 
pyrite samples from the VMS type Uzelga deposit, Urals 
(377±8 Ma; MSWD 1.2) is in good agreement with 
independent biostratigraphic age estimations (380-390 
Ma). This leads to the conclusion that pyrite can be used 
as a U-Th-He mineral geochronometer. Based on the 
results of step-heating experiments and U-Th-He age 
estimations it is shown that chalcopyrite, bornite and 
pyrrhotite are unlikely to be used in geochronology. The 
relative ease of U-Th-He dating in comparison with other 
geochronological methods makes this approach 
interesting for further application. 
 
1 Introduction 
 
Historically, isotope systems using radiogenic helium 
were found to be unsuitable in terms of geochronology. 
Retention of this element in crystalline structures is too 
low for use as a geochronometer, but use as a 
thermochronometer is well known. However, recent 
studies have shown that containment of helium in 
metals is possible even over geological timescales. High 
retentivity of He was found in gold and native minerals 
of platinum (Shukolyukov et al. 2012). Afterwards high 
migration parameters of helium were observed in non-
native mineral sperrylite, PtAs2 (Yakubovich et al. 2015). 
Sperrylite is chemically and crystallographically similar 
to some of the sulphides. Thus by analogous reasoning, 
we suggest that high migration parameters of helium 
can be expected in sulphides as well. 

The purpose of this study is to test the possibility of 
U-Th-He dating of some of the sulphides including pyrite 
(FeS2), chalcopyrite (CuFeS2), pyrrhotite (FenSn+1) and 
bornite (Cu5FeS4) from a number of deposits in the Ural 
region of Russia. 

The Gai, Uzelga, and Molodezhnoe deposits are 
classic, well-studied volcanogenic massive sulphide 
deposits (VMS), located in the South Urals 
(Magnitogorsk paleovolcanic arc). Gai is considered the 
world’s largest VMS deposit. Formation of this 
mineralization is closely related to andesite-dacite-
rhyolite Early-Middle Devonian submarine volcanism 

and hydrothermal alteration of rocks (Herrington et al. 
2005; Vikentyev et al. 2017). 
 
2 Identifying the source of helium 
 
We propose that the main sources of helium in the 
studied minerals are from inclusions of U-Th-containing 
minerals. There is evidence (Melekestseva et al. 2014) 
of U concentrations up to 11 ppm in sulphides of “black 
smokers” (which are the predecessors of modern VMS 
deposits). Nevertheless, the possibility of captured 
helium during crystallisation still remains. Helium 
concentrations found in chalcopyrite of modern “black 
smokers” are 1.1×10-10 – 1.3×10-8 cm3/g (Luders and 
Niedermann 2010). In our samples from the 
volcanogenic massive sulphide deposits, these 
concentrations are higher by orders of magnitude: up to 
1.22×10-4 cm3/g in pyrite, 3.65×10-5 cm3/g in chalcopyrite 
and 2.93×10-4 cm3/g in pyrrhotite. This allows us to 
conclude that helium in the analyzed sulphides is mostly 
radiogenic and that trapped helium may be considered 
insignificant. 

It should be noted that concentrations of helium may 
vary (sometimes 10 times or more) from sample to 
sample. This fact probably indicates unevenness of 
distribution of U and Th inclusions in mineral grains of 
the studied sulphides (cf., Ayupova et al. 2018). It can 
be used as an argument for submicron inclusions of 
radioactive minerals as the source of U and Th instead 
of isomorphic admixture in the crystalline structure. 

Electron microprobe analysis made in the SPBU 
resource center “Geomodel” confirmed this hypothesis. 
We observed inclusions of uraninite and monazite in a 
number of grains, which record high helium 
concentrations (Fig. 1). 

 
3 Methods  
 
Experimental studies were performed in the isotope 
geology laboratory of IPGG RAS (St. Petersburg, 
Russia) with a MSU-G-01-M mass-spectrometer (made 
by CJSC “Spektron-Analit”). This instrument can detect 
4He in quantities as small as 2.3×10-12 cm3. Helium 



Advances in Understanding Hydrothermal Processes  195 

extraction is performed by electric heating of the sample 
in a rhenium cuvette up to 1400°C. Details of the helium 
measurement technique and the design of the 
instrument are described in Shukolyukov et al. (2012). 

 

 
Figure 1. SEM image of a pyrite grain from Uzelga deposit. Py – 
pyrite, ccp – chalcopyrite, sp – sphalerite, urn – uraninite. 
 

Analysis of each sample can be made by two 
different methods: a more precise destructive way, when 
we simply drop the mineral grain inside the cuvette; or 
non-destructively, when the grain is kept inside a 
vacuum-sealed quartz tube and placed into or out of the 
extractor using a tantalum cylinder. This second 
possibility allowed us to use the same grain we 
measured helium content in, to measure U and Th 
concentrations in, thus getting data necessary for U-Th-
He isotope dating. Concentrations of radioactive 
isotopes were measured in dissolved grains by an 
isotope dilution method on an ICP-MS NexION 300D 
(Perkin Elmer) in IGS RAS and on an ELEMENT XR in 
IPGG RAS. 

We also immersed samples in acids (HCl for pyrite 
and chalcopyrite, H2SO4 for pyrrhotite) for 24–48 hours 
to get rid of superficial impurities that might affect helium 
extraction. However, samples measured after acid 
etching showed no difference in extraction kinetics, 
compared to regular ones. 
 
4 Identifying migration parameters 
 
Migration parameters of different minerals were 
determined by destructive step-heating of samples 
(each step lasting 2–6 minutes, up to 20 stages from 
440°C to 1400°C). During the experiments, we acquired 
quantities of helium, extracted at each stage. Using this 
data, we produce kinetics graphs (Fig. 2 and 4), allowing 
us to characterize extraction, and compose Arrhenius 
plots (Fig. 3 and 5). Activation energy [kcal/mol] then 
was determined by the slope of the line; while the y-
intercept corresponds to the natural the frequency factor 
k0 [s-1] as described in Yakubovich et al. (2019). 

For most minerals the desorption kinetics remained 
rather simple (Fig. 2), single-staged; pyrrhotite shows 
complex two-staged desorption with peaks at ≈900°C 
and ≈1300°C (Fig. 4). 

In spite of the inclusions in some of the pyrite 
samples, none of them have shown multi-staged helium 
desorption. Considering average track depth of the α-

particles as 10 μm (SRIM; Ziegler et al. 2010) and size 
of such inclusions (1-5 μm), this can be evidence of the 
prior implantation of 4He from radioactive minerals 
(monazite, zircon) into the sulphide matrix and its 
subsequent extraction from a single mineral, rather than 
from all of them in a grain, providing different migration 
parameters. 

Summarizing the results of conducted step-heating 
experiments (Yakubovich et al. 2019), we can see 
greatest potential for usage of pyrite for rock ages 
determination, as it showed the highest activation 
energies (>80 kcal/mol). Chalcopyrite and bornite may 
have some possibilities to be used as 
geothermochronometers, as their Ea looks comparable 
to apatite (20-40 kcal/mol). Complex release of He from 
pyrrhotite makes it unlikely to be used in geochronology. 

 

 
Figure 2. The character of helium migration kinetics from pyrite 
of the Uzelga deposit. Representative example.  

 

 
Figure 3. Arrhenius plot, acquired from the same pyrite sample 
(Fig. 2) of the Uzelga deposit. Ea – activation energy, k0 –frequency 
factor.  
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Figure 4. The character of helium migration kinetics from pyrrhotite 
of the Uzelga deposit. Representative example. 
 

 
Figure 5. Arrhenius plot, acquired from the same pyrrhotite sample 
of the Uzelga deposit (Fig. 4) Ea – activation energy, k0 –frequency 
factor. 
 
5 U-Th-He dating attempts 

 
To test the possibility of U-Th-He dating of pyrite we 
conducted measurements of U, Th and He in FeS2 
grains from the Uzelga deposit with conodont-based age 
of mineralization (380-390 Ma; Artyushkova and Maslov 
2008; Chernyshev et al. 2008). Also we determined U-
Th-He ages of pyrrhotite and chalcopyrite from the 
Uzelga and Gai deposits. 

As presented in Table 1, all pyrite measurements 
except sample 437 lie within the expected Devonian age 
of the Uzelga deposit within the 2-sigma error range.   
Six of the studied grains lie within the expected age 
within 1-sigma age error. Sample 437 has the lowest 
concentration of 4He (6.6×10-6 cm3/g). Thus it might be 
some influence of trapped or implanted 4He that led to 
the increase of the age.  Overdispersion for a number of 
grains may be due to the relative long alpha-stopping 
distances that may affect the U-Th-He ages especially in 
case of the inhomogeneous distribution of parent 
nuclides (Farley et al. 1996; Vermeesch 2010). The 
obtained data was used to build an U-Th-He isochron 
(Fig. 6).  Calculated by the slope “average” U-Th-He age 
is 377±8 Ma (MSWD 1.2) is in a good agreement with 
existing geochronological data (380-390 Ma). 
Table 1.U-Th-He ages of pyrite, chalcopyrite and pyrrhotite from 
the Uzelga and Gai deposits (calculated in HelioPlot software; 

Vermeesch 2010); pooled – combined multi-grain estimation as if 
several grains were measured together as one sample (method 
proposed by Vermeesch 2008). All data are blank corrected. All 
uncertainties are in 1-sigma range. 

# Weight, mg 4He, ncc σ U, ng σ Th, ng σ Age, Ma ± 

Pyrite of Uzelga deposit 

599 0,841 91,2 0,5 2,018 0,02 b.d.l. – 356 19 

600 0,347 13,1 0,2 0,273 0,003 b.d.l. – 382 20 

601 0,807 121,9 0,5 2,69 0,027 b.d.l. – 367 19 

602 0,486 93,9 0,5 2,173 0,022 b.d.l. – 345 18 

603 0,282 31,6 0,3 0,703 0,007 b.d.l. – 362 19 

604 0,692 106,5 0,5 2,28 0,023 b.d.l. – 379 19 

433 ~ 1 181 1,2 3,50 0,04 0,05 0,001 415 21 

435 ~ 1 7,4 0,1 0,150 0,001 0,04 0,0004 375 19 

437 0,6 3,7 0,0 0,060 0,001 0,02 0,0002 464 24 

Pooled 
sample  651 4 13.8 0.14 0.106 0.001 376 19 

Pyrrhotite of Uzelga deposit 

383 ~ 1 13.4 0.7 13.9 0.14 19.3 0.19 6 1 

396 ~ 1 5.4 0.3 0.642 0.006 0.281 0.003 61 3 

Chalcopyrite of Gai deposit 

436 ~ 1 1.4 0.1 0.196 0.002 3.63 0.04 11 1 

408 ~ 1 27.2 1.4 3.14 0.03 b.d.l. – 72 4 

380 ~ 1 10.8 0.5 2.15 0.022 0.49 0.01 39 2 

384 ~ 1 8.2 0.4 0.120 0.001 0.212 0.002 388 20 

blank 

Qu – 1.3 0.1 0.004 0.001 0.002 0.001 – – 

 

Figure 6. U-Th-He isochron for pyrite from Uzelga deposit 
calculated via method described in Vermeesch (2008) (constructed 
in Isoplot software; Ludwig 1999). 

The data confirms the results of step-heating 
experiments and predicts that pyrite may be used as a 
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geochronometer.  
Pyrrhotite samples showed systematically younger 

ages that indicates loss of radiogenic helium during their 
geological history. Younger ages are also common for 
chalcopyrite. Only one of four studied grains from the 
Gai deposit gave an Devonian age closely 
corresponding to the biostratigraphic age of the deposit. 
This agrees with results of step-heating experiments 
that predicted relatively low retention of helium in these 
sulphides. Thus it is unlikely that pyrrhotite or 
chalcopyrite may be used as geochronometres. 

 
6 Conclusion 

 
The results of step-heating experiments show the 
possibility of U-Th-He dating of pyrite. The first U-Th-He 
ages obtained for pyrite samples from Uzelga deposit 
(377±8 Ma) are in a good agreement with independent 
biostratigraphic age estimations (380-390 Ma). This 
leads to the conclusion that pyrite can be used as a U-
Th-He mineral geochronometer. The relative ease of U-
Th-He dating in comparison with other geochronological 
methods makes this approach interesting for further 
application. 
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Abstract. We use X-ray absorption spectroscopy of 
synthetic crystals to investigate the substitution 
mechanisms in sphalerite containing In together with the 
group 11 metals. All the admixtures (Ag, Cu, In) are 
homogeneously distributed within the sphalerite matrix. 
In all studied samples In3+ replaces Zn in the structure of 
sphalerite. The In-ligand distance increases by 0.17 Å 
and 0.1 Å for the 1st and 2nd coordination shells, 
respectively, in comparison with pure sphalerite. The In-
S distance in the 3rd coordination shell is close to the 
one of pure sphalerite. Our data suggest that both Ag 
and Cu in the presence of In exist in the solid solution 
state, where the metals are tetrahedrally coordinated 
with S atoms. Results of the present study demonstrate 
that in sphalerite, containing the group 11 metals (Cu, 
Ag, Au) together with In, an isomorphous substitution 
mechanism by the charge compensation scheme 
2Zn2+↔Me++Me3+ is implemented. 
 
1 Introduction 
 
Sphalerite ((Zn, Fe)S) is a host mineral for a wide range 
of minor and trace elements including Ag and In (Cook 
et al. 2009; 2012). Both Ag and In (critical metal) are in 
high demands in industry. Main source of In are base 
metal hydrothermal deposits, where In exists in the form 
of admixture in sphalerite ZnS. Ag-rich sphalerite is a 
common mineral in some low-temperature ores. The 
maximum concentration of Ag strongly correlates with 
the amount of In in the ore (Murakami and Ishihara 
2013). In most samples of natural sphalerites In 
concentrations show a positive correlation with Cu which 
implies the coupled substitution mechanism 
2Zn2+↔Cu++In3+ (Cook et al. 2012). Based on similar 
chemical properties of Ag and Cu it can be suggested 
that the formation of solid solution in Ag-In-bearing 
sphalerite corresponds to 2Zn2+↔Ag++In3+. These 
substitution schemes, however, can be verified only by 
means of spectroscopic methods. 
 

2 Synthesis of doped sphalerite 
 
The crystal growth experiments were performed using (i) 
the gas transport method, (ii) the salt flux technique 
(KCl/NaCl eutectic mixture: Chareev 2016; Chareev et 
al. 2016), and (III) the dry synthesis method (Kullerud 
1971). The synthesis method was chosen according to 
Chareev et al. (2017). 

In the gas transport method NH4Cl and I2 were used 
as the transport agents. The initial phases (~ 0.5 g of 
ZnS – sphalerite), and several milligrams of Ag2S, Cu2S, 
and In2S3 were powdered and loaded into a silica glass 
ampoule (8 mm ID, 11 mm OD, ~110 mm length). Iodine 
was used as a transport agent (samples 4152 
(ZnS+1mol.%Ag2S) and 4169 
(ZnS+0.125mol.%Ag2S+0.125mol.%In2S3)). Sample 
3757 (ZnS+0.01mol.%In2S3) was synthesized using 
NH4Cl as a transport agent. Ampoules filled with starting 
reagents were evacuated, sealed, and placed into a 
horizontal tube furnace with a steady-state temperature 
gradient. The furnace was heated to the synthesis 
temperature over a period of 2-3 hours, and then kept at 
this temperature for 20 days. The temperature gradient 
in the furnace was 50-100 °C, the temperature at the hot 
end of the ampoules was 850 °C. At the end of the 
experiment the ampoules were quenched in cold water. 

Sample 4197 (ZnS+6mol.%Ag2S+8mol.%In2S3) was 
prepared by means of dry synthesis method in silica 
glass ampoule filled with powdered sulphides. The 
synthesis was performed at 550 °C during 28 days. After 
two weeks the ampoule was quenched, the sample was 
finely grounded to provide higher homogeneity, sealed 
in the ampoule, and heated for the second time during 
the last two weeks. The standards were prepared by the 
same method. 

Samples 4065 (ZnS+0.6mol.%Cu2S), 4086 
(ZnS+0.02mol.%Cu2S+0.6mol.%FeS), 4108 
(ZnS+0.08mol.%Cu2S+0.04mol.%In2S3), and 4186 
(ZnS+0.05mol.%Cu2S+0.05mol.%In2S3) were prepared 
using the salt flux method in steady-state temperature 
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gradient. The ampoules were prepared as described 
above. The temperature was set to 790 °C (hot end) and 
734 °C (cold end).  

 
3 Analytical methods 
 
Synthesized phases were examined by means of X-ray 
diffraction (XRD) using Rigaku D/Max 2200 X-ray 
diffractometer (Cu Kα, 40 kV, 20 mA, 0.02° step). The 
morphology of the crystals was checked by means of 
scanning electron microscopy (SEM/EDS) using the 
JSM-5610LV microscope equipped with INCA-450 
energy dispersive spectrometer. Chemical composition 
was determined via electron probe microanalysis 
(EPMA), and laser ablation inductively coupled mass 
spectrometry (LA-ICP-MS). EPMA analyses were 
performed using JEOL JXA-8200 WD/ED combined 
electron probe microanalyzer equipped with 5 
wavelength dispersive X-ray spectrometers. LA-ICP-MS 
analyses were performed using the New Wave 213 
laser coupled with the Thermo X Series2 quadrupole 
ICP-MS. X-ray absorption experiment was performed at 
the Rossendorf Beamline BM20 of the ESRF (Grenoble, 
France). IFEFFIT software package (Ravel and Newville 
2005) was used for the experimental spectra treatment. 

 
4 Results 

 
4.1 XANES spectroscopy 

 
Figure 1 shows the X-ray absorption near edge structure 
(XANES) spectra of In, Ag, and Cu K-edges of the 
sphalerite samples and standards. 

 
In K-edge 
Positions of the absorption edge (e.j.) and the first 
intense peak (WL) in all the sphalerite samples are 
different from those of In2O3 and In2S3. Thus, the state of 
In in sphalerite is different from both oxide and sulphide. 
In contrast to In2O3 and In2S3, the spectra of In-bearing 
sphalerites are similar to CuInS2 (in case of In-Cu-
bearing sphalerites: samples 3757, 4108, 4186) and 
AgInS2 (in case of Ag-In-bearing sphalerites: samples 
4169 and 4197). This means that In in sphalerite has the 
“formal” oxidation state of 3+, and imply that the 
nearest-to-In atomic geometry in the samples is similar 
to roquesite CuInS2 and laforetite AgInS2. 

 
Ag K-edge 
The shape of Ag K-edge XANES spectra and results of 
linear combination fits show that Ag in the sample 4152 
occurs as metal Ag0 (80%) and oxidized Ag1+ (20%) 
form. In the sample 4169 Ag also occurs in the form of 
metal Ag0 (64%) and in the Ag1+ state (34%). In the 
sample 4197 Ag1+ predominates and the shape of the 
spectrum is different from the standards - AgInS2 and 
Ag2S, which suggests that Ag presents in the solid 
solution state. In this sample series the WL positions 
regularly increase in the energy: 
WLAgInS2<WL4197<WL4169<WL4152<WLAg. This order of the 
WL position can be explained by increase of the metal 

(Ag0) concentration. 
 

 
Figure 1. In K-edge, Ag K-edge, and Cu K-edge XANES spectra of 
In-bearing, Ag-bearing, Cu-bearing, In-Cu-bearing, Fe-Cu-bearing 
and In-Ag-bearing sphalerites and standards (AgInS2, CuInS2, Ag 
foil, Cu foil, CuFeS2). 
 
Cu K-edge 
XANES spectra of all samples differ considerably from 
Cu0 standard. The spectra of the samples 4186, 4108, 
and 4086 are close to the spectrum of CuInS2 standard. 
Therefore, Cu has the “formal” oxidation state of 1+. The 
absence of the pre-edge feature in the spectra of CuInS2 
and Cu-In-bearing sphalerites confirms 1+ oxidation 
state of Cu, which is consistent with the oxidation state 
3+ for In. The spectra of the sample 4065 (Cu-bearing 
sphalerite) recorded at room temperature is different 
from CuInS2 but similar to the spectra of Cu1+ sulphides 
(not shown in Fig. 1). The spectrum recorded in situ at 
650 °C, and the spectrum after heating correspond to 
CuO standard due to the oxidation of the sample. 

 
4.2 EXAFS spectroscopy 

 
Figure 2 shows the Extended X-ray absorption fine 
structure (EXAFS) spectra of In, Ag, and Cu K-edges of 
the sphalerite samples and Ag metal. 

 
In K-edge 
The best fit of the experimental spectra of Ag-In and Cu-
In-bearing sphalerites were achieved when In 
substitutes for Zn in the sphalerite lattice. Analysis of the 
experimental spectra yields no difference in the local 
atomic environment of In regardless of the chemical 
composition of minerals. Local environments of In in the 
samples 4197 and 4169 are similar and don’t depend on 
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Ag concentration (for the 1st shell NS~4, RIn-S 
~2.48Å±0.01 Å). Interatomic distance In-S increased 
with respect to the crystal structure of pure sphalerite 
(2.31 Å). In the sample 4197 the 2nd coordination shell 
consists of 12 Zn atoms (RIn-Zn~3.93±0.01 Å) and the 3rd 
coordination shell consists of 12 S atoms (RIn-

S~4.48±0.01 Å). In the sample 3757, which doesn’t 
contain Ag and Cu, In has tetrahedral coordination of S 
atoms in the first coordination shell (RIn-S ~2.45±0.01 Å), 
12 Zn atoms in the 2nd shell (RIn-S ~3.91Å±0.01 Å), and 
12 S atoms in the 3rd coordination shell (RIn-S 
~4.48Å±0.02 Å). All the interatomic distances increased 
in comparison with pure sphalerite. In the 2nd 
coordination shell no presence of In was observed. 
These results imply the possibility of the formation of In-
bearing solid solution in sphalerite without the In-In 
clustering. 
 
Ag K-edge 
The best fit of the experimental spectra of the sample 
4197 (Ag-In sphalerite) was achieved when Ag and In 
substitute for Zn in the sphalerite lattice. In this sample 
Ag is tetrahedrally coordinated with sulfur atoms at a 
distance of 2.49±0.02 Å. The pronounced increase by ~ 
0.18 Å of the Ag-S distance in Ag solid solution with 
respect to the Zn-S distance in pure sphalerite can be 
explained by large difference in the ionic radii of these 
metals (0.6 Å for Zn vs 1.0 Å for Ag, Shannon, 1976). 
The 2nd coordination shell expands notably (NZn ~12, 
RAg-Zn~3.91±0.01 Å, in pure sphalerite RZn-Zn=3.83 Å), 
whereas interatomic distances in the 3rd shell (NS ~12, 
RAg-S ~4.19±0.01 Å) are significantly lower in comparison 
with pure sphalerite (RZn-S=4.49 Å). In the sample 4152 
the majority of Ag occurs in the form of Ag0 
(NAg~8.3±1.5, RAg-Ag=2.86±0.01 Å, parameters of local 
atomic environment of Ag in the form of metal are: 
NAg=12, RAg-Ag=2.88 Å). In the sphalerite sample 4169 
the local environment of Ag is the combination of metal 
Ag0 and the solid solution Ag+. 

 
Cu K-edge 
Cu K-edge EXAFS spectrum of the sample 4186 is best 
described by the solid solution model with NS ~ 4. In this 
sample the Cu-S distance RCu-S~2.30±0.01 Å (2.31Å for 
pure sphalerite) was observed for the 1st coordination 
shell. In the 2-nd coordination shell Cu has 12 Zn atoms 
(RCu-Zn~3.85±0.04 Å), and in the 3rd shell Cu is 
coordinated by 12 S atoms (RCu-S~4.43±0.04 Å). The 
local atomic environment of Cu in sphalerite is close to 
pure sphalerite, because Cu and Zn have similar ionic 
radii. Spectra fitting of the samples 4065, 4086 and 
4108 are not finalized. However, we found that despite 
the variation of the coordination number of Cu from NCu-

S~2.3 to NCu-S~3.9 the interatomic distances are equal to 
2.26±0.01 Å. We suppose that the difficulties in the 
fitting of EXAFS spectra of these samples are induced 
by the disordering of the sphalerite crystal structure, 
caused by the replacement of Zn with Cu, Cu-clustering, 
or admixture of a Cu sulphide. 
 

5 Conclusions 
 
We synthesized crystals of In, Ag, and Cu-bearing 
sphalerite ZnS with dopants concentration of 0.01–1 
mol%. Results of EPMA and LA-ICP-MS chemical 
analyses showed that all these elements are 
homogeneously distributed within the sphalerite matrix.  

X-ray absorption spectroscopy (XAS) was applied in 
order to determine the local atomic environment and the 
valence state of the admixtures in the synthesized 
crystal samples. In accordance with XANES 
spectroscopy these elements are present in sphalerite in 
+3 (In), +1 (Ag, Cu), and 0 (Ag) “formal” oxidation 
states. 

 
Figure 2. Fourier transforms (FT) of the k2-weighed EXAFS 
spectra (colored lines – experiment, red dotted lines – fit results. 
Dopants are indicated near each spectrum. 
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Our data demonstrate that In, Cu, and Ag, can 
present in sphalerite in the solid solution state which is 
stabilized by the charge compensation scheme 
2Zn2+↔Me++Me3+. Formation of the solid solution of the 
group 11 metals (Cu, Ag, Au) together with other 
elements in 3+ oxidation state (Fe3+, As3+ and so on) is 
also possible but neds further experimental 
investigation. 
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Abstract. Scapolite is an accessory mineral in high 
grade metamorphic terranes, and abundant in medium-
grade evaporitic calc-silicate rocks. It varies in 
composition through a ternary solid solution with end-
members of marialite (Na4Al3Si9O24Cl), meionite 
(Ca4Al6Si6O24CO3) and silvialite (Ca,Na)4 
Al6Si6O24(SO4,CO3), which are rich in chlorine (Cl), 
carbon dioxide (CO2) and sulfur (S), respectively. If 
released, the S and Cl components may act as transport 
agents for metals and in the case of S, as the anion in 
sulfide minerals in ore deposits. Results of electron 
microprobe analysis on a selected sample set from a 
range of metamorphic grades shows that scapolite 
contains up to 1.29wt% S and 3.68wt% Cl. In addition, 
textural features in thin sections shows that albitisation 
of scapolite occurs via coupled dissolution-
reprecipitation (CDR) in regional-scale hydrothermal 
systems. This process which frees scapolite ligands for 
metal complexation, may play a role in formation of Iron 
Oxide Copper and Gold (IOCG) deposits. Deciphering 
the response of scapolite to albitisation and 
metamorphic devolatilization may help to understand the 
formation of highly reactive mineralised brines. 
 
1 Introduction 
 
Scapolite is a common accessory phase in metamorphic 
rocks, although it can form over a wide range of 
pressure-temperature (P-T) conditions in evaporitic calc-
silicate bulk compositions where it can be the dominant 
porphyroblastic phase. It is consequently found in 
greenschist, amphibolite (Kwak, 1977) and granulite 
facies metamorphic rocks (Hammerli et al., 2017; Porter 
and Austrheim, 2017). Although scapolite forms 
predominantly as a result of metamorphic processes, it 
may also form during metasomatism especially in 
skarns (Mi and Pan, 2018),  or as a primary mineral 
phase in igneous environments, however this is 
uncommon (Smith et al., 2008).  

The scapolite mineral group is an aluminosilicate with 
three endmembers, marialite (Na4Al3Si9O24Cl), meionite 
(Ca4Al6Si6O24CO3) and silvialite 
([Ca,Na]4Al6Si6O24[SO4,CO3]). Each end-member has 
volatile components in its structure in the form of Cl, 
CO3 and SO4. The structure of scapolite has a 
framework of aluminosilicate tetrahedrons with large 

open spaces that are large enough to host large ionic 
groups of either Na4Cl or Ca4CO3. Pure endmembers 
rarely occur in nature.  

Sulfur and Cl are the predominant ligands for metal 
transport in fluids. Scapolite is one of the most common 
but least appreciated non-halide and non-sulfide 
minerals to contain significant amount of S and Cl 
(Bernal et al., 2017). Silicates minerals such as micas 
and amphiboles also contain trace concentrations of Cl 
(Finch and Tomkins, 2017), and apatite can contain both 
ligands, Cl up to 6wt% and commonly minor S (Chew et 
al., 2014; Harlov and Aranovich, 2018). 

This paper presents preliminary results on the 
potential role of scapolite in IOCG mineral systems. 
Given that scapolite is widely distributed in metamorphic 
terranes hosting IOCG systems we propose that 
albitisation of scapolite in such environments releases S 
and Cl, generating hypersaline brines, which in turn 
have high mineralization potential.  
 
2 Sampling and methods 
 
2.1 Samples 
 
The sample set reported in this paper is composed of 
three scapolite samples M24748, M34815 and M40397. 
They were analyzed to determine their compositional 
range, which lay between the scapolite endmembers 
(marialite-meionite). In hand specimen they have 
different colors (purple, blue and white). The samples 
were mounted on 25x75mm glass slides. All samples 
are from metamorphic rocks. Sample M24748 was 
collected at the Limberg Quarry in Finland. None of the 
deposits in the region have been described as IOCG. It 
is a limestone metamorphosed to amphibolite facies and 
coexists with garnet-bearing mica gneiss. Sample 
M34815 is from the Flinders Range in the Arkaroola 
area in South Australia and has the texture of the typical 
spotted greenschist facies siltstones in that region with 
scapolite porphyroblasts. The region hosts a number of 
IOCG deposits. Sample M40397 is from the Aust-Agder 
metamorphic belt in eastern Norway which host iron ore 
deposits in skarn (IOCGs?) as well as Cu-Mo deposits. 
The sample is collected from a calc-silicate rock 
metamorphosed to amphibolite facies.  
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2.2 Methods 
 
Spot analysis and sample mapping were conducted by 
scanning electron microscopy (SEM) using a JEOL 
7001F FEG SEM equipped with Energy Dispersive X-
Ray Spectroscopy (EDS). The beam energy was set 
between 15kv and 20 kv, with a beam size between 
10nm and 20nm. The working distance was 10mm with 
a probe current of 20nA. Measurements were 
undertaken at Monash University at the Monash Centre 
of Electron Microscope (MCEM).  

A JEOL Super Probe JXA-8230 Electron Probe Micro 
Analyser (EPMA) was used to determine the 
concentration of elements of interest in scapolite. 
Analyses were carried out at the Laboratory of Critical 
Elements AGH UST-KGHM, Kraków under the following 
operating conditions, accelerating voltage of 15 kV and 
probe current of 20 nA and a beam size between 10-
20nm.     
 
3 Results 
 
3.1 Mineralogy & scapolite chemistry 
 
The SEM analyses showed scapolite compositions were 
meionitic (CaCO3-rich; M24748), marialitic (NaCl-rich; 
M34815) and intermediary composition (M40397) 
between the two end members. EPMA results in table 1, 
indicate Me% (Shaw, 1960a,b) contents of 24.7% for the 
marialitic samples; 60.4% for the meionitic samples and 
44.6% for the intermediary samples. Scapolite grains 
are associated with amphibole, K-feldspars, albite, 
micas, and quartz mostly as inclusions. 

Concentrations of S as SO3 are 0.03 wt.%; 0.75 wt.% 
and 1.10 wt.% respectively for the marialitic (number of 
measurements, n=7), meionitic (n=5) and intermediary 
composition samples (n=23). It is important to note that, 
S K-edge XANES spectroscopy on scapolite shows that 
S species in scapolite include sulfate (S6+), sulfite (S4+) 
(Fleet et al., 2005) but also polysulfides (HSn- ;Sn2-; 
highly reactive S species) (Hamisi et al., in prep.). The 
forms of S in scapolite is critical as it affects redox 
conditions of mineralized brines which interact with host 
rocks as shown in the discussion. Concentrations of Cl 
are 3.45 wt.% in the marialitic samples 1.17 wt.% in the 
meionitic samples 1.73 wt.% in the intermediary sample. 
Cl in scapolite grains appears to be zoned (Figure 1A) 
with highest Cl concentrations in the less porous core 
and lowest concentrations in the highly porous rim. High 
S concentrations occurs as scattered inclusions of 
meionitic scapolite. 

EPMA mapping on sample M34815 shows highly 
albitised areas in the more porous core of scapolite 
grains (Figure 1C). Such reaction textures indicate that 
the albitisation process exploited preexisting porosity in 
the parent mineral and it is typical of pseudomorphic 
interface coupled dissolution-reprecipitation (ICDR), 
which generates porosity in the product phases (in this 
case albite, K-feldspar, micas, quartz) and also in the 
parent mineral (scapolite). If the connectivity of the 
porosity is high enough, the process continues as long 

as enough fluid is available to drive the reaction 
(Hövelmann et al., 2010). Sporadic euhedral crystals of 
an Al-rich phase (most likely kaolinite) are also present 
but appear to be a late phase. The interstitial space 
between large scapolite grains is filled with quartz, 
micas and amphibole. Albite forms following a 
preferential structural pattern (bottom left to top right on 
the thin section, Figure 1C, 1E).  

   
Table 1. EPMA data. Concentrations are in weight percent (wt. %); 
C is calculated as C=1-S-F-Cl; Number of ions are normalized on 
the basis of T(Si+Al+Ti)=12; n is the number of points measurements; 
Me% is Me=Ca/(Ca+Na)x100 and Equivalent Anorthite component 
is presented as Eq.An.=100x(Al-3)/3.  

Sample No  M40397 M24748 M34815 
 Intermediary Meionitic Marialitic 
 n 23 5 7 
Na2O   7.34 4.85 10.07 
SiO2   50.43 46.17 55.65 
K2O    0.31 0.37 0.60 
MnO    0.04 0.01 0.02 
SO3    0.75 1.10 0.03 
CaO    10.69 13.29 5.98 
FeO    0.14 0.12 0.08 
Cl     1.73 1.17 3.45 
TiO2   0.00 0.01 0.02 
SrO    0.02 1.69 0.04 
F      0.01 0.01 0.00 
Al2O3  24.30 25.45 22.86 
MgO    0.03 0.17 0.06 
CO2 (calc.) 2.24 2.58 0.70 
Excess O 0.39 0.27 0.78 
Total   95.79 94.40 98.78 
Si 7.66 7.27 8.13 
Al 4.35 4.72 3.94 
Fe 0.02 0.02 0.01 
Ca 1.74 2.25 0.94 
Ti 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 
Mg 0.01 0.04 0.01 
Na 2.16 1.48 2.85 
K 0.06 0.07 0.11 
Cl 0.45 0.31 0.85 
S 0.09 0.13 0.00 
F 0.00 0.00 0.00 
Sr 0.00 0.15 0.00 
C (calc.) 0.46 0.56 0.14 
T(Si, Al, Ti) 12.01 11.99 12.07 
Me%   44.68 60.36 24.74 
Eq. An. 45.08 57.47 31.22 
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High sulfur concentrations in sample M34815 occur as 
micrometer-scale inclusions 5 to 25 microns in size 
(Figure 2), but also along grain boundaries forming a 

diffuse pattern between grains and interstitial space as 
well as filling in microfractures orientated bottom right to 
top left. 

 

Figure 1. EPMA maps of sample M34815. 1A. Ca, Al, Si map - Overview of a portion of the sample M34185; 1B. Ca, Na, Mg map – Micas 
are the red spots, the large red area in the low-center area is amphibole; 1C. Ca, Na map - Dull green ground mass in marialite, bright green 
areas are elongated (SW-NE) albitised scapolite; 1D. S, Cl, K maps – overview of distribution of S and Cl in scapolite; 1E. dotted lines are   S 
rich lines in microstructures. 
 

 
 
Figure 2. EPMA maps S, Cl and K of sample M34815. Quartz 
grains (in black) fringed by K-feldspars. S rich micro-inclusions in 
blue. 

 
4 Discussions and conclusion 
 
The observation that albitisation follows the structural 
fabrics of grains (Figure 1C, 1E) indicates that the 
replacement of scapolite by albite occurs during or 
shortly after deformation because of fluid (salty fluids - 
from evaporitic origin and/or metamorphic 
devolatilization) / rock interaction through the reaction: 
scapolite + fluids (NaCl+H2O)  albite ± K-feldspar ± 
SiO2 + hypersaline fluids charged in Cl and S.  

The breakdown of scapolite into albite will discharge 
Cl and S and increase the ability of the fluid to scavenge 
metals from the surrounding host rocks. The variety of S 
species present in scapolite is important because like 
other multivalent elements the redox conditions and the 
coexistence of various species will depend on the 
changes in oxygen fugacity (fO2). Jugo et al. (2010) 
document the behavior of S species as function of fO2. 

As S is released in the fluid phase during albitisation of 
scapolite, the coexistence of sulfate, sulfite and 
polysulfides, may lead to the formation of very reactive 
and complex mineralizing fluids similar in composition 
(Torresi et al., 2012) of those in IOCG systems (Figure 
3). The presence of highly reactive species increases 
the ability of the fluids to mobilize S from scapolite 
breakdown and can also reduce the amount of S 
sequestrated in major sulfur-bearing mineral phase such 
as pyrite or pyrrhotite  and widen the PT window at 
which pyrite and potentially other S rich mineral phase 
continue to produce S-rich fluids (Pokrovski and 
Dubessy, 2015).         

 
Figure 3. Sulfur species present in hydrothermal fluids model with 
10wt% salinity (NaCl + KCl – Hypersaline fluids in IOCG systems 
may be higher than 10%), greenschist facies conditions (T=450 ◦C; 
P=1 kbar ) and total S=2 wt% as a function of oxygen fugacity at 
pH ∼ 5, After (Pokrovski and Dubessy, 2015). The vertical dashed 
lines show fO2 values for mineral buffers for this model 
(QFM=quartz–fayalite–magnetite, NNO=nickel–nickel oxide, PPM 
=pyrite–pyrrhotite–magnetite, and HM=hematite–magnetite). 

K-Fspar rim 

Qtz S rich 
inclusions 

Ma 

Alb in bright green 

Qtz 

S rich 

Alb 

Qtz 
Qtz 

Micas 

Kaolinite? 



Advances in Understanding Hydrothermal Processes  205 

Bernal et al. (2017) conducted studies on scapolite 
from the Norbotten IOCG district in northen Sweden, an 
IOCG district which shows evidence of regional (km 
scale) albitization and scapolitization alteration. Findings 
suggest that the variation of S concentration in scapolite 
was a result of rock buffering the fluid chemistry. In 
addition, the relative variation in concentration of the 
triplet SO4-Cl-CO3 in scapolite and the temporal/spatial 
relationship to IOCG alteration system indicate that 
scapolites were either formed or recycled during 
mineralisation process. Our study provides evidence of 
the coexistence of reduced and oxidized S species in 
scapolite. Whether it serves as a sink or a source for S 
and Cl, scapolite interacting with IOCG mineralising 
brines will buffer the redox states of the fluids. 
Oxidation/reduction and transition of S2- to S6+ and vice 
versa requires gains/loss of eight electrons, which 
means even when occurring in small amount, the 
presence, in scapolite, of very reactive S species such 
as polysulfides will lead to the formation of very reactive 
and complexe mineralising brines which has the 
potential to actively interact with the host rock, scavenge 
metals and form a deposit in the presence of a suitable 
trap, and appropriate temperature-pressure, fO2 
conditions for metals precipitation. We propose that 
regional-scale albitisation commonly observed in 
scapolite-bearing metamorphic terranes hosting IOCG 
deposits could be the result of large scale breakdown of 
scapolite, plagioclase and/or K-feldspar leading to 
formation of voluminous amount of S- and Cl-rich fluid 
capable of mobilizing metals from surrounding host 
rocks and form IOCG deposits. Ongoing investigation, 
using synchrotron analyses on scapolite, will shed light 
on the role of scapolite breakdown and crystallization in 
the redox conditions of hypersaline mineralizing brines 
in IOCG systems, as the presence of different S species 
may buffer the fluids differently.  
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Abstract. There is ongoing debate on the origin of many 
sediment-hosted Zn-Pb-Ag deposits: the 
syndepositional ‘sedex’ model versus the diagenetic 
replacement model. Unequivocal evidence for 
exhalative ore is lacking, often underpinned simply by 
the presence of laminated ore textures. An alternative 
carbonate replacement diagenetic-epigenetic genetic 
model for some deposits is also not universally 
accepted. 

In this study on a supergiant sediment-hosted Zn-Pb-
Ag deposit with contrasting interpretations as either a 
sedex or carbonate replacement system (McArthur 
River [HYC], north Australia), we investigate this issue 
using ground-breaking technology that allows us to 
quantitatively characterize ore material from the sub-
metre to nanometre at ultra-high resolution. We show 
the wide spatial distribution of ore textures in a large 
context. Furthermore, we are able to, for the first time, 
show the spatial and mineralogical distribution of trace 
elements such as thallium that were previously 
impossible to measure at this scale. 

Our data show that base metal sulfide mineralization 
occurs entirely as a product of carbonate replacement in 
both finely laminated and nodular carbonate samples. 
Thallium enrichment is associated exclusively with late 
stage diagenetic (but pre-ore) pyrite overgrowths. 
Finally, with fluid chemistry modelling, these findings 
strongly imply a deep subsurface diagenetic-epigenetic 
model and preclude a syngenetic ‘sedex’ genetic model.  
 
1 Introduction 
 
The supergiant McArthur River (Here’s Your Chance 
[HYC]) Zn-Pb-Ag is hosted in the Proterozoic McArthur–
Isa superbasin of northern Australia, the world’s largest 
Zn-Pb province. HYC is widely regarded as one of the 
classic examples of a sedimentary exhalative (sedex) 
base metal deposit (Large et al. 1998, Ireland et al. 
2004b). This model of ore formation influences 
exploration approaches as it infers a direct control of the 
sedimentary environment and synsedimentary tectonic 
framework on base metal deposition.  

A review of sedimentary-hosted Zn-Pb deposits by 
(Leach et al. 2005) found the term ‘sedex’ to be 
fundamentally concerning because it imparts a specific 
exhalative genetic component, given most deposits lack 

unequivocal evidence for exhalative ore. The presence 
of laminated ore textures, often regarded as the primary 
evidence for exhalative processes, have been shown to 
result from carbonate replacement processes in the 
subsurface well after deposition of the host sediment in 
other similar deposits  

The evidence for a synsedimentary-exhalative origin 
of HYC (and other similar deposits in the region) is 
predicated mainly on the observation that the ores with 
fine-grained laminated textures are sedimentary in origin 

(Large et al. 1998), and that ore clasts that occur 
within intraformational breccias indicate mineralization 
occurred before individual fault movements (Ireland et al 
2004b). Trace element enrichments, e.g. thallium (Tl) in 
the ore zone and surrounding and overlying lithologies, 
are also reported to represent a synsedimentary origin 
for mineralization (Large et al. 2000). These features 
have also been interpreted by some workers to be 
strong evidence for subsurface diagenetic-epigenetic 
carbonate replacement origin for the mineral system. 
Despite having been well studied over the decades, 
controversy remains over the genetic model of the HYC 
mineral system. 

Here we present evidence for a carbonate 
replacement style mineral system for HYC by employing 
state-of-the-art analytical techniques, and, critically, by 
quantitatively examining the mineral system through a 
range of scales from the sub metre to the nanometre 
scale. 

 
2 Methods summary 
 
Polished slab samples 300–400 mm in length from all 8 
ore lenses in the central, southern and northern zones 
of the HYC pit were studied using the methods detailed 
below. 

 
2.1 Ultra-high-resolution Maia Mapper µXRF 

element mapping  
 
The Maia Mapper is a new laboratory XRF mapping 
system for efficient elemental imaging of drill core 
sections for use in minerals research and industrial 
applications. It targets intermediate spatial scales, with 
imaging of up to ~80 M pixels, each 30 µm, over a 500 
long × 150 mm high sample area, as part of the 
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analytical workflow of the CSIRO Advanced Resource 
Characterization Facility, which spans spatial scales 
from ore deposit to atomic scales. It brings together (i) 
the Maia detector and imaging system, which is part of 
the Australian Synchrotron XFM facility; (ii) the high 
brightness indium alloy anode MetalJet D2 liquid metal 
micro-focus X-ray source at 200 W power at 70 kV into 
an effective 20 µm source size; all integrated with stage 
raster scanning for automated imaging and analysis of 
drill core sections (Ryan et al. 2018). Imaging for Maia 
Mapper uses an extension of the GeoPIXE method for 
synchrotron XRF analysis and imaging. 
 
2.2 Focussed ion beam time of flight secondary 

ionization mass spectrometry (FIB–TOF–
SIMS) 

 
The trace element content of pyrite was mapped at high 
spatial resolution using ‘focused ion beam time of flight 
secondary ionization mass spectrometry’ (FIB–TOF–
SIMS). A focused gallium (Ga) ion beam is used to 
sputter material from the surface of the sample and that 
material is accelerated into a time of flight mass 
spectrometer attached to a Tescan LYRA3GM FIB–
SEM microscope.  
 
3 Results 
 
3.1 Paragenesis of base metal sulfides and 

relationship to carbonate 
 
In all nodular carbonate samples analyzed in this study, 
sphalerite (Zn sulfide) is spatially associated with the 
outer margins of carbonate (Figure 1, middle). Only very 
minor sphalerite was detected in laminated primary 
(syngenetic) pyrite-organic laminae. Detailed SEM 
analysis of the interfaces between sphalerite and 
carbonate shows localized Mn enrichment on the outer 
margins of dolomite surrounded by sphalerite, with 
stylolytic dissolution cavities in the carbonate hosting the 
majority of the sphalerite. Large samples of laminated 
ore show thin laminae of base metal sulfides and pyrite. 
Discreet residual carbonate laminae are detectible in all 
samples analyzed. Isolated calcium (Ca) laminae which 
represent preserved carbonate (dolomite) laminae occur 
in the in the ore. Sphalerite in these areas occurs within 
and around residual carbonate.  
 
3.2 Thallium distribution 
 
One of the primary barriers to detecting Tl in ore deposit 
studies is due to the X-Ray peak overlaps with Tl, Pb 
and S. Interrogation of the Maia Mapper data from large 
HYC pit samples shows zones of high-Tl and low-Pb in 
some areas that seem unique spatially but not distinct in 
any other element image, although Fe (pyrite) is high in 
these zones. The sample shown in Figure 1 (bottom) 
hosts one such area of high-Tl within the pyritic band in 
the middle. By selecting this band of pixels with high-Tl, 
we are able to highlight the high-Tl and low-Pb pixel 
associations to filter out any artefacts (overlaps). Figure 

1 (bottom) shows Tl (red), which when compared with 
the photomicrograph of the sample above, 

 
Figure 21. Top: Photomicrograph of polished slab of laminated 
pyritic-carbonate HYC Zn-Pb ore. Middle: Maia Map of same 
sample showing distribution of Fe (red), Zn (green) and Ca (blue). 
Bottom: distribution of Tl (red), Pb (green) and Zn (blue). White box 
indicates approximate area of detailed FIB-TOF–SIMS analysis 
shown in Figure 22.  
 

 
Figure 22. A) SEM image of early framboidal pyrite with late zoned 
pyrite overgrowths in the Zn-Pb ore zone outlined in Figure 7. B) 
FIB-TOF-SIMS map of Tl205 in zoned pyrite outlined in the white 
box in A. The framboidal core, in this case, has rare localized 
enrichments in Tl, whereas the zoned overgrowths have higher Tl 
concentrations. 
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demonstrates that the highest concentrations (brightest 
colours) correlate with paragenetically-late pyrite bands 
that are spatially proximal to the sphalerite (Zn - blue) 
occurring around the rims of nodular carbonate. 
Thallium is present in early syngenetic laminated pyrite 
zones but in lower concentrations. However, galena (Pb 
- green), which occurs in association with certain 
carbonate nodule margins, is not spatially associated 
with Tl enrichment in the late pyritic bands.  

Closer SEM analysis of the zones of Tl-enriched late 
pyrite shows the pyrites bear rounded (possibly 
framboidal) cores with numerous generations of later 
euhedral overgrowths (Figure 2a). Sphalerite that is 
observed replacing carbonate (dolomite) throughout, is 
here observed to have entirely precipitated after the 
latest pyrite overgrowths. Detailed analysis of these 
overgrown framboidal pyrites using FIB–TOF–SIMS 
shows that the distribution of Tl is concentrated in the 
diagenetic overgrowths (Figure 2b). The framboidal 
cores are mostly entirely void of detectable Tl, although 
in rare cases are there localized enrichments (e.g. 
Figure 2b). 

 
4 Discussion 
 
4.1 Carbonate replacement by Zn-Pb sulfides at 

HYC 
 
The argument by Leach et al. (2010) that sulfide 
layering, by itself, is not sufficient evidence for 
exhalative ore was recently disputed by Sangster (2018) 
who stated that sulfides mimicking synsedimentary 
textures is not proof of replacement processes either. 
This counter point emphasizes the circular pattern of 
opposing arguments that arise when dealing with 
interpretations based on subjective, sometimes 
nonquantifiable observations. Sangster (2018) also 
noted that though carbonate replacement is frequently 
mentioned in literature to be responsible for layered 
sulfide textures at HYC and elsewhere, the replaced 
carbonate phase is ‘seldom identified’. This highlights 
the difficulty in visually identifying certain residual 
mineral phases in altered laminated sedimentary rocks; 
it also reflects a problem that arises from scale. Most 
studies are based on thin sections that are chosen on 
subjective, visual observational criteria at the sampling 
stage. Thus, traditionally there is a significant step in 
scale of study, from the deposit scale to thin section 
scale, that can lead to subtle, but potentially key 
features (such as residual carbonate) being overlooked. 
Clearly this is dictated by a historic lack of technologies 
capable of quantitative petrographic analyses on large 
samples. New developments such as the Maia Mapper 
(Ryan et al. 2018) can not only accommodate this gap in 
scale, allowing data-led decision making when choosing 
thin sections, but also can allow trace quantitative 
element mapping (e.g. Tl) at unprecedented ultra-high 
resolution. 

Our data (from large pit samples up to ~300 mm long) 
clearly demonstrate that residual laminated carbonate is 
locally preserved in laminated base metal sulfide ore 

from the central zone of HYC. Critically, when visually 
inspecting these samples, residual preserved sub-1 mm 
laminated carbonate is extremely difficult to identify. 
Upon closer inspection, the textures of base metal 
sulfide proximal to preserved carbonate in these 
laminated ores are consistent with carbonate 
dissolution. The textures in nodular carbonate-bearing 
ore are more readily identifiable visually but are far 
clearer when Maia Mapper data is examined (e.g. 
Figure 1) 

 
Figure 23. A) Stability of predominant Tl, Fe and Zn minerals 
and aqueous species as a function of logfO2 and pH at 150°C: 
A) Tl; B) Fe; C) Zn. Boundaries of Tl, Fe and Zn species are 
shown as red solid, dashed and dash-dotted lines respectively. 
The boundaries of sulfur species are shown with blue dashed 
lines in all subplots, and activities of total sulfur and chloride 
are the same as Cooke et al (2000): a_∑S = 0.001 m; a_∑Cl = 
5.8 m. 
 
4.2 Thallium hosted in late diagenetic pyrite 
 
Thallium enrichments have been known at HYC (Large 
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et al. 2000) and numerous other similar ore deposits 
worldwide for decades. Previous studies have 
demonstrated that Tl is present in individual pyrite 
crystals in the HYC ore zone. Large variations in Tl 
concentrations in various pyrites, ranging from 176–919 
ppm, were reported from the HYC ore zone by 
Mukherjee and Large (2017). Whilst these analyses are 
useful, what is critically lacking is context at a scale 
greater than that of a single pyrite grain. Thus, little is 
hitherto known about the overall deportment of Tl in the 
ore zone or the metallogeny of Tl in the greater HYC 
mineral system. Therefore, the potential of Tl as a 
pathfinder element in exploration for sediment-hosted 
Zn deposits, and in other geochemical exploration, is 
currently unclear. 

Our new ultra-high-resolution data show that Tl is 
highly concentrated in late pyrite overgrowths that occur 
before base metal sulfide mineralization (Figure 1, 2). 
Pre-ore pyrite was also noted by Broadbent et al. 
(1998), Eldridge et al. (1993), and Polito et al. (2006). 
Whilst this not only precludes syndepositional base 
metal mineralization, there are implications for the use 
of Tl enrichment as a pathfinder for sediment-hosted Zn-
Pb mineralization.  
 
4.3 Fluid modelling 
 
Thallium deportment in late pyrite suggests both Fe and 
Tl were transported in the same hydrothermal fluids, 
particularly given the homogeneity observed in the 
distribution within the overgrowths. Fluid modelling, 
assuming a temperature of ~150°C and a salinity of 
15% eq NaCl (Cooke et al. 2000), shows that TlCl is 
mobile across a range of pH values above a Log fO2 of 
~45, (Figure 3). However, FeCl+ complexes are only 
mobile at the same temperatures below pH4. Cooke et 
al. (2000) noted the likely dominance of oxidized fluids 
in the Australian Proterozoic sediment hosted Zn 
deposits. Our data are consistent with this; therefore, we 
argue that it is likely that FeCl+ and TlCl complexes were 
transported in oxidized fluids with pH<4 (Figure 3a, b) 
before being reduced, thus allowing hydrothermally-
derived pyrite overgrowths to precipitate. Zinc can be 
transported at similar temperatures as ZnCl42- 
complexes across a range of pH values (0 – ~9) in 
oxidized fluids. Sphalerite cannot precipitate at those 
temperatures at pH values <~5; therefore, pyrite and 
sphalerite are unlikely to have co-precipitated. 
Sphalerite may have been deposited if the ore-bearing 
fluids were buffered to pH values >5 following acidic 
dissolution of carbonate, allowing reduction of the 
residual Zn-bearing fluid and precipitation of sphalerite. 
This mechanism could explain the presence of base 
metal sulfides that surround latest-stage pyrite 
overgrowths.  
 
5 Summary 
 
• Ultra-high-resolution geochemical mapping of large 

samples from HYC show sphalerite is associated 
with carbonate dissolution. Nodular is almost 
entirely replaced by base metal sulfides. 

• Thallium is hosted in late-stage pyrite overgrowths 
bands that precipitated (perhaps immediately) 
before base metal sulfides. 

• Fluid modelling suggests precipitation of initial 
Tl‐bearing pyrite overgrowths by reduction of acidic 
(pH<4) oxidized fluids. Acidic dissolution of 
carbonate created additional porosity and a pH 
buffering effect, allowing precipitation of sphalerite 
at site of carbonate dissolution. 

• These findings provide strong evidence for a 
diagenetic-epigenetic carbonate replacement origin 
for the HYC mineral system; precluding a 
syngenetic model.  
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Abstract. The Marinoan cap dolostones (ca. 635 Ma) 
are distributed on almost every continent and feature 
similar in sedimentary structures. This study 
characterized the geology and mineralization features of 
the dolostone-hosted Dongjiahe MVT Zn-Pb deposit, 
South China, in order to understand how the ores are 
controlled by the lithology which is helpful for 
prospecting undiscovered MVT ores in Marinoan cap 
dolostones. At Dongjiahe, conformable orebodies occur 
in both the basal and upper units of the cap dolostone. 
In the basal unit, Zn and Pb sulphides filled remaining 
voids after the deposition of fibrous dolomite and 
chalcedony in breccias. Therefore, brecciation and 
preservation of the open spaces are critical for the Zn-
Pb mineralization. In the upper unit, Zn and Pb sulfides 
occur in bedding-parallel and oblique cracks which were 
probably generated by regional folding deformation, in 
terms of filling remaining voids after the deposition of 
chalcedony. Thus, generation of cracks related to 
regional deformation and preservation of open spaces 
are important for the ore formation.  
 

1 Introduction 
 

The Marinoan cap dolostones are sedimentary beds 
immediately overlying the Marinoan (~650-635 Ma) 
glacial deposits during deglacial transgressions 
(Hoffman et al. 1998; Shields 2005). They are 
distributed on almost every continent and are 
characterized by basic uniform structures and textures 
(Shields 2005; Jiang et al. 2006; Hoffman et al. 2011). 
As the rocks recorded the process of the earth's 
paleoclimate from cold to warm, they have been 
extensively studied in sense of paleoenvironment. 
However, the rocks have been poorly documented as 
potential ore hosting rocks of Mississippi Valley-type 
(MVT) Zn-Pb deposits. 

This study focuses on the geology and mineralization 
features of the Marinoan cap dolostone-hosted 
Dongjiahe MVT Zn-Pb deposit (20 Mt ore at 2.6% Zn 
and 0.8% Pb), South China (Fig. 1). Given that the cap 
dolostones are globally distributed and feature similar in 
sedimentary structures, the exploration potential of the 
rocks for undiscovered MVT Zn-Pb resources is likely to 
be significant. This study may be helpful for the 
establishment of exploration protocol for undiscovered 
MVT ores in the cap dolostones.  
 
2 Geological setting 
 
The South China block was built up by the 
amalgamation between the Yangtze and Cathaysia 

blocks along the Jiangnan tectonic belt during the early 
Neoproterozoic (Fig. 1). From the late Neoproterozoic to 
Silurian, the entire South China region incurred 
sedimentation of marine facies carbonates and fine-
grained siliciclastic rocks in a passive continental margin 
setting (Jiang et al. 2006). In this period, the Marinoan 
cap dolostone deposited at the base of the Doushantuo 
Formation with an age of ca. 635 Ma (Jiang et al. 2006) 
and immediately overlying the Nantuo Formation glacial 
deposits. During the early Mesozoic, reactivated 
intracontinental subduction between Yangtze and 
Cathaysia or flat subduction of the Pacific plate in the 
southeast to South China caused the Xuefeng Mountain 
intracontinental orogeny along the older Jiangnan belt 
(Fig. 1; Wang et al. 2005). Meanwhile, northwestward 
oblique compression generated the NE- and NNE-
trending fold and thrust structures and subsidiary strike-
slip faults in the western Xuefeng Mountain orogen (Fig. 
1B, C). The Dongjiahe deposit lies in the NE-striking fold 
and thrust belt. 

 
Figure 1. a. Tectonic framework map of China; b. Tectonic map 
showing that the Dongjiahe deposit area lies in the western Early 
Mesozoic Xuefeng Mountain orogen (modified from Chu et al. 
2012); c. Cross-section A-A’ showing that the Dongjiahe deposit is 
located in the fold and thrust belt in the western Xuefeng Mountain 
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orogen (modified from Chu et al. 2012). 

 
Figure 2. Cross-section B-B’ through the Dongjiahe Zn-Pb deposit with a stratigraphic column showing the occurrences of sphalerite, 
galena, and pyrite in the Marinoan cap dolostone 
 
3 Deposit geology and mineralization 
 
3.1 General features 
 
In the Dongjiahe deposit area, Neoproterozoic and 
Cambrian strata formed the NE-striking Dongjiahe 
anticline. The core of the anticline is the Neoproterozoic 
Nanhua Group clastic rocks and glacial diamictite, and 
the two limbs are Ediacaran (called Sinian in China) and 
Cambrian dolostone and limestone (Fig. 2). The deposit 
area is characterized by NE-striking thrust faults and 
subsidiary NW-striking and ~W-E-striking strike-slip 
faults. Except for a few diabase dikes, no magmatic 
rocks are exposed.  

The Marinoan cap dolostone at Dongjiahe is 3-5 m 
thick and can be subdivided into three units where the 
basal and upper units host Zn and Pb sulfide ores (Fig. 
2), called the lower and upper mineralization layers 
respectively by mine geologists. The two mineralization 
layers have similar average ore grades (Zeng and Li 
2007). It is estimated that the lower and upper 
mineralization layers contain about 30-40% and 60-70% 
Zn and Pb sulfide ores of the entire deposit, 
respectively. Orebodies in both mineralization layers are 
conformable and laterally discontinuous with variable 
thickness. Generally speaking, the host unit is thicker, 
and the orebodies within it are thicker. At the deposit 
scale, near to the axial of the Dongjiahe anticline, the 
thickness of orebodies is increased, which is particularly 
remarkable for the upper mineralization layer. 

 
3.2 Cap dolostone and mineralization 

 
The basal unit of the cap dolostone at Dongjiahe is 1-2 
m thick with the common occurrence of sheet cracks, 
breccias, tepee, and dome structures (Fig. 3A). The 
undisturbed dolostone zone contains bedding parallel, 
laminated, and cemented sheet cracks. Disturbed 

dolostone zone is shown as breccias. The breccia clasts 
are angular, ranging from several centimeters to several 
tens of centimeters in size, and commonly supported by 
cements (Fig. 3B). Unmineralized sheet cracks and 
breccias were cemented by fibrous, isopachous 
dolomite and chalcedony, locally with pyrite (called type 
II pyrite in this paper), quartz, and bitumen. The 
dolomite and chalcedony are shown as isopachous 
syntaxial growths, i.e., mineral growth from the existing 
rock/mineral wall to the centre of the unfilled void (Fig. 
3C). Comparable structures and cementation have been 
observed in Marinoan cap dolostones from other regions 
of South China and worldwide (Shields 2005; Jiang et 
al. 2006). At Dongjiahe, Zn-Pb mineralization in the 
basal cap dolostone mainly occurs in breccias, rarely in 
laterally stable sheet cracks. Sphalerite and galena as 
breccia cements filled remaining voids after the 
precipitation of fibrous dolomite, chalcedony, and type II 
pyrite (Fig. 3C, D). Dolomite is the earliest mineral and 
commonly displays elongate fibrous crystals oriented 
normal to the crack/void walls (Fig. 3D). Precipitation of 
the chalcedony is found as linings subsequent to the 
fibrous dolomite (Fig. 3D). Lesser amounts of type II 
pyrite is cogenetic with chalcedony, whereas greater 
amounts of type II pyrite formed after the deposition of 
chalcedony (Fig. 3E). The replacement of type II pyrite 
by sphalerite indicates that sphalerite is younger than 
the pyrite. Sphalerite was then cut by younger quartz 
veins (Fig. 3D). Bitumen has been found in the 
remaining voids after the deposition of quartz. 

The middle unit of the cap dolostone is a 1-2 m thick, 
gray-colored, finely crystalline dolostone. Lesser 
amounts of disseminated and fine-grained type I pyrite 
occurs in the unit, but Zn and Pb sulfides are scarce.  

The upper unit is a 1-2 m thick, gray to dark gray, 
finely crystalline dolostone, locally containing quartz 
detrital grains. This lithological unit is transitional with 
the overlying dark dolomitic and clay-rich slate and 
siltstone. Stratiform and nodular type I pyrite are 
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Figure 3. The Marinoan cap dolostone and Zn-Pb mineralization in the Dongjiahe deposit. a. Breccias from the basal unit of the cap 
dolostone with tepee and dome structures, locally overprinted by sphalerite; b. an unmineralized breccia from the basal cap dolostone, 
composed of angular dolostone clasts and cements including early stage of isopachous fibrous dolomite and chalcedony and late stage 
quartz; c. an mineralized breccia from the basal cap dolostone where sphalerite as the breccia cement filled remaining voids after the 
deposition of early stage fibrous dolomite, chalcedony, and type II pyrite, and was cut by late stage quartz; d. cross-polarized light 
photomicrograph of a thin section of a breccia from the basal cap dolostone, showing that mineral sequence in the breccia cement is, from 
early to late, fibrous dolomite, chalcedony, sphalerite, and quartz; e. a breccia from the basal cap dolostone with abundant type II pyrite and 
a few of bitumen; f. stratiform type I pyrite occurring in the upper unit of the cap dolostone; g. folding-related cracks within a massive type I 
pyrite-rich zone in the upper cap dolostone, filled by chalcedony and quartz with remaining voids; h. bedding-parallel and -oblique cracks in 
the upper cap dolostone, filled by chalcedony, sphalerite, and quartz; i. cross-polarized light photomicrograph of a thin section from the upper 
cap dolostone showing that crack-filling sphalerite is younger than chalcedony. Arrows point to younger stage of mineral deposition.  
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abundant in the unit (Fig. 3F), such that they are 
exploitable for the production of sulfuric acid. Folding-
related cracks within type I pyrite-rich zones have been 
filled by chalcedony and quartz (Fig. 3G). Therefore, 
formation of type I pyrite was prior to the regional folding 
deformation and the deposition of chalcedony, probably 
during early diagenesis in view of the stratiform nature. 
In the dolostone unit, sphalerite and galena mostly filled 
the bedding-parallel and bedding-oblique cracks (Fig. 
3E). Their precipitation was younger than chalcedony 
but earlier than quartz (Fig. 3I). Subordinate sphalerite 
replaced the host dolostone and type I pyrite where 
sphalerite crystals commonly contain dark cores 
composed of fine-grained type I pyrite. 

In summary, the style of mineralization at Dongjiahe 
is dominated by open-space fill of sphalerite and galena 
in voids in breccias from the basal cap dolostone and in 
cracks from the upper cap dolostone. Lesser amounts of 
sphalerite and galena replaced the host dolostone and 
diagenetic pyrite. From early to late, mineral occurrence 
includes pre-ore stage type I pyrite, fibrous dolomite, 
chalcedony, and type II pyrite, ore stage sphalerite and 
galena, and post-ore stage quartz and bitumen. 

 
4 Implications for ore prospecting  

 
The Marinoan cap dolostones are globally widespread 
and they feature similar in sedimentary structures. The 
Dongjiahe deposit provides an example for prospecting 
undiscovered MVT ores in the cap dolostones. As far as 
lithological controls are concerned (regardless of other 
factors such as tectonic setting, fluid activity, and 
faulting), we have summarized several useful aspects 
for ore prospecting. 1) MVT ores can occur in both the 
basal and upper portions of the cap dolostone. The cap 
dolostone is thicker, and ore reserves within these strata 
are potentially larger. 2) In the basal cap dolostone, Zn 
and Pb sulfides filled remaining voids after the 
deposition of early stage fibrous dolomite and 
chalcedony in breccias. Ore-barren breccias are 
commonly lacking in voids due to filling of early (pre-ore) 
stage minerals. Therefore, brecciation and preservation 
of open spaces in the breccias are critical for the Zn-Pb 
mineralization. 3) In the upper cap dolostone, Zn and Pb 
sulfides occur in bedding-parallel and -oblique cracks 
which were probably generated by regional folding 
deformation. Zinc and lead sulfides filled remaining 
voids after the deposition of early stage chalcedony in 
the cracks. Thus, the generation of cracks and 
preservation of open spaces in the cracks are important 
for the Zn-Pb mineralization. For the former factor, 
zones near to the axial of a regional anticline have merit 
in the production of the cracks and are thus in favour of 
ore formation. 
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Abstract. Metal zonation is an important feature of low-
temperature carbonate-hosted Zn-Pb deposits. Its 
origin, however, remains poorly understood. In this 
article, we use the Lisheen deposit in Ireland as a case 
study to show how thermodynamic modelling can 
explain these zonation patterns.  

Based on input data derived from fluid inclusion 
studies, bulk ore geochemistry and accepted models of 
ore formation in the Irish Orefield we construct a 
reaction path model that successfully accounts for the 
major features of the mineralisation, most importantly 
the presence of Cu-Ni-As-rich core zones around 
hydrothermal feeder structures, surrounded by more 
distal Fe-Zn-Pb-rich mineralisation.  

The outcomes of this study strongly support current 
metallogenetic models for Irish-type deposits and have 
implications for near-deposit exploration. 
 
1 Introduction 
 
Distinct mineral and metal zonation patterns have been 
described for several low-temperature carbonate-hosted 
deposits (Heyl et al. 1959; Cavender et al. 2016; 
Torremans et al. 2018). However, the genetic 
significance of these patterns is not discussed in recent 
reviews (Leach et al. 2005, Paradis et al. 2007). 
Furthermore, none of the existing thermodynamic 
studies on the formation of these deposits (Plumlee et 
al. 1994; Garven et al. 1999; Appold and Garven 2000; 
Corbella et al. 2004) considers deposit-scale zonation 
patterns and mineral parageneses in any detail. This is 
despite the fact that the combination of zonation 
patterns with thermodynamic modelling and paragenetic 
observations has already been successfully applied to 
other types of hydrothermal ore deposits, e.g. Carlin-
type Au deposits (Hofstra et al. 1991). 

With this contribution, we address this gap, using 
reaction path modelling to understand metal zonation 
and paragenetic relationships at the Lisheen deposit, 
the second largest zinc deposit in the Irish Orefield.  

 
2 Geological setting 
 
The Lisheen deposit is located in the Rathdowney trend, 
a distinct structural feature in the Irish Midlands Zn-Pb 
Orefield that also hosts the Galmoy deposit and Rapla  

 
Figure 1. Geological overview of the Lisheen deposit showing 
surface projections of the ore bodies and controlling structural 
features (after Riegler and McClenaghan 2017). 
 
prospect (Hitzman et al. 2002).  

The mineralisation occurs as flat-lying pyrite-
sphalerite-galena dominated lenses that closely follow 
the base of the Waulsortian Limestone (Fig.1), a 
mudbank complex consisting of a variety of units 
(Hitzman et al. 2002). The lenses are mostly underlain 
by argillaceous biocalcarenites of the Ballysteen 
formation. Much of the Waulsortian Limestone in the 
mine area is completely dolomitised (Hitzman et al., 
2002).  

The ore lenses are strongly controlled by the location 
of breached relay ramps between the major normal fault 
segments of the Lisheen Fault System (LFS) and 
generally extend northwards from these ramps 
(Torremans et al. 2018; Fig. 1). Furthermore, they show 
a distinct metal zonation, with elevated Cu, Ni (and As) 
close to the LFS and high Zn, Fe (and Pb) values 
throughout the deposit (Torremans et al. 2018). 
Torremans et al. (2018) suggest that this metal zonation 
reflects the flow geometry of the deep ore-forming fluid, 
with Cu, Ni and As precipitating closest to the “feeder” 
zones, and the other metals being dispersed further. 
However, no thermodynamic modelling has ever been 
conducted to test this hypothesis.  
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3 Methodology 
 
3.1 Reaction path model 
 
To simulate ore precipitation, we used a binary mixing 
model based on the current understanding of ore-
formation in the Irish Orefield (Wilkinson and Hitzman 
2015). In this model, an ascending metal-rich basement 
brine (Fluid A) mixes with a shallow reservoir of sulphur-
enriched reduced seawater (Fluid B) (Table 1). Base 
metal ratios in Fluid A were chosen to reflect the overall 
composition of the Lisheen deposit. Along the reaction 
path, Fluid B is successively added to Fluid A in the 
presence of dolomite until no more minerals are 
precipitated. 

The model was implemented using the “React” 
module of Geochemists’ Workbench. Mixing and host-
rock reaction were simulated in flow-through mode, 
meaning that precipitated minerals were not allowed to 
react with the residual fluid after precipitation. Prior to 
mixing, the fluids were equilibrated for the given input 
parameters to ensure they are not supersaturated with 
respect to any solid phases. Fluid B was additionally 
equilibrated with dolomite and pyrite to reflect 
equilibrium with the host lithology. Sodium was used for 
charge balance to maintain initial Cl-concentrations. 
 
3.2 Simulation of an ore lens  
 

The results of the reaction path model (mass of 
precipitated minerals as a function of mixing ratio) was 
used further to simulate the formation of an actual ore 

 
Table 1 – Fluid parameters used for the reaction path model 
 Fluid A Fluid B F.I. Data* Deposit 
T (°C) 200 80 140 – 210 - 
pH 3.5 7.0 - - 
log fO2 -38.3  -58.6 - - 
Density 
(g/cm3) 

1.035 1.027 - - 

Salinity  
(%NaCl eqv.) 

19.7 4.5 10 – 18 - 

As (mg/kg) 38.6 0.89 - 2,100 
Ba (mg/kg) 500 0 70 – 6,000 - 
Ca (mg/kg) 20,000 396 <10,000 – 

30,000 
- 

Cl (wt.%) 12.0 2.1 5.5 – 12.1 - 
Cu (mg/kg) 11.9 1.0x10-6 - 530 
Fe (mg/kg) 2,500 8.4x10-13 - 160,000 
HCO3

- 
(mg/kg) 

5.0 8.4 - - 

Mg (mg/kg) 200 1,300 310 – 850 40,000 
Na (wt.%) 5.1 1.5 1.5 – 5.7 - 
Ni (mg/kg) 12 1.1x10-14 - 440 
Pb (mg/kg) 400 1.0x10-5 3.6 – 890 16,000 
S (mg/kg) 0.08 6,600 - - 
Zn (mg/kg) 2,000 1.1x10-10 3.0 – 5,000 96,000 
Cu/Zn (g/g) 60x10-4 - - 55 x10-4 
Ni/Zn (g/g) 60 x10-4 - - 46 x10-4 
As/Zn (g/g) 193 x10-4 - - 220 x10-4 
Fe/Zn (g/g) 1.25 - - 1.7 
Pb/Zn (g/g) 0.20 - 0.1 – 1.0 0.17 
 *T and salinity data from Wilkinson et al. (2010); fluid compositions 
from Banks et al. (2002) and Wilkinson et al. (2005b, 2009) 
determined on Silvermines and Tynagh samples. For Banks et al. 
(2002), considered only measurements falling in the salinity range 
of the Lisheen fluids. 

lens. For these simulations we chose a simplified 2-
dimensional geometry in which Fluid A propagates 
laterally outward from a central ellipsoidal feeder zone 
and mixes continuously with Fluid B along its path. This 
is an idealization of the current suggestion for the 
geometry of fluid flow at Lisheen (Torremans et al. 
2018).  

The resulting concentration profiles of Fluids A and B 
were assumed to be like those for outward diffusion of 
Fluid A into a reservoir of Fluid B from a continuous 
source. Thus, contours of constant concentration move 
gradually outward as the total volume of Fluid A (VA) 
injected into the system increases over time, with the 
dimension of any given concentration contour directly 
proportional to √VA. The injection process was 
approximated numerically by breaking the total volume 
up into small equally sized fluid batches passing through 
the expanding system. Adding up the minerals 
precipitated by each successive batch yields an 
approximation to the metal distribution in an ore lens.  
 
4 Results and discussion 
 
4.1 Ore mineralogy and paragenesis 
 
The model predicts a relatively simple ore-mineral 
assemblage (Fig. 2) dominated by pyrite, sphalerite and 
galena, with trace amounts of tennantite, gersdorffite, 
arsenopyrite, and vaesite, in general agreement with 
field observations. The main difference to observed 
mineralogy is that vaesite does not occur in the deposit, 
while bornite and chalcopyrite, important constituents of 
some Cu-rich ores, are not predicted by the model.  
 

 
 
Figure 2. Results of the reaction path model, shown in terms of the 
cumulative mass of precipitated minerals against the concentration 
of Fluid B in the fluid mixture.  
 

The absence of vaesite from Lisheen is easily 
explained by the uptake of Ni into pyrite which may act 
to suppress its formation. The occurrence of bornite on 
the other hand could be explained by fluctuations in fluid 
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Figure 3. Comparison of element distributions in the modelled and 
Main Zone ore lenses. Main Zone structures repeated from Fig. 1. 
 
chemistry. Experimentation with different metal ratios in 
Fluid A showed that bornite will precipitate with 
tennantite at higher Cu/Fe and lower Cu/As ratios. 
Several potential causes are possible for these 
fluctuations such as changes in local and regional 
hydrology due to fault movements. For chalcopyrite, the 
mechanism of formation is not yet clear.  

In terms of paragenetic sequence, the model implies 
that all minerals precipitated simultaneously, but at 
different places in the deposit. However, for 

observations made at a fixed point, the model we used 
for the simulation of an actual ore lens would predict a 
local paragenetic sequence going from baryte to pyrite-
sphalerite-galena to Ni-As-rich pyrite, gersdorffite and 
tennantite as the concentration of Fluid B decreases. 
This is consistent with the general observations reported 
by Hitzman et al. (2002) and Wilkinson et al. (2005a). 

 
4.2 Metal zonation  
 
To visually compare the model results to the observed 
architecture of mineralisation at Lisheen, Fig. 3 shows 
element distribution maps for the simulated ore lens and 
the Main Zone orebody. Several similarities are 
immediately apparent: 

 
1. Elevated Cu and Ni concentrations only occur 

around the feeder(s) in the southernmost parts of the 
ore lenses. 

2. High As concentrations extend further north than 
those of Cu and Ni.  

3. Fe and Zn concentrations are relatively uniform 
across the entire orebodies.  

 
However, several differences are also apparent: 

 
1. Ni and As concentrations are significantly higher in 

the northern part of the Main Zone than the northern 
part of the simulated ore lens. Particularly arsenic is 
much more widely dispersed in actual mineralisation. 

2. Pb is more widely dispersed in the simulated ore 
lens than the Main Zone.  

 
When considering these differences, it needs to be 

remembered that one of the major assumptions of the 
simulation is its simple geometry, with Fluid A 
emanating from a single feeder. While such a geometry 
is well suited to illustrate the salient features of our 
model, it cannot be a realistic representation of the 
deposit with its complex system of major and minor 
faults, many of which could have acted as feeder zones 
for the deep fluid (cf. Fig. 1). Therefore, the greater 
dispersion of Ni and As in the deposit is likely due to 
Fluid A entering the Main Zone at several points, not just 
one. While this provides a satisfactory explanation for 
the differences in Ni and As distributions, it does not 
account for the differences in Pb distribution.  

The following tentative reasons may account for the 
observed Pb distribution: 

 
1. Fluid composition could have changed over time. 

Experiments with different compositions for Fluid A 
showed that the only way to reasonably achieve an 
earlier (and thus more proximal) precipitation of 
galena is to substantially increase its Pb/Zn ratio (by 
a factor 5–10). Episodic injections of fluid with a high 
Pb/Zn ratio could therefore have led to the observed 
concentration of galena around the central feeders. 

2. Thermodynamic data, particularly complex stability 
constants for Pb-Cl-complexes and solubility 
constants for galena could be slightly erroneous. 
This may lead to an underestimation of galena 
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saturation in the fluid causing later precipitation in 
the model, and thus greater dispersion of Pb. 

 
As discussed above, there is an indication that the 

Cu-Fe-As composition of Fluid A might have fluctuated 
as the deposit formed, resulting in the occasional 
formation of bornite. Therefore, it is not unreasonable to 
expect that similar variations of the Pb/Zn ratio also 
occurred.  

The reliability of thermodynamic input data on the 
other hand is difficult to assess in this publication. 
However, we note that large uncertainties (> 15 rel.%) 
are often attached to experimentally determined values 
of equilibrium constants (e.g. Lukanin et al. 2013). The 
observed behaviour may thus lie within the confidence 
range of the measured thermodynamic data.  

In conclusion, both explanations may account for the 
observed features. Further work will be necessary to 
determine the exact cause of this discrepancy.  
 
5 Conclusions 
 
We used reaction path modelling to predict metal 
zonation and mineral paragenesis at the Lisheen 
deposit, Ireland. Our model successfully accounts for all 
major features of the deposit, particularly the occurrence 
of Cu-Ni-As-rich core zones representing hydrothermal 
feeder structures. Most differences between the 
observed and simulated mineralisation can be explained 
by complexities of the ore-forming system not 
incorporated into the model. Therefore, the model 
provides a reasonable approximation to the naturally 
occurring mineralising system, and is suitable to support 
further, more detailed investigations.  

The results support current models of ore formation in 
the Irish Orefield. Furthermore, zonation from Cu-Ni-As-
rich mineralisation to Zn-Fe-Pb dominant ores around 
hydrothermal feeder structures is also seen in other low-
temperature carbonate-hosted deposits (Heyl et al.  
1959; Cavender et al. 2016). This suggests that our 
results are of broader significance for economic geology 
and minerals exploration. 
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Abstract. The Mehdiabad Zn-Pb-Ba deposit, which is 
the largest Mississippi Valley Type deposit in the world, 
is located in the Zagros orogen, Iran. A large volume of 
barite, of which the distribution is larger than the sulfide 
Zn-Pb orebody, has been recognized in this deposit and 
their origin and contribution to the Zn-Pb mineralization 
have been studied. These barites can be subdivided into 
three stages. The oxygen, sulfur and strontium isotopes 
of the barites indicate that they are diagenetic in origin, 
but precipitated in different environments, which include 
methane-devoid and cold methane seep environments. 
For their contribution to the Zn-Pb mineralization, the 
barites were a substrate for mineralization and a sulfur 
source for the sulfides.  
 
1 Introduction 
 
The Tethyan Domain is extraordinarily endowed with 
world-class Mississippi Valley-type (MVT) Pb-Zn 
deposits (Leach et al. 2005; Reynolds and Large 2010), 
especially in the Central to Eastern part that includes the 
Zagros orogen in Iran and the Himalayan orogen in 
China (e.g., Rajabi et al. 2012; Hou and Zhang 2015). 
The three largest MVT Pb-Zn deposits in the world are 
located in this region (Fig. 1) and include, the 
Mehdiabad Zn-Pb-Ba deposit (Pb+Zn: 20.70 Mt; Leach 
et al. 2005), the Jinding Pb-Zn deposit (Pb+Zn: 15 Mt; 
Xue et al. 2007) and the Huoshaoyun Pb-Zn deposit 
(Pb+Zn: 14 Mt; Dong et al. 2015). However, except for 
some new studies on the Jinding deposit (e.g., Leach et 
al. 2017), limited knowledge is known about them. In 
fact, it is critical to know the most important ore-
controlled factors of these giant deposits which will help 
to understand the metallogenesis of the region.  

The Mehdiabad Zn-Pb-Ba MVT deposit, is located in 
the Zagros Orogen of Iran and was first studied 55 years 
ago  (Wright 1964). Till now, the sulfide ores in the 
deposit are still covered by Quaternary sediments and 
only drill cores are available for observation. This 
situation results in the limited understanding related to 
this deposit (e.g., Reicher et al. 2003; Reichert 2007; 
Maghfouri et al. 2018; Hashemi Marand et al. 2018). 
However, a large quantity of barite (up to 113 Mt) has 
been mined in an open pit in the Mehdiabad deposit 
recently and provides an opportunity to perform more 
work on this deposit. Based on previous studies (e.g., 
Reichert 2007) and field observations from the authors, 
barite in the Mehdiabad deposit shows strong evidence 
for replacement by Zn-Pb sulfides that is similar to the 

giant Red Dog Zn-Pb-Ag deposit (Kelley et al. 2004). 
Though the replacement textures have been mentioned 
by previous workers (e.g., Reichert 2007; Maghfouri et 
al. 2015), the important role of barite in controlling the 
Zn-Pb ore mineralization has not been recognized.  

Consequently, the focus of this study is to understand 
the character and origin of barite in the Mehdiabad Zn-
Pb-Ba deposit and its relationship with the sulfide 
mineralization. The results will provide insights into ore-
controlled factors on sulfide mineralization in the 
Tethyan Domain.  

 

 
Figure 1. The giant MVT Pb-Zn deposits in the East Tethys (after 
Zhang et al. 2010). 

 
2 Barite in the Mehdiabad deposit 
 
The Mehdiabad Zn-Pb-Ba deposit is situated in the 
central part of Iran. Exposed host rocks consist of a 
thick Lower Cretaceous sedimentary sequence which 
includes, from the bottom to the top, the Sangestan 
Formation, the Taft Formation and the Abkuh Formation 
(Fig. 2). The sulfide Zn-Pb orebody is hosted by the Taft 
Formation dolostone. The distribution of the barite 
orebody is similar to but more extensive than the sulfide 
Zn-Pb orebody. Horizontally, the barite orebody was 
restricted by the syn-sedimentary Black Hill Fault to the 
West and is spread to the East with lesser thickness; in 
the vertical direction, it is mainly distributed in the Taft 
Formation, with replacement ceasing at the top of the 
lower Sangestan Formation, but spreading into the 
upper Abkuh Formation (Fig. 2). 

The primary minerals in this deposit include, from 
greatest to least, barite, quartz, sphalerite, galena, 
siderite, pyrite and chalcopyrite. Based on cross-cutting 
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relationships among these minerals, they belong to four 
stages, which are defined primarily by barite type and 
the relationship between the sphalerite and barite. 

 

 
 
Figure 2. A cross-section of the Mehdiabad Zn-Pb-Ba orebody 
(modified from Reichert 2007)  
 

Stage 1: Barite stage. Fine- to medium-grained 
barites (Fig. 3a and 3b) forming in Stage 1 are typically 
observed at the stratigraphic top of the deposit in the 
Abkuh and Taft Formations (Fig. 2). The distribution for 
this stage of barite may have been more extensive, but 
main-stage sulfide mineralization has obscured the 
original distribution. The barites were massive and 
formed mound in the outcrops. They are white and 
present as irregularly distributed flat, tabular-shaped 
crystals (up to 1mm long but generally smaller) (Fig. 4a) 
in the host carbonate rocks. Some residual barite 
nodules which form radial patterns with sheaves of 
barite crystals can be found in this stage. 

Stage 2: Barite and siderite stage. Precipitation of 
Stage 1 white barite was followed by white barite and 
tan siderite during Stage 2 (Fig. 3c and 3d). The barite 
and siderite in this stage were mainly produced as veins 
in irregular bodies throughout the Abkuh and Taft 
Formations (Fig. 2). These veins cut the Stage 1 barite 
and the host carbonate rocks. The barite in this stage is 
coarser than the Stage 1 barite and present as large 
euhedral crystals (up to 2mm long or smaller) (Fig. 4b 
and 4c). The siderite is rich in Mn and usually oxidized 
to Fe-Mn oxides which made the stage 2 minerals 
appear black (Fig. 3c and 4b). 

Stage 3: Quartz-sulfide and barite stage. Vein 
siderite, quartz, sulfide and barite, which clearly cut the 
host carbonate rocks and the Stage 2 barite+siderite 
vein, define Stage 3 (Fig. 3e). There is a transition 
precipitation of siderite, quartz and minor sulfides 
(sphalerite, galena, chalcopyrite and pyrite) (Fig. 4d), 
which is referred to as Stage 3a, before the barite in this 
stage precipitated (Fig. 4e), which we called Stage 3b. 
The barite in Stage 3b is much clearer than those in the 
previous stages. They precipitated as veins, massive 
bands, or cements of the breccias. They can be 
recognized in the middle of the quartz-sulfide vein 
forming in Stage 3a. The barite crystals in this stage are 
also coarse and the crystals are up to 2mm long. The 
distribution of minerals in Stage 3a can rich to the top of 
the Stage 1 barite, however, most barite in Stage 3b are 
distributed below the Stage 1 barite mound (Fig. 2). 

Stage 4: Main Zn-Pb sulfide stage. Elevated 
contents of sphalerite and galena (Fig. 3f and 3g) mark 
Stage 4 which is the main Zn-Pb mineralization stage in 
the Mehdiabad deposit. The sphalerite in this stage is 
lighter brown than those in the Stage 3a. Most sphalerite 
and galena occur with the barites; however, they did not 
co-precipitate with them. The phenomena that the 
sphalerite and galena precipitated by replacing (Fig. 4f) 
and filling the open space of the barite crystals, which 
are very similar to those in Red dog deposit (Kelley et al. 
2004), gave strong evidence that the Zn-Pb sulfide 
minerals precipitated later than the barites. The Zn-Pb 
mineralization has the similar or a slightly larger 
distribution with the barite in Stage 3 (Fig. 2). 

 

 
Figure 3. Outcrop and hand specimens showing the character of 
different stages of barite in the Mehdiabad Zn-Pb-Ba deposit  
 

 
Figure 4. Photomicrographs showing textural variations of barites 
in different stages in the Mehdiabad Zn-Pb-Ba deposit  

 
3 Isotopic studies 
 
21 barite samples were selected for sulfur and oxygen 
isotopic analysis. The results are presented in Figure 5. 
The barites show linear correlations between δ18O and 
δ34S with varying slopes for different stages (Fig. 5). A 
plot of δ18O versus δ34S values of Stage 1 barite has a 
steep positive slope of 5.0 and extends to high δ18O 
values. Stage 2 barite samples display a shallower 
slope of 1.5. For Stage 3 barites, four are included in the 
Stage 1 and 2 groups (Fig. 5). However, another four of 
them display the shallowest slope of 0.39 and extends 
to high δ34S values. The data for the three stages of 



220 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 1 

barite all extend downward to the isotopic composition 
of marine sulfate for the Lower Cretaceous host 
carbonate rocks in Taft Formation (113~125 Ma) (Fig. 5; 
Claypool et al. 1980; Paytan et al. 2004).  
     

 
 
Figure 5. O and S isotope composition of barite from the three 
stages in Mehdiabad deposit compared with the composition of 
seawater sulfate in Early Cretaceous at which time the host 
carbonate rocks precipitated (from Claypool et al. 1980; Paytan et 
al. 2004). 
 

The same barite samples have also been analyzed 
for Sr isotopes and present a similar range for 87Sr/86Sr 
ratios with those of the host carbonate rocks in Taft and 
Abkuh Formation (Fig. 6). 

   

 
Figure 6. Plots of Sr and S isotope values for barite samples in the 
three stages. The location of solid line rectangle for the marine 
sulfate at Albian time is from the data in McArthur et al. (2012) and 
Paytan et al. (2004). The location of solid rectangle for the 
carbonate rocks in the Taft Formation is from the analyzed Sr 
isotopic values and Paytan et al. (2004). 

Nine sulfide samples (sphalerite and galena) from 
Stage 4 were selected for sulfur isotopes and the δ34S 
values present a negative range from -17.3‰ to -7.9‰ 
(Fig. 7).    
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Figure 7. Sulfur isotope compositions of Stage 4 galena (Gn) and 
sphalerite (Sp) from the Mehdiabad deposit 
 
4 Discussion 
 
The O and S isotope systematics and the Sr isotope 
signatures of the barites in the Mehdiabad deposit 
indicate a clear diagenetic origin for them (e.g., Johnson 
et al. 2004; Johnson et al. 2009; Antler et al. 2015; Feng 
et al. 2016). According to the mineralogical character 
and the slopes of the δ18O vs. δ34S of barites in Stage 1 
and 2, the authors consider them to be precipitated from 
pore waters within the sediment column during post 
deposition diagenetic processes (Torres et al. 1996b; 
Griffith and Paytan 2012) in a methane-devoid 
environment; however, the typical value of the δ18O vs. 
δ34S data for the barite samples in Stage 3 indicates that 
they must be precipitated in methane-in-excess 
environments (i.e., cold methane seeps)(Torres et al. 
1996a; Aharon and Fu 2000). 

The sulfide in Stage 4 could precipitate in the open 
spaces of the previous barite and they also could 
precipitate by replacing the previous barite. Further, the 
main Zn-Pb orebodies were almost hosted by the barite 
ore bodies. It is clear that the previous barite minerals 
have provided enough space for the later Zn-Pb sulfide 
precipitation via the physical porosities or chemical 
replacement. In addition, the sulfur isotopes of the 
sphalerite and galena are negative which suggest 
bacterial and thermochemical sulfate reduction 
(Leventhal 1990; Machel 2001) of the previous barite. 

 
5 Conclusion 

 
(1) Multiple events have been recognized in the 

Mehdiabad Zn-Pb-Ba deposit which includes at 
least three stages of barite formation and one stage 
of hydrothermal sulfide formation. The Zn-Pb 
mineralization overlapped on the preexisting barite 
and mainly formed through replacement.  

(2) The O, S and Sr isotopic data suggest that the 
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barites were diagenetic origin but precipitated in a 
methane-devoid environment and cold methane 
seep environment, respectively. 

(3) The barites provided space and a sulfur source for 
the Zn-Pb mineralization. 
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Abstract. Hakkari Zn-Pb province is a newly discovered 
metallogenic province of the Neotethyan belt. The 
deposits of this province occur within Middle-Upper 
Triassic-Jurassic carbonates. Important deposits are 
Meskantepe, Karakaya and Üzümcü. More than one ore 
zone is observed parallel to each other along the 
province. The thickness of each ore zone varies from a 
cm scale to a few m (0.1 to 6 m). The primary ore was 
mostly in-situ oxidized and “non-sulphide” zinc deposits 
was developed. However, primary sulphidic ore lenses 
have been observed within non-sulphide ore zones. 
Non-sulphide ore zones consist of smithsonite, 
hemimorphite, zincite/hydrozincite, goethite, hematite, 
lepidocrocite, cerussite and anglesite. Primary ore 
include pyrite, marcasite, sphalerite and galena. This 
study details the sulphur and lead isotope 
characteristics of the province. The average δ34SCDT 
value of sphalerite, pyrite and galena (total 39 samples) 
of Hakkari province is 1.74‰ (from -3.43‰ to 8.78‰) 
indicating a large and relatively homogeneous sulphur 
source. Sulphur isotope data indicate that the source of 
sulphur most probably was marine sulphates and that 
TSR was effective in sulphur reduction processes.  

The lead isotope ratios of galena (206Pb/204Pb 
between 18.325 and 18.756; 207Pb/204Pb between 
15.579 and 15.700; and 208Pb/204Pb between 38.421 and 
39.034) of the Hakkari Zn-Pb province are slightly 
heterogeneous, relatively radiogenic and fall close to 
upper crustal growth curves, like SEDEX deposits 
globally, rather than MVT deposits.   
 
1 Geological background of the province 
 
The Hakkari Zn-Pb province occurs in thick carbonate 
sequences (Permian, Triassic and Jurassic) of the 
Arabian Platform and was deposited in a passive 
margin environment (Fig. 1). Palaeozoic - Mesozoic 
clastics and carbonate rocks of an autochthonous 
sequence belonging to the Arabian Platform outcrop 
through the Zap River. 

The geology of the Hakkari province is composed of 
Cambrian to Ordovician quartzites, Devonian clastics 
and carbonates, Carboniferous black shales, Permian 
thick bedded black limestones, Triassic shales and 
limestones and Jurassic and Cretaceous carbonates. 
The formations are concordant and typically represent a 
passive margin sequence, except for the Ordovician and 
Devonian boundary. An ophiolitic melange tectonically 
overlies the autochthonous carbonates from the north 

(Perinçek 1990). This melange is known as the 
Yüksekova complex and represents deformed deep sea 
sediments of the Neotethyan Ocean.  

Due to the N–S compressional regime, an E-W 
trending folding axis developed in the Hakkari region. 
The Alpine orogenesis was the latest mountain building 
event, from the Late Cretaceous to Miocene, and 
resulted in folding of the sedimentary sequences on the 
passive margin and in the closure of the Tethyan Ocean 
and its remnant basins (Şengör and Yılmaz 1981). 

 
Figure 1. The geology of the Hakkari region (Arabian Plate 
simplified from Perinçek (1990)) and the position of Zn-Pb ores in 
carbonate rocks (modified after Hanilçi and Öztürk (2008)). 

 
2 Sulphur isotopes 

 
Stable sulphur isotope analysis was performed on 39 
samples (19 sphalerite, 12 galena and 8 pyrite) from 
seven different Zn-Pb deposits/mineralization in the 
Hakkari province. While most of the galena samples 
were collected from non-sulphide ore zones (Fig. 2a), 
the sphalerite and pyrites were collected from primary 
sulfidic ore lenses (Fig. 2b) preserved in non-sulphide 
ore zones. Stable sulphur isotope values were obtained 
as follows: between -3.43 ‰ and 5.13 ‰ (mean 0.99 ‰) 
for galena, between -1.46 ‰ and 3.98 ‰ (mean 0.93 ‰) 
for sphalerite and between 2.4 ‰ and 8.78 ‰ (mean 
4.77 ‰) for pyrite. The average δ34S values of sulphide 
minerals is 1.74‰. Although δ34SCDT values in a narrow 
range close to zero may indicate a source of sulphur of 
magmatic origin (Kaplan and Hulston 1966), the 
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absence of magmatism in the geological environment 
where the mineralization is located eliminates this 
possibility. The sulphur isotope values of the Hakkari 
Zn-Pb province developed in passive margin carbonates 
can be compared with MVT deposits. However, as can 
be seen in figure 3, while the MVT sulphur isotope data 
exhibit a wide range, the Hakkari isotope data is in a 
very narrow range. The absence of framboidal pyrite 
and formation temperature higher than 200°C (Hanilçi et 
al. 2018) suggests the absence of bacterial sulphur 
reduction processes. The narrow range of δ34S values 
indicate a large and relatively homogeneous sulphur 
source. Sulphur isotope data indicate that sulphur in 
sulphides most probably was derived from marine 
sulphates by thermochemical reduction processes.  

Figure 2: (a) Non-sulphide ore zone in Meskantepe deposit, and 
(b) preserved primary sulphidic ore in the Hakkari Zn-Pb province.  

 

 
Figure 3. Comparision of δ34SCDT data of the Hakkari Province Zn-
Pb deposits with different geological environments (taken from 
Rollinson 1993) and carbonate-hosted Zn-Pb deposits of Central-
Eastern Taurides (data from Hanilçi and Öztürk 2011, and Çevrim 
1984).  
 
3 Lead isotopes  
 
The lead isotope studies were carried out on five galena 
samples from the Hakkari Zn-Pb Province. The lead 
isotope ratios of galena (206Pb/204Pb between 18.325 
and 18.756; 207Pb/204Pb between 15.579 and 15.700; 
and 208Pb/204Pb between 38.421 and 39.034) are 
radiogenic and lie close to the average upper crustal 
curve of Zartman and Doe (1981). The lead isotope 
values of the Hakkari Province lie on the same trend as 

SEDEX-type deposits globally (Fig. 4a), rather than 
typical MVT deposits (Fig. 4b).      
 

 
Figure 4. Comparison of 207Pb/204Pb versus 206Pb/204Pb plots of 
galena from the Hakkari Province Zn-Pb deposits with data of 
global (a) SEDEX and (b) MVT deposits. Average upper crustal 
curve (“upper crust”), and orogene evolution curve (“orogene”) are 
from the plumbotectonics model of Zartman and Doe (1981). Fields 
of MVT and SEDEX deposits drawn from Ayuso et al. (2016).  
 
4 Conclusion  
 
The Zn-Pb deposits in the Hakkari province were 
developed within Upper Triassic-Jurassic (?) aged, 
carbonate rocks rich in organic matter. The ore consists 
of three main zones parallel to each other. In supergene 
conditions, the primary ore was oxidized in-situ and 
transformed into non-sulphide zinc ore which contains 
mainly smithsonite, hemimorphite, zincite / hydrozincite 
and iron oxy-hydroxide minerals. The primary sulphide 
ore lenses preserved in the non-sulphide zones contain 
pyrite, marcasite, galena and sphalerite. 

Stable sulphur isotope (δ34SCDT) compositions of 
sulphide minerals belonging to the Zn-Pb deposits in 
Hakkari province range between -3.45‰ and +8.78‰, 
with an average 1.74 ‰. Sulphur isotope data in a 
narrow range indicates that sulphur comes from a 
relatively homogeneous and large source. The absence 
of magmatism in the mineralization region eliminates the 
possibility of magmatic origin and and the absence of 
framboidal pyrite and strongly negative δ34SCDT values 
makes bacterial sulphur reduction unlikely. The 
relatively homogeneous isotopic composition in a 
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narrow range suggests that the sulphur is sourced from 
sea water and reduced by the TSR. 

Lead isotope data on Hakkari Zn-Pb province 
sulphides show that the lead is relatively radiogenic and 
probably derived from the upper crust and that it 
resembles SEDEX-type deposits rather than MVT-type 
deposits.   
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Abstract. The Leadhills-Wanlockhead (L-W) deposit 
has a documented mining history dating back to the 13th 
century and has produced >400,000 t of epigenetic vein-
type Pb-Zn-Ag-Cu, making it one of Scotland’s most 
historic and productive metal mining districts. Here, we 
re-evaluate mineral paragenesis and combine novel 
dating with new stable isotope data to constrain ore-
forming processes. Vein cross-cutting relationships and 
colloform banding revealed that hematite pre-dates Pb-
Zn mineralisation. (U-Th)/21Ne dating of botryoidal 
hematite from Glengonnar mine yields an age of 210±12 
Ma, at least ~50 Ma younger than previously suggested. 
Mean δ34S of vein galena and sphalerite is remarkably 
homogeneous respectively: -9.7 ± 0.8‰ (n=40); -6.3 ± 
0.5‰ (n=16) across a variety of veins and is consistent 
with derivation from underlying Lower Palaeozoic shales 
and greywacke. Homogeneity suggests that S source, 
ore fluid temperature, and oxidation state remained 
stable during the mineralisation process with sulphides 
precipitating at or near equilibrium ~190±40°C. Data is 
consistent with earliest vein mineralisation being related 
to faulting in the Late Triassic. Faulting may have 
allowed for deep hydrothermal convection and mixing of 
fluid in underlying basement and adjacent basin 
lithologies. 
 
1 Introduction 
 
The epigenetic-hydrothermal vein-type Pb-Zn deposits 
located within the villages of L-W has been one of the 
largest base metal resources in the UK and has a 
documented mining history dating back to 1239 
(Porteous 1876). From the 16th century until 1958, the 
16 km2 mining district has yielded over 400,000 tons of 
Pb, 10,000 of Zn, and minor Ag, Cu, and alluvial Au 
(Wilson 1921; Temple 1954; Leake et al. 1998).  

Two models for ore genesis at L-W have been 
previously proposed: i) a Carboniferous, low to 
intermediate temperature hydrothermal deposit with a 
plutonic source of ore bearing solution (Temple 1954); ii) 
a large low temperature (<~150°C), high salinity (~19 to 
30 wt. % NaCI+CaCl) convective hydrothermal system 
with mixed meteoric mineralising fluids and sulphide 
sulphur sourced from the underlying black shales 
(Anderson et al. 1989; Pattrick and Russell 1989; 
Samson and Banks 1988).  

Previous work by Temple (1954) has identified 
quartz, pyrite, muscovite, albite, and gold as the earliest 
phase of mineralisation, occurring as joint filling in 
greywacke and Pb-Zn veining as vein breccias, or 
associated with slickenside vein walls. The main Pb-Zn 

mineralisation is reported to cut older shattered vein 
quartz and consists of two generations; early 
chalcopyrite, sphalerite, galena with ankerite, pyrite, 
calcite, and Ni-arsenide; later chalcopyrite, sphalerite, 
galena with pyrite, calcite, and barite (Temple 1954). Fe-
oxides have not been included in the detailed 
paragenesis and are suggested to be replacement 
minerals (Temple 1954). 

Aside from K-Ar dating of clay gouge mixtures which 
suggests an age for fault structures between 320 Ma 
and 265 Ma, no geochronological data exists for the L-
W deposit (Ineson and Mitchell 1974). L-W is a 
problematic deposit since the ore phase does not 
contain datable cogenetic minerals and conventional 
methods may be skewed by common Pb interferences. 
Thus, developing new chronometers like the multi-
aliquot hematite (U-Th)/21Ne method, comparable to Wu 
et al. (2019) in sample preparation and U and Th 
determination, and to Farley and Flowers (2012) and 
Farley and McKeon (2015) in 21Ne determination, may 
provide valuable data when considering ore genesis.  

Anderson et al. (1989) produced the first δ34S data 
and suggested that sulphide sulphur is leached from 
diagenetic pyrite in the Moffat Shales underlying the Pb-
Zn deposit.  

Here, we couple paragenetic and geochronological 
data with new δ34S sulphide data to test each model and 
shed new light on the ore-forming processes at L-W.  
 
2 Geological setting and samples 
 
The vein-hosting Ordo-Silurian greywackes at L-W are 
part of the northern margin of the Southern Upland 
Terrane; an accretionary complex formed on the 
Laurentian margin synchronously with the subduction of 
Iapetus oceanic crust beneath Laurentia during the 
Caledonian Orogeny (Stone 2012). The Southern 
Uplands Terrane consists of NE-SW striking, steeply 
dipping, folded, and low-grade metamorphosed 
greywackes with distinct detrital mineralogy defining 
formations (Leggett et al. 1979; Kemp and Merriman 
2001). Formations are separated by high angle strike 
parallel faults with associated imbricate zones 
comprising interbedded black shales, siliceous 
mudstones and cherts (Leggett et al. 1979; Stone 2012).  

~70 Pb-Zn-bearing veins have been worked since the 
16th century (Brown 1925). Many are concentrated on 
normal faults and related fractures and trend NNW-SSE 
with minor NW-SE to NNE-SSW trends (Mackay 1959). 
Most workings were shallow but have been noted to 
depths of 530m (Brown 1925). Veins are predominantly 
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constrained to the NW of the district by the NE-SW 
trending Leadhills Fault and related imbricate zone. 
Galena, sphalerite, silver and chalcopyrite are the only 
noted mined vein minerals; silver as a byproduct of 
galena (Temple 1954). These minerals are present as 
fracture fill, bands, and infilled vugs with veins ranging 
from a few mm wide to ~1 m (Temple 1954). 

By mid Palaeozoic, southern Scotland had 
amalgamated with the Pangaean supercontinent at 
equatorial latitudes (Stone 2012). Carboniferous basins 
formed across Dumfries and Galloway and were 
subsequently inverted as a response to Variscan 
compression and were exposed as part of a land barrier 
between the Midland Valley and the Pennine Basin 
(Stone 2012). Transtensional reactivation of Caledonoid 
structures has been inferred to have resulted in Permo-
Triassic basin formation across southern Scotland and 
northern England (Tyrrell 2012; Stone 2012).  

The Thornhill Basin, a N-S fault-bounded ~17 km x 8 
km x 0.3 km Permo-Carboniferous graben structure, 
unconformably overlies Lower Palaeozoic strata ~4 km 
to the south of L-W. Stratigraphically, the basin ranges 
from late Carboniferous limestones and Scottish Coal 
Measures into Permian basalts, red breccias, and 
aeolian sandstones with an erosional unconformity 
separating the Carboniferous from Permian strata (BGS 
2005). Coal was not mined due to deep penetrative 
weathering of strata during the Permian period with 
oxidation of Carboniferous strata suggested to be a 
result of percolating groundwaters charged with 
oxidizing ions from the weathering of Permian basaltic 
lavas (McMillan and Brand 1995). Permo-Carboniferous 
basins in the area are thought to have covered a more 
extensive area prior to Quaternary glaciation and 
subsequent deglaciation (Leake et al. 1998). 

In the absence of access to deep mine workings, a 
new selection of samples bearing hematite, ferroan 
dolomite, and Pb-Zn-Cu-Fe-sulphide mineralisation 
were collected from mine heaps at New Glencrieff 
(NS865133), Whyte’s Cleuch (NS868137), Glengonnar 
mine dump, and near the Lady Anne Hopetoun Shaft 
(NS87751404).  

Fe mineralisation was identified in two forms; 
botryoidal, grey metallic, platy hematite (Fig. 1) and 
ferroan dolomite. Sulphide mineralisation is manifest as 
galena, sphalerite, chalcopyrite and pyrite. Cubic, 
metallic galena was the only mined lead ore at L-W and 
is concentrated in veins and breccias. Sphalerite was 
the only mined zinc ore at L-W and occurs in massive 
banded form containing inclusions of pyrite and 
chalcopyrite (Temple 1954). Metallic, brass yellow to 
iridescent chalcopyrite was present in samples. Metallic, 
pale brass yellow cubic and disseminated pyrite is 
present in many samples. 

δ34S sulphide analysis was carried out on 46 samples 
from 11 veins and were either collected from mine 
dumps or gifted from museum collections.  

 
3 Methodology and results 
 
Vein cross-cutting relationships and colloform banding 

textures were used to create a paragenetic sequence 
(Fig. 1; Table 1). Hematite and Fe-dolomite veins cut 
and fill voids in basement lithology and are subsequently 
cut by or are in the core of colloform banding adjacent to 
sulphide mineralisation. Colloform banding has been 
used to infer core to outer surface growth structure with 
the younger side being towards the outer convex 
surface (Barrie et al. 2009). Pyrite is present within 
ferroan-dolomite and is cogenetic to and cuts Pb-Zn-Cu-
FeS2 mineralisation. Quartz and calcite are ubiquitous 
gangue minerals.  

 
 
Figure 1. a. botryoidal, colloform banded hematite used for (U-
Th)/21Ne dating. b. BSE image of hematite on core side of 
colloform banding in WH1. c. zoomed in BSE image of red box 
area in 2 showing platy hematite crystallite morphology of WH1. d. 
hematite on the core side of colloform banding with galena on 
younger side (red arrows highlighting younging direction) in WC1.  
 
Table 1. Paragenetic sequence at L-W. Early Fe-oxide and gangue 
mineral phase followed by the sulphide phase. 

 
 

Parts per million concentrations of U and Th in 
hematite causes the formation of nucleogenic 21Ne by α 
capture and neutron release on 18O. By measuring 238U, 
232Th, and 21Ne (in excess of atmospheric Ne) an age 
can be determined using production rates of 
nucleogenic 21Ne (Cox et al. 2015). The age determined 
is suggested to be representative of hematite formation 
(Farley and Flowers 2012; Farley and McKeon 2015).   

(U-Th)/21Ne determinations were carried out at 
SUERC on several grains from a single sample then 

Mineralisation      Fe-oxide Phase  Ore Phase 
Hematite   
Fe-dolomite   
Quartz   
Pyrite   
Calcite   
Galena   
Sphalerite   
Chalcopyrite   

a b 

c d 
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homogenized to <38µm and >99% and separated into 
multiple aliquots for analysis (see Wu et al. 2019 for 
details). Mean U, Th and 21Ne concentrations and 
standard errors on the mean are then used in final age 
calculations. 21Ne was extracted by heating aliquots of 
hematite in a Mo crucible furnace for 20 minutes at 1350 
°C with a single reheat for each aliquot at up to 1600 °C 
to ensure complete degassing. Gas purification and Ne 
determination procedures can be found in detail in 
section 3.5 of Vermeesh et al. (2015). Results 
documented in Table 2.  
 
Table 2. Ne and U concentrations and errors used in age 
calculation  
 
Aliquot 21Ne* d U^ 

 
Th”  d Age d  

WH-4 1.59 0.5 2 8.72 6 210 12 
WH-6 1.58 0.5 2 8.72 6   
*atoms/g (10^8); d in %; ^atoms/mg (10^13); “atoms/mg (10^11); 
age and age error in Ma 
 

Conventional S isotope analyses (Robinson and 
Kusakabe 1975) of PbS, ZnS, CuFeS2, and FeS2 were 
carried out using a VG SIRA II gas mass spectrometer. 
Reproducibility of internal and international laboratory 
standards (CPI, NBS 123, and IAEA-S-3) was better 
than ± 0.3 ‰. δ34S results are as follows: Galena; -11.6 
to -7.9‰ and average of -9.7±0.8‰ (n=40): sphalerite; -
7 to -5‰ and average of -6.2±0.5‰ (n=16): 
chalcopyrite; -8.4 to -6.5 and an average of -7.1±0.6‰ 
(n=8): one pyrite gave -4.9‰ (n=1).  

As galena and sphalerite have been suggested to be 
cogenetic, S isotope equilibrium can be inferred. By 
taking an average of δ34S galena (-9.7‰) and sphalerite 
(-6.2‰), a temperature range for isotopic equilibrium of 
188°C ± 10% or ± 40°C was calculated (errors 
recommended from Ohmoto and Rye 1979).  
 
4 Discussion  
 
The mixing of oxidized and reduced fluids at a 
basin/basement interface combined with decreasing 
fluid to rock ratio can result in precipitation of hematite 
as an initial oxidized fluid becomes more reduced (Reed 
1997). This is often followed by the precipitation of 
sulphides under a more reducing solution (Reed 1997). 
The mixing of these fluids would result in temperature 
decrease and precipitation of ore minerals (Barnes 
1997). Such processes of ore precipitation are 
consistent with L-W geology and ore paragenesis in this 
study. 

21Ne determinations are reproducible to 0.5% with U 
and Th determinations reproducible to 6% which is 
comparable to hematite (U-Th)21Ne results currently 
published (Farley and Flowers 2012; Farley and 
McKeon 2015).  

A Middle to Late Triassic hydrothermal mineralising 
event in Western Europe, associated with the initial 
break-up of Pangaea, has been hypothesised by 
Mitchell and Halliday (1976), Halliday and Mitchell 
(1984), and Crowley et al. (2014). Normal faulting in the 
Thornhill basin, and surrounding areas, may have been 

due to a Triassic rifting phase within the Pangaean 
supercontinent (Tyrrell 2012). Rifting may have caused 
fracturing in surrounding basins and within greywacke 
and shales providing conduits for surface water to pass 
through to depth allowing for scavenging of metals and 
S which agrees with evidence in this study and in 
Anderson et al. (1989). S-isotopes differ significantly 
from regional Caledonian granites (Lowry et al. 2005), 
ruling out magmatic fluids as a source of ore S. 
Furthermore, subsidence and fracturing of basins, along 
with the fracturing and reactivation of previous fracture 
zones in basement lithologies, can allow meteoric 
waters to penetrate to depths of >10 km in the crust 
(Menzies et al. 2014). Deeply circulating meteoric fluid 
can become increasingly saline through extensive 
fracture-controlled wall rock interaction and, due to an 
elevated geothermal gradient of ~30°C/km during rifting, 
increase in temperature (Reed 1997; Lachenbruch et al. 
1985; Chapman 1985). Meteoric fluids would need to 
reach depths between 4 km and 8 km to reach 
suggested ore fluid temperatures of 170°C to 210°C. An 
elevated geothermal gradient during rifting may have 
provided enough heat to cause hydrothermal circulation 
of connate fluid in the Lower Palaeozoic basement rock, 
giving a second source of non-magmatic fluid and a 
modified meteoric signal suggested in Samson and 
Banks (1988).  

Since the L-W veins are shallow, often brecciated, 
and predominantly concentrated on fault planes, 
continued extensional tectonics may have allowed for 
fracturing of the host rock causing pressure release from 
hydrothermal fluid. Pressure release can cause fluid 
boiling which can result in brecciation of the host rock, a 
loss of volatiles in the vapour phase, a decrease in the 
fluid to rock ratio, and a fluid less capable of metal 
transportation (Guilbert and Park 1986). Further analysis 
of results from a Samson and Banks (1988) fluid 
inclusion study has shown that as homogenization 
temperature decreased, the melting temperature of ice 
became more negative (salinity increased). Such a trend 
is consistent with boiling in shallow hydrothermal ore 
deposits (Wilkinson 2001; Canet et al. 2011). 

 
5 Conclusions 
  
In this study we have established that hematite 
precipitated before Pb-Zn mineralisation and that 
hematite (U-Th)/21Ne dating provides a Late Triassic age 
of earliest vein mineralisation. Metals and sulphur are 
suggested to be leached from the Lower Palaeozoic 
basement based on δ34S values from this study coupled 
with historic values of pyrite in underlying basement 
lithology. S source, ore fluid temperature, and oxidation 
state remained remarkably stable during the 
mineralisation process based on δ34S homogeneity with 
sulphides precipitating at or near equilibrium between 
170oC to 210oC. Hydrothermal convection to depths of 
between 4 and 8 km is based on an isotopic equilibrium 
temperature, fluid inclusion temperature of <150oC, and 
a geothermal gradient of 30oC/km which is not 
uncommon during rifting which, in this case, may be 
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related to early rifting of Pangaea. Ore precipitation may 
be due to fluid mixing between basement and basin 
lithologies as well as boiling in a shallow crustal 
environment. Lastly, the hematite (U-Th)/21Ne dating 
method holds potential for increasing our understanding 
of otherwise difficult to date ore bodies.  
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Abstract. The gradual resource depletion of shallow 
Cu-Ag reserves in the Lubin-Sieroszowice district and 
elsewhere in the world requires exploration for deeper-
seated deposits. Recently Miedzi Copper Corp. (MCC) 
completed 18 drill holes at a greenfield site in the Nowa 
Sól region that resulted in discovery of Cu-Ag rich 
mineralization within the northwest-trending extension to 
the Lubin-Sieroszowice deposits, trending parallel to the 
eastern extend of the Rote Fäule area. The newly 
discovered Nowa Sól deposit currently has an inferred 
and indicated resource of 11 Mt Cu and 29 thousand t 
Ag contained metal, grading in the range 0.79-9.61% Cu 
and 3-353 ppm Ag at the depths of over 1700 m. It has 
the potential to be an economic resource subject to 
geological, technological and legal considerations.  
 
1 Introduction 
 
The Polish Geological Institute has conducted 
investigations of the Permian copper-bearing series in 
Poland since 1957 (Wyżykowski 1958), when the giant 
sediment-hosted stratabound Cu-Ag Kupferschiefer-type 
deposit was discovered by drilling the S-1 borehole (Fig. 
1). Subsequently, new deposits were successively 
documented within the Lubin-Sieroszowice (L-S) copper 
district.  

These deposits are located within the Fore-Sudetic 
Monocline, at the contact with the Fore-Sudetic Block, 
that lack Permian and Mesozoic cover due to Laramide 
uplift. Mineralization occurs in Permian sediments within 
the contact zone between the Rotliegend and Zechstein 
strata. Ore series encounters the Weissliegend 
sandstones (Ws), the Kupferschiefer shales (T1), and 
carbonates of the Basal Limestone (Ca0) and the 
Zechstein Limestone (Ca1). Locally, small amounts of 
sulphides occur at the base of the Lower Anhydrite 
(A1d) The ore zone typically cut across the strata, 
moving from the Lower Anhydrite to the lowermost part 
of the Weissliegend sandstones (Fig. 2).  

 Ore mineralization is represented by penconcordant 
zones of finely disseminated sulphides, mainly tabular or 
blanket-shaped. Sulphides are commonly zoned both in 
plan and vertical sections, showing the following 
sequence: chalcocite, bornite, chalcopyrite, galena, 
sphalerite and pyrite. Chalcocite predominates over 
other Cu sulphides in proximity to oxidized rocks.  

The L-S deposit covers an area of 860 km2 and the 
geological resource in the L-S deposit amounts to 
1 828.86 Mt ore containing 33.17 million t Cu and 99.24 

thousand tons of silver at the depths from 600 m to 1380 
m. These resources include a reserve base of size 
1 689.33 Mt ore (30.93 Mt Cu, 88.04 thousand tons of 
Ag) within the area of 516 km2, and potential resource of 
139,53 Mt ore (2,24 Mt Cu and 11,08 thousand tons of 
Ag) in undeveloped deposits (in the area of 344 km2) 
estimated in areas adjacent to current mining activities. 
Mine production in 2017 was 31.185 Mt ore at an 
average grade of 1.5 % Cu and 48 ppm Ag, yielding 
467 000 t Cu and 1490 t Ag. The thresholds used in 
current mining activities are as follows: maximum depth 
to footwall – 1500 m, sample cut-off grade – 0.5% Cu, 
minimum Cueq grade in composite sample – 0.5% 
(Cueq=%Cu+0.01 ppm Ag), minimum Cueq productivity – 
35 kg/m2. Consequently, the extent of the Cu-Ag 
deposits and prospects reflect the definition of the 35 
kg/m2 contour of the Cueq productivity (fig. 1). 

During 50-years of operation, the immense resources 
of the L-S copper district have gradually diminished. 
Currently economic resources support an expected 
mine life of 50-60 years at a production rate of 30 Mt ore 
per year. To expand resources, time span and scale of 
copper production in Poland, exploration and definition 
of new, deep seated reserves is of great importance. 
The most prospective areas are in close proximity to the 
documented deposits. New prognostic assessment 
follows a systematic examination of the drill holes 
located beyond the current L-S deposits. The close 
relationship between the Rote Fäule and the orebodies 
indicate that determination of the range of the oxidized 
zone is an extremely important exploration guide for the 
Kupferschiefer-type deposits. It had been previously 
suggested that the L-S deposit may continue north-west 
along the redox front (Oszczepalski and Rydzewski 
1991, 1997) and with further information, the range of 
prospective areas and estimate of potential becomes 
more precise (Oszczepalski and Speczik 2011; 
Oszczepalski and Chmielewski 2015; Speczik et al. 
2015). Recently, both brownfields and greenfields 
directly adjacent to the documented deposits have been 
recognised as having the best potential (Oszczepalski et 
al. 2016, 2017). MCC has continued exploration 
northwards from the L-S deposit, discovering rich 
copper-silver mineralization (Zieliński and Speczik 2017; 
Zieliński et al. 2017).  

This paper focuses on the exploration potential for the 
Kupferschiefer-type deposit in Nowa Sól region by 
comparison with the operated L-S deposits. 
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Figure 1. Cu-Ag perspectivity map of Nowa Sól area in relation to 
Rote Fäule area and the western part of the Lubin-Sieroszowice 
deposit.  

 
2 The Nowa Sól deposit 
 
North of the documented L-S deposits first exploratory 
boreholes were drilled by Polish Geological Institute in 
1970-1979 (e.g. Sława IG 1 and Grochowice M 9). Later 
tens of gas exploratory holes were drilled by PGNiG. 
Those holes were drilled in irregular grid but they made 
some clusters in regions of brachyanticlines (e.g. 
Grochowice-Kulów area: Fig. 1). Despite this, those 
holes allowed four favourable areas to be identified: 
Grochowice, Kulów, Sława i Jany (Oszczepalski et al. 
1997, 2016, 2017; Oszczepalski and Speczik 2011; 
Oszczepalski and Chmielewski 2015; Speczik et al. 
2015). There were no exploratory holes completed 
anywhere in the Nowa Sól region (subject of this 
abstract). In order to find extensions to economic 
mineralization close to existing L-S deposits and in 
immediate vicinity of the Zielona Góra Rote Fäule area, 
MCC developed greenfield exploration program for 

Nowa Sól. The project followed the granting of 
exploration concessions by the Minister of Environment 
in 2011. The drilling program initiated in 2013 is still 
continuing and has resulted in discovery and preliminary 
definition. At the Nowa Sól deposit, 11 holes have been 
drilled in two grids, 1,5x1,5 km and 3x3 km (Fig. 1). 
Equal importance was placed on the reprocessing of 
geophysical data using the innovative method of 
effective reflection coefficients to complement the 
drilling. This method accurately determines structural 
elements crucial for exploration, suggesting the 
presence of various tectonic phenomena related to 
mineralization (Speczik et al. 2012). 

 

 
Figure 2. Correlation of the selected profiles of the Kupferschiefer 
series across the SW part of the Lubin-Sieroszowice deposit.  
 

The Nowa Sól (NS) deposit is closely associated with 
the huge Zielona Góra Rote Fäule area, where the 
lowermost Zechstein sediments are represented by 
barren red-coloured oxidized rocks. This area is 
characterized by the pervasive destruction of organic 
matter and replacement of pyrite and copper sulphides 
by hematite. A characteristic transition zone occurs 
between oxidized and reduced sediments, both 
horizontally and vertically (Oszczepalski and Rydzewski 
1991). This zone is characterized by incomplete 
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oxidation of the reduced sediments and the presence of 
dispersed hematite and goethite (Oszczepalski 1999; 
Bechtel et al. 2002). There are common relics of 
covellite, digenite, chalcocite, chalcopyrite and pyrite 
among extensive replacement of copper and iron 
sulphides by hematite (Oszczepalski 1999; 
Oszczepalski et al. 2002, 2017; Chmielewski 2014; 
Chmielewski et al 2015). Both the progressive upwards-
moving oxidation front, the occurrence of a transition 
zone, and rimming of the Rote Fäule by high-grade 
orebodies imply the formation of the Cu-Ag deposits 
through interaction of the oxidizing and metalliferous 
solutions with the reduced Kupferschiefer series (e.g. 
Oszczepalski and Rydzewski 1991; Speczik 1995; 
Oszczepalski 1999).  
 

 
Figure 3. Correlation of the selected profiles of the Kupferschiefer 
series across the Nowa Sól deposit.  

 
The Nowa Sól deposit is stratiform gently cross-

cutting the bedding. The redox boundary moves from 
the Lower Anhydrite in the west to lower parts of the 
Weissliegend sandstones in the east (Fig. 3). In the NS 
C17A profile, the entire ore series is oxidized, from the 
Lower Anhydrite to lower parts of the Weissliegend 
sandstones. In turn in profiles: J C1 and NS C3, the 
redox front crosses the Zechstein Limestone, in profiles 
NS C1 and NS C13 the lower part of the Kupferschiefer 
horizon, and finally in profiles: NS C2, C4 and C33 it 
occurs along the T1/Ws contact. In other holes located 

in the eastern part of the investigated region, only the 
lowermost part of the Weissliegend is oxidized. Oxidized 
rocks contain relict copper mineralization in the form of 
remnant digenite, covellite and chalcocite, partially 
replaced by hematite (Fig. 4A). Hematite pseudomorphs 
after framboidal pyrite are abundant. Oxidized rocks are 
typically enriched in Au and PGE (Oszczepalski and 
Chmielewski 2015), native gold, electrum, silver 
amalgam and auricuprite were found. 

Mineralization is hosted by grey or black sandstones, 
shales and carbonate rocks. Mineral assemblages, 
textures and structures of the ore facies are similar to 
those of the L-S deposit. In reduced sediments the ores 
are composed of fine-grained disseminations, 
aggregates, lenses and nests (Fig. 4B, C, D). Complex 
sulfide composites and replacements of carbonates are 
common and the mineral assemblage comprises 
principally Cu-S-type sulfides. Chalcocite prevails over 
digenite and covellite. In smaller quantities, mainly in the 
chalcocite-dominated zone, bornite and chalcopyrite are 
commonly encountered, accompanied by galena, 
sphalerite and pyrite. In the lower parts of the reduced 
horizon numerous copper sulphide pseudomorphs after 
pyrite framboids occur. Native gold, electrum, silver 
amalgam, cobaltite and nickeline are also reported.  

 

 
Figure 4. Selected photomicrographs of ore minerals in the Nowa 
Sól deposit. A Chalcocite (Cc) corroded by hematite (Hem); NS 
C17B borehole, T1/Ws. B Digenite (Dg) intergrown with bornite 
(Bn), chalcocite (Cc), and covellite (Cv); NS C3 borehole, Ca1. C 
Chalcocite (cc) and digenite (Dg) disseminated in carbonates; NS 
C4 borehole, Ca1/T1. D Chalcocite (Cc) and digenite (Dg) filling 
the interstitial space between detrital grains; NS C16 borehole, Ws. 

 
The thickness of mineralized horizon ranges from 

0,28 to 4,16 m while Cu content from 0,79 to 9,61% and 
Ag from 3 to 353 ppm. With the present level of 
information, indicated resources calculated for Nowa Sól 
deposit with ore horizon at the depth from 1700 to 2100 
m are over 7 Mt Cu and 17.8 thousand tons of Ag at an 
average thickness of 3,4 m and Cue grade equal to 4%, 
while inferred resources are over 4.5 Mt Cu and 11 
thousand tons of Ag (Zieliński et al. 2017 and the 
author’s unpublished reports).  

The most prospective ore horizon (Cueq>35 kg/m2) is 
found in the majority of holes except those where the 
redox boundary cuts across the Lower Anhydrite (C17A) 
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and the Zechstein Limestone (J C1). The richest copper-
silver mineralization (with Cueq from 100 to 300 kg/m2) 
occurs in drilling profiles (NS C1, C2, C4, C11, C12 and 
C25) located along the redox boundary at the top of the 
Weissliegend sandstones. 
 
3 Conclusions 

 
Based on studies of the boreholes performed by Polish 
Geological Institute on the Fore-Sudetic Monocline 
(Oszczepalski and Rydzewski 1997; Oszczepalski and 
Speczik 2011), summarized by Oszczepalski and 
Chmielewski (2015), Speczik et al. (2015), and 
Oszczepalski et al. (2016, 2017), a large-scale 
greenfields exploration work by MCC discovered deep 
copper and silver ore resources north-west of the Bytom 
Odrzański deposit (Zieliński and Speczik 2017; Zieliński 
et al. 2017). 18 drill holes carried out by MCC in Nowa 
Sól region allowed to define an area that is 
approximately 25 km long and 5 to 10 km wide, where 
mineralization exceeds a grade of 35 kg/m2 Cueq. In its 
central part, the new deep-seated Nowa Sól deposit has 
been recognized with indicated and inferred resources 
estimated to contain more than 11 Mt Cu and 29 
thousand tons Ag metal, present at depths between 
1700 and 2100 m. In addition to Cu and Ag, other 
commodities, such as Au, Pt, Pd, Pb, Zn, Re, Se, Ni and 
Co may be considered as by-products. Geological 
interpretation is in progress and will be forwarded to 
Ministry of Environment later this year for approval. The 
drilling program will likely be continued in order to 
extend reserves and precisely delineate the deposit 
borders, with the goal of developing an underground 
mine.  

Due to earlier existing legal barriers which limited 
profitable extraction to depths not exceeding 1500 m (a 
depth limit for economic viability categories in Poland), 
this area of greenfield type was not formerly considered 
as potential mining target. Although both the geological 
setting and the considerable depth (and associated 
problems of high overburden pressure, elevated 
temperature and gas hazards) pose issues, future 
advances may lead to effective, profitable, 
technologically attainable, and safe working in this deep 
environment (Zieliński and Speczik 2017). The principal 
challenges to deep mining include waste disposal, 
ventilation, air conditioning and underground ore 
processing methods, as well as the correct strategy that 
involves focusing on these parts of the deposit that are 
characterized by a higher quality of ore relative to 
shallow deposits. Overcoming geological, technical and 
technological limitations seems feasible, while the 
economic barriers require a very deep change of the 
investment’s policy in the mining industry. The real 
economic barrier for new mining investments in deep 
Cu-Ag deposits in Poland has been the introduction of a 
mining tax for copper and silver implemented in 2012.  

Acknowledgements 
 
The main support to SO and ACh was provided by PGI-
NRI Grant no. 61-6505-1501-00-0. Extended thanks are 
expressed to PGNiG for granting access to the cores 
and to MCC for granting use of their new data.  
 
References 
 
Bechtel A, Gratzer R, Püttmann W, Oszczepalski S (2002) 

Geochemical characteristics across the oxic/anoxic interface 
(Rote Fäule front) within the Kupferschiefer of the Lubin-
Sieroszowice mining district (SW Poland). Chem Geol 185:9-
31 

Chmielewski A (2014) Characteristic of relict mineralization in the 
northern part of Radwanice copper field (SW part of Lubin-
Sieroszowice deposit). Biul Państw Inst Geol 458:1–24 

Chmielewski A, Oszczepalski S, Speczik S (2015) Relict 
mineralization in the transition zone, Kupferschiefer series of 
SW Poland. In: Andre-Mayer A.S et al. (ed) Mineral resources 
in a sustainable world, Proceedings 5:1897-1900. 
GeoRessources, Universite de Lorraine.  

Oszczepalski S (1999) Origin of the Kupferschiefer polymetallic 
mineralization in Poland. Miner Deposita 34:599-613 

Oszczepalski S, Chmielewski A (2015) Predicted metallic 
resources in Poland presented on the prospective maps at 
scale 1:200 000 – copper, silver, gold, platinum and palladium 
in the Kupferschiefer ore series. Przeg Geol 63:534-545 

Oszczepalski S, Rydzewski A (1991) The Kupferschiefer 
mineralization in Poland. Z Geol Paläont 4:975-999 

Oszczepalski S, Rydzewski A (1997) Metallogenic Atlas of the 
Zechstein Copper-bearing Series in Poland. Polish Geological 
Institute, Warsaw 

Oszczepalski S, Speczik S (2011) Prospectivity analysis of the 
Polish Kupferschiefer – new insight. In: Barra F et al (ed)  Let’s 
Talk Ore Deposits, 11th SGA Biennial Meeting, Antofagasta: 
294-296 

Oszczepalski S., Nowak G. J., Bechtel A., Žák K. (2002)  Evidence 
of oxidation of the Kupferschiefer in the Lubin-Sieroszowice 
deposit: implications for Cu-Ag and Au-Pt-Pd mineralisation. 
Geol Quart 46:1-23 

Oszczepalski S, Speczik S, Małecka K, Chmielewski A (2016)  
Prospective copper resources in Poland. Mineral Res Manag 
32:5-30 

Oszczepalski S, Chmielewski A, Speczik S (2017) Variability of ore 
mineralization in the north-west-trending extension of the 
Lubin-Sieroszowice deposit. Biul Państw Inst Geol 468:109-
141 

Speczik S (1995) The Kupferschiefer mineralization of Central 
Europe: New aspects and major areas of future research. Ore 
Geol Rev 9:411-426 

Speczik S, Dziewińska L, Pepel A, Jóźwiak W (2012) 
Reprocessing of archival geophysical data as useful instrument 
in Cu-Ag deposit prospection of Fore-Sudetic Monocline. Biul 
Państw Inst Geol 452:257-286 

Speczik S., Oszczepalski S., Chmielewski A (2015) Future of 
copper exploration in Poland. In: Andre-Mayer A.S et al. (ed) 
Mineral resources in a sustainable world, Proceedings 5:2025-
2028. GeoRessources, Universite de Lorraine.  

Wyżykowski J (1958) Research of copper ores in the Fore-Sudetic 
zone. Przegl Geol 6:17-22 

Zieliński K, Speczik S (2017) Deep copper and silver deposits – a 
chance for Polish metal mining industry. Biul Państw Inst Geol 
468:153-164 

Zieliński K, Speczik S, Małecka K (2017) The strategy, instruments 
and results of deep copper and silver deposit exploration in the 
Fore-Sudetic Monocline. Zesz Nauk IGSMiE PAN 100:313-328 



Advances in Understanding Hydrothermal Processes  233 

Physicochemical model for the formation of REE minerals 
associated with emeralds from the Colombian western 
emerald belt 
Ángel Verbel, Analía Pantorrilla, Ana Elena Concha, Jimmy Fernández, Miguel Figueroa  
Universidad Nacional de Colombia 

 
 
Abstract. Parisite has been reported in the Colombian 
Western emerald belt since the 18th century. Due to 
emeralds, many studies have been done in the area, 
showing the frequent association of this mineral with 
fluorite and emeralds. A physicochemical model is 
developed for the association of REE minerals revealing 
the fluorine activities under they were formed, key 
conditions to understand the evolution of the 
hydrothermal system (i.e. aF = -1,5 to -4,9). 
 
1 Introduction 
 
Emeralds have been an important and traditional 
Colombian mineral product, which had been extracted 
by aboriginal indigenous communities before colonial 
times (Singewald 1950). Nowadays, more than 150 
localities scattered in two areas (Giuliani and Sheppard 
1992), both hosted in a peculiar lithology, Cretaceous 
black shales series (Cheilletz and Giuliani 1996) and its 
genesis has been cause of debate for decades. 
Different authors have tried to organize a genetic 
classification for emerald mineralizations from around 
the world using different techniques (Gavrilenko and 
Dashevsky 1998; Dereppe et al. 2000; Barton and 
Young 2002). However, Colombian deposits are always 
categorized as a unique example in its own category. 
These unique mineralizations have had different 
interpretations of its genesis, ranging from magmatic-
hydrothermal solutions (Oppenheim 1948) to  the 
removal of major and trace elements from the shales, 
transporting the beryllium as a chloride-hydroxide 
complex (Cheilletz and Giuliani 1996). 

The transportation of Be as fluoride complexes has 
been taken into account in this particular mineralization, 
although given the results of fluid chemistry a Na-Cl 
dominated fluid is thought to be responsible for the Be 
transport (Banks et al. 2000). It is commonly believed 
that fluoride concentrations in natural hydrothermal 
systems are limited, involving fluoride bearing minerals 
with low solubility like fluorite (Kelly and Turbneaure 
1970; Patterson et al. 1981; Jackson and Helgeson 
1985; Robert et al. 1993; Ramboz 2005); as a result, the 
interpretations of hydrothermal systems usually involve 
a high rate of chloride and hydroxide complexes rather 
than fluoride. This paper attempts to explain the 
mechanisms of Be transport and beryl precipitation. 
 
2 Geological setting 
 
Colombian emeralds are located in the Eastern 

Cordillera, it consists of Precambrian and Paleozoic 
metamorphic and igneous rocks overlain by Paleozoic-
Cenozoic sedimentary sequences, (Aspden et al. 1987; 
Vinasco et al. 2006; Horton et al. 2010). Within these 
lower Cretaceous sedimentary sequences, emerald 
mineralizations are found, restricted to the Muzo and 
Rosablanca formations, in the western margin of this 
cordillera (Fig.1) where REE minerals have been 
reported. These units have an age range of Valanginian 
and Hauterivian-Barremian, respectively determinated 
(Reyes et al. 2006; Terraza and Montoya 2011). During 
this period of time, the Eastern Cordillera was an 
opening graben system separated into two sub-basins 
(i.e. Tablazo and Cocuy sub-basins) by the Santander-
Floresta paleo-massif (Cáceres and Etayo 1969; Villamil 
1998), which was an important barrier to sediment 
transport until the Aptian (Sarmiento-Rojas et al. 2006). 
Hence, the sediments in the Tablazo subbasin (i.e. 
Rosablanca and Muzo Formations) were mainly sourced 
from the Central Cordillera and the Santander-Floresta 
paleo-massif. 

Figure 1. Simplified geological map and location of the Colombian 
western emerald belt. 
 
3 Mineralogy 
 
Based on textural analysis of the mineralization in the 
Western emerald belt on the Muzo, Quipama, Otanche 
and Peñas Blancas areas, three different stages were 
identified. The first two stages are mineralogically 
similar, characterized by the association of calcite, 
pyrophyllite, pyrite and anthracite, generated by 
hydrothermal processes, but separated by cross-cutting 
relationships between them, the second stage denoted 
by the presence of considerable quantities of sphalerite. 
The third stage is economically the most important, 
because emeralds are found associated with parisite, 
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bastnaesite, fluorite, calcite, quartz, pyrite, albite, in 
hydrothermal breccias. 
 
4 Physicochemical model 
 
For several years, the determination of the conditions of 
formation of deposits containing fluorocarbonate 
minerals was done mainly by field relationships, due to 
the lack of data on the thermodynamic properties of 
these minerals (Gysi and Williams-Jones 2015). As a 
result of different geological processes, that concentrate 
REE minerals, its physicochemical conditions of 
formations will be different (Chakhmouradian and Wall 
2012). Therefore, the stability of these minerals, among 
other factors, could be measured as a function of the 
variation of chemical activity of fluorine. These activities 
are a trustful way to quantify the relative stability of a 
solid phase despite the use of aqueous solutions or 
gases to obtain the equilibrium reaction for a solid phase 
(Simon and Essene 1996). 

Thermodynamic calculations were carried out for the 
system REE-F-CO3 at a temperature of 250°C and a 
pressure of 1.2 Kbars. Thermodynamic constants of 
stable REE minerals in the system were taken from 
Williams-Joones and Wood (1992), Gysi and Williams-
jones (2015), while the constants for the aqueous 
species were taken from Chai Kao et al. (1995). With 
these data it is possible to determinate the chemical 
activities for the reactions in the deposit. Moreover, 
calculations of the activity coefficients for the reactions 
where done to establish the deviation from ideal cases, 
by the extended Debye-Hückel equation (Helgeson 
1969; Helgeson et al. 1981; Oelkers and Helgeson 
1990). 

 
 
Where  and  are the Debye-Hückel solvent 

parameters,  is the ionic charge, the ion size parameter 
å was taken to be 1.36Å and  is the crystal lattice 
energy ( in kJ/mol) for an ionic crystal. 

The chemical potential equilibrium method was 
applied in the construction of the phase relation among 
the minerals described by Gysi and Williams-jones 
(2015). Providing highlights on the details relevant to 
mineralogical applications. 

Given any balanced reaction, the equilibrium constant 
( ) can be calculated using the Gibbs free energy of 
the reaction. : 

 

Where R is the gas constant in,  T is the 
temperature in Kelvin and the Gibbs free energy 
expressed as: 

 
 

Where “res” and “rea” represent the resultants and 
the reactants of the reaction and  represent the 

stoichiometric number of a resultant or reactant (Xu et 
al. 2014). 

Presuming that the solid phases are pure, then ( ) 
will depend on this temperature. As a result the 
chemical activity for the reaction could be expressed as: 

 
This expression is a result of taking into account a 

correction for the influence of confining pressure on the 
equilibrium constant proposed by Afifi et al. (1988) and 
Simon and Essene (1996). 

The activity calculations are done assuming a 
univariate system with the method previously described. 
As an example, given the balanced expression: 

 
 

Where “Par” and “Bas” correspond to parisite and 
bastnäsite compositions (i.e.  and 

 respectively). The activity of fluorine  
could be calculated as follows at a temperature of 
523.15°K: 

The Gibbs free energies of formation of bastnaesite, 
parisite  and  are -1709.7, -
4571.5, -1151,6 14.6, -527.8, 572.8 kJ/mol. This equals 
to -96.37 kJ/mol. Thus, the equilibrium constant: 

 
And 

 
 

5 Results and discussion 
 
Applying the method described above, the phase 
relation between parisite, bastnäsite and fluorite can be 
constructed as an activity-activity diagram (Fig. 2). This 
is built taking into account the calculations of Gysi and 
Williams-Jones (2015). Since all the variables cannot be 
fixed in one diagram (i.e. aF, aCO3, T, P, time), we used 
fluid inclusion data from previous works (Ottaway 1991; 
Romero and Schultz 1995; Banks et al. 2000; Giuliani et 
al. 2000; Terraza and Montoya 2011; García 2017) to fix 
the diagram to a temperature of 250°C and 1.2 Kbar and 
the geochemical data obtained from fluorites, parisites 
and bastnaesites to establish the chemical activity 
conditions under which the mineralization was formed. 

These results shown a great variation of the fluorine 
activities, since emeralds are found to be in paragenetic 
association with these minerals it is reasonable to 
believe that they share the same conditions of 
formation. 
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Figure 2. Stability of fluoruro carbonates as a function of the 
chemical activity of fluorine (aF) and carbonate (aCO3) at 250°C 
and 1.2Kbar. after (Gysi and Williams-Jones 2015) 
 

 
6 Conclusions 
 
Emeralds from the western emerald belt are formed with 
fluorite, parisite, and bastnaesite, offering a very 
interesting perspective to the better understanding of the 
deposit formation. Showing a high fluorine activity during 
the genesis of these minerals (i.e. aF = -1,5 to -4,9). 
This variation on the fluorine activity can be an important 
variable on emerald precipitation. This could lead to the 
use F anomalies can be used in regional metallogeny as 
an exploration guide to find new deposits in the area. 
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Abstract. The metal sources and fluid characteristics of 
Khoemacau sedimentary hosted Cu-Ag mineralisation in 
the Ghanzi-Chobe Belt portion of the Kalahari Cu Belt of 
NW Botswana were assessed using Pb isotopic 
compositions of both sulphides and whole rocks, as well 
as fluid inclusion microthermomethry. Pb isotope 
compositions of sulphides span a wide range with 
206Pb/204Pb of 17.204-67.717, 207Pb/204Pb of 15.576-
19.025 and 208Pb/204Pb of 37.026-45.911. The Pb 
isotope compositions of whole rocks spatially associated 
with the Cu-Ag mineralisation also span a wide range 
(206Pb/204Pb, 17.961-25.069; 207Pb/204Pb, 15.636-16.185; 
208Pb/204Pb, 37.667-45.916). The heterogeneity of the 
Pb isotope compositions of sulphides from Khoemacau 
Cu-Ag deposit indicates multiple sources of Pb, and by 
inference Cu and Ag. The ore forming fluids as deduced 
from the first melting temperatures (Te = 52.5 to –25oC) 
are categorized as H2O-NaCl-CaCl2 fluids. These fluids 
are two-phase aqueous liquid-vapour fluids with unequal 
liquid-vapour ratios. These fluids are characterized by a 
wide range of salinities (4.0 – 23.5 wt. % NaCl + CaCl2 
equiv.) and homogenization temperatures (Th) (93.9 – 
396oC). Whereas multiple fluids input including basinal 
brines, metamorphic waters and meteoric waters were 
involved in the mineralisation process, fluid mixing, 
boiling and cooling are the possible ore-precipitation 
mechanisms. 
 
1 Introduction 
 
The Ghanzi-Chobe Belt (GCB) forms the northeastern 
wing of the Kalahari Copper Belt (KCB) in Botswana 
(Fig. 1). The KCB situated between the Congo craton to 
the north and the Kalahari craton to the south has many 
similarities with the world class European Kupferschiefer 
and Central African Copper Belt (CAC) sedimentary-
hosted Cu-Ag deposits (Hitzman et al. 2010). The GCB 
hosts several copper deposits/ mineral occurrences 
amongst them the Khoemacau Cu-Ag mineralisation. 
The Khoemacau Cu-Ag mineralisation contains 
numerous mineralised zones including from south to 
north: the Chalcocite Zone (CC), New Discovery (ND), 
North Limb (NL), South Limb Definition (SLD), North 
East Fold (NEF), Mango, Zone 5, Zone 5 North, Boseto, 
Zeta NE and Zone 6. 

The Khoemacau Cu-Ag mineralisation is hosted by 
the Ghanzi Group consisting of continental red beds 
(Ngwako Pan Formation), chemically reduced marine 
sedimentary rocks (D’Kar Formation) and oxidized 
clastic with minor carbonate units (Mamuno Formation) 

(Modie 1996). Underlying the Ghanzi Group is a 
volcanic sequence of metarhyolites and metabasalts 
referred to as the Kgwebe Formation. These rocks were 
folded and metamorphosed to greenschist facies during 
the Damaran Orogeny (Schwartz et al. 1996). Unfoliated 
dolerite dykes of the Karoo age crosscut the Ghanzi-
Chobe belt (Schwartz et al. 1995). 

 
Figure 1. Tectonic framework of southern Africa showing the 
position of the Kalahari Copper Belt and the location of 
Khoemacau Cu-Ag mineralisation (modified after Maiden and Borg 
2011). 
 

Previous studies (Morgan et al. 2013; Hall 2013; 
Walsh et al. 2014; Shephard et al. 2014) have well 
constrained the sources of sulphur (bacteriogenic 
seawater sulphate reduction), but the source of metals 
and fluids remains poorly constrained. Various 
lithologies that are usually older than the hydrothermal 
mineralisation can be the source of ore metals in 
sedimentary-hosted Cu deposits. For example, Borg 
and Maiden (1987) and Gorman et al. (2013) regarded 
the underlying basalts of the Kgwebe Formation as the 
main metal source for the strata-bound copper deposits 
in the KCB, however, Schwartz et al. (1995) has 
demonstrated that the Kgwebe Formation basalt cannot 
be the likely source of metals. Meanwhile, other studies 
in the CAC (e.g. Hitzman 2000; Hitzman et al. 2005, 
2010) argued that the metals have been derived from 
the siliciclastic iron-rich red bed sequence at the bottom 
of the basin. Cailteux et al. (2005) has indicated that 
some of the Cu in the CAC might have been derived 
from the erosion of the basement rocks in the region. 
Therefore, in this study we present Pb isotopic 
compositions of both sulphides and whole rocks from 
the Khoemacau Cu-Ag mineralisation in order to identify 
the likely source(s) of metals. Furthermore, the 
characteristics of mineralizing fluids are examined 
through fluid inclusion investigation. 
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2 Results 
 
2.1 Pb isotopic compositions 
 
Sulphides from the Khoemacau Cu-Ag deposits are 
radiogenic and show heterogeneous Pb isotopic 
compositions that span a wide range (Table 1). 
206Pb/204Pb ratios are from 17.204 to 67.717, 207Pb/204Pb 
from 15.576 to 19.025 and 208Pb/204Pb from 37.026 to 
45.911. Chalcopyrite from NEF is more radiogenic than 
the one from ND. Galena and sphalerite have similar Pb 
isotopic compositions (Fig. 2), suggesting a similar Pb 
source. Pyrite from CC is highly radiogenic and yielded 
206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios of 67.717, 
19.025 and 37.204, respectively. This pyrite is possibly 
of sedimentary origin. 

Pb isotopic compositions of whole rocks are highly 
heterogeneous and display a wide range of Pb isotope 
ratios (Table 1). The Pb isotopic compositions of the 
rhyolites of the Kgwebe Formation are more radiogenic 
and show a large scatter both in the uranogenic and 
thorogenic plots (Fig. 2). On the other hand, the clastic 
rocks of the Ngwako Pan and D’Kar formations can be 
discriminated into two radiogenic rock sub types; least 
radiogenic and highly radiogenic rocks (Fig 2). The 
younger dolerite dyke displays a relatively non-
radiogenic character in comparison to the rhyolites of 
the Kgwebe Formation and the highly radiogenic rocks 
of the Ngwako Pan and D’Kar formations. 
 
Table 1 
Lead isotope compositions of sulphides and rocks from the 
Khoemacau sedimentary-hosted Cu-Ag deposit  
 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 
Rhyolite 
(Kgwebe 
Formation) 

23.979-
25.269 

16.091-16.185 45.865-
45.916 

Dolerite 18.500 15.675 38.743 
Clastic rocks 
(Ngwako 
Pan Form.) 

17.961-
22.774 

15.636-15.967 37.667-
42.117 

Clastic rocks 
(D’Kar 
Form.) 

19.595-
21.667 

15.718-15.902 38.929-
41.185 

Chalcopyrite 17.680-
22.724 

15.621-15.952 37.361-
41.312 

Galena 17.206-
17.521 

15.579-15.606 37.033-
37.203 

Sphalerite 17.204-
17.962 

15.576-15.647 37.026-
37.663 

Pyrite 29.902-
67.717 

16.325-19.025 39.368-
45.911 

 
In the uranogenic and thorogenic plots (Fig. 2), most of 
the Pb isotope ratios of sulphides fall and cluster 
between the upper crust and the orogene evolution 
curves of Zartman and Doe (1981) and overlap the 
compositions of the least radiogenic clastic rocks of the 
Ngwako Pan and D’Kar formations, as well as that of the 
younger dolerite dyke. On the other hand, the 
compositions of the more radiogenic clastic rocks of the 
Ngwako Pan and D’Kar formations overlap that of the 
rhyolites of the Kgwebe Formation indicating a similar 
Pb source. Of note is the high Pb isotopic compositions 

of chalcopyrite from NEF suggesting a very radiogenic 
source (Fig. 2). 

 
Figure 2. Uranogenic (a) and thorogenic (b) diagram of 
Khoemacau sulphides and associated rocks (curves for mantle 
(M), orogene (OR), lower crust (LC) and upper crust (UC) are from 
Zartman and Doe 1981). Sandstones (Sst), chalcopyrite (cpy), 
pyrite (py), galena (gn) and sphalerite (sph). 
 
2.2 Fluid inclusions 
 
The criteria such as shape similarity, size diversity, 
constant liquid to vapour ratios and the occurrence 
along growth zones (see Roedder 1984; Goldstein and 
Reynolds 1994; Van den Kerkhof and Hein 2001) were 
employed to study fluid inclusions in quartz and calcite 
crystals from Cu-Ag-bearing veins. All the fluid 
inclusions studied are two-phase aqueous liquid-vapour 
with unequal liquid-vapour ratios. In the liquid-rich 
inclusions the gas bubble makes up approximately 10% 
to 20% of the entire volume. In the vapour-rich 
inclusions the vapour bubble makes about 90 % to 95 % 
of the entire volume.  

Microthermometric results obtained only from the 
liquid-rich inclusions are presented in Fig. 3. 
Measurements of final ice melting and homogenization 
temperatures (Th) (LV → V) in the vapour-rich 
inclusions were hindered by the large size of the vapour 
bubble. Fluid inclusion data from previous studies (e.g. 
Morgan et al. 2013; Shephard et al. 2014) are included 
to complement our data and get a clear picture of the 
entire property. In all investigated samples, the first 
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melting was observed to occur between -52.5 and -
25.0oC, thus indicating the presence of NaCl and CaCl2 
in the fluids. The fluids parameters differ according their 
mineral assemblages.  

 
Figure 3. Salinity (wt. % NaCl + CaCl2 equiv.) against 
homogenization temperature (Th) and possible ore precipitation 
mechanisms from Khoemacau Cu-Ag mineralisation. 

 
At NEF, three populations of fluid inclusions are 

observed. The first population from quartz, calcite and 
chalcopyrite assemblage is characterized by high Th (LV 
→ L) of 268 to 396oC and moderate salinities (13.0 to 
16.1 wt. % NaCl + CaCl2 equiv.) The second population 
from quartz, calcite and chalcopyrite assemblage 
exhibits moderate Th (LV → L) of 140 to 156 oC and 
moderate salinities (11.8 to 14.0 wt. % NaCl + CaCl2 
equiv.). These two populations of fluid inclusions were 
recorded within a single quartz crystal. The third 
population (data from Morgan et al. 2013) hosted in 
quartz, calcite, bornite and chalcopyrite assemblage is 
also characterized by low to high Th (LV → L) of 93.9 to 
296oC but moderate to high salinities (15.6 to 23.5 wt. % 
NaCl + CaCl2 equiv.).  

Fluid inclusions from the ND also display three 
populations. The first population hosted in quartz, 
chlorite, bornite, sphalerite and galena assemblage is 
characterized by high Th (LV → L) of 279 to 357oC and 
high salinities (20.4 to 23.2 wt. % NaCl + CaCl2 equiv.). 
The second population from quartz, bornite and 
chalcopyrite assemblage is characterized by moderate 
Th (LV → L) of 158 to 196oC and moderate salinities 
(18.6 to 19.3 wt. % NaCl + CaCl2 equiv.). The third 
population in calcite and galena assemblage exhibit 
moderate Th (LV → L) of 172 to 219oC and moderate 
salinities (8.7 to 11.8 wt. % NaCl + CaCl2 equiv.).  

Fluid inclusions from CC are hosted in quartz, calcite, 
chalcocite, bornite, chalcopyrite and wittichenite 
assemblage. These inclusions are characterized by 
moderate Th (LV → L) of 177 to 261oC and moderate 
salinities (7.9 to 15.9 wt. % NaCl + CaCl2 equiv.). Fluid 
inclusion data from Zone 5 and Zone 6 were 
investigated by Morgan et al. (2013) and Shephard et al. 
(2014), respectively. These fluid inclusions were 
associated with quartz, calcite, pyrite and galena 
assemblage. Zone 5 is characterized by low to 
moderate Th (LV → L) of 115 to 165oC and variable 
salinities between 4.0 and 18.9 wt. % NaCl + CaCl2 

equiv. At Zone 6 fluid inclusions exhibit moderate Th (LV 
→ L) of 147 to 179oC and moderate salinities (12.6 to 
18.5 wt. % NaCl + CaCl2 equiv.). 
 
3 Discussion 
 
3.1 Source(s) of metals 
 
Our Pb isotope results at first glance rule out the 
rhyolitic basement rocks of the Kgwebe Formation as 
the possible source of metals (see Fig. 2). The 
heterogeneous Pb isotope composition of sulphides 
from the Khoemacau Cu-Ag deposits points to multiple 
sources of Pb and by inference Cu and Ag. In both the 
uranogenic and thorogenic plots (Fig. 2), most 
sulphides, the least radiogenic clastic rocks of the 
Ngwako Pan and D’Kar formations as well as the 
dolerite dyke fall and cluster between the upper crust 
and the orogene evolution curves of Zartman and Doe 
(1981), suggesting mixing of mantle and crustal-derived 
Pb components (see Bineli Betsi et al. 2018). However, 
the highly radiogenic clastic rocks of the Ngwako Pan 
and the D’Kar formations plot on the upper crust 
evolution curve of Zartman and Doe (1981), suggesting 
crustal-derived Pb components. The isotopic 
compositions of sulphides (except for pyrite) overlap the 
compositions of the least radiogenic clastic rocks of the 
Ngwako Pan Formation, D’Kar Formation and the 
dolerite dyke, thus indicating a similar Pb, and by 
inference Cu-Ag source(s). However, one chalcopyrite 
from NEF is highly radiogenic and its radiogenic 
character may be explained by the leaching of high 
radiogenic source rocks total different from the source 
rocks of the other sulphides. The above implies that Cu 
and Ag in the Khoemacau Cu-Ag mineralisation could 
have been leached from the clastic rocks of the Ngwako 
Pan Formation (red beds) as well as an unidentified 
source(s) during the hydrothermal event(s). On the other 
hand, the Pb isotopic composition of highly radiogenic 
pyrite significantly differs from the compositions of the 
whole rocks, suggesting sedimentary-derived pyrite 
(euhedral crystals). Variability of the Pb isotopic 
compositions of sulphides may reflect differences 
between metal source rock packages on the basin scale 
(see Wilkinson 2014).  
 
3.2 Fluid characteristics 
 
Microthermometric analysis of the fluid inclusions allows 
the physic-chemical characterization of the fluids 
involved in the mineralisation process (es). The salinities 
and temperatures of the fluids as observed in Fig. 3 
suggest multiple fluid inputs. The coexistence of liquid-
rich and vapour-rich inclusions observed in some of the 
samples is suggestive of boiling process attributed to 
drop of the fluid pressure below vapour saturation (see 
Bauer et al. 2019). An increase in salinity accompanied 
by a decrease in Th observed in fluid inclusions from the 
CC is attributed to boiling process, which led to 
subsequent cooling of the ore fluid.  

It is also evident that fluid mixing process occurred in 
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the NEF, ND and CC as shown by the occurrence of 
both high temperature-high salinity and low 
temperature-moderate salinity fluids. Fluid mixing has 
been observed before by Morgan et al. (2013) in Zone 
5. The mixing phenomena is also observed in fluid 
inclusions from Zone 6 (data from Shepard et al. 2014) 
that show a wide range of salinity (12.6 to 18.5 wt.% 
NaCl + CaCl2 equiv.) and roughly similar Th. In addition 
to the mixing process, post-entrapment modifications 
(e.g. necking-down) may have taken place as 
demonstrated by two clusters of fluid inclusions from 
NEF hosted within a single quartz crystal having 
different temperatures but same salinities. The decrease 
in temperature from 357oC to 279oC observed in ND 
reflects drastic cooling of the ore fluid triggered by 
water-rock interaction. The high homogenization 
temperatures recorded (up to 357oC) clearly indicate the 
presence of an abnormal geothermal gradient and 
possibly the involvement of metamorphic fluids in ND. 
On the other hand, low temperatures (115 to 260oC) and 
salinities ranging from 4.0 to 23.5 wt. % NaCl + CaCl2 
equiv. are typical of basinal brines (Leach et al. 2005) 
with possible involvement of meteoric fluids (as 
indicated by low salinity and low Th of 93°C). As 
deduced from the first melting temperatures (Te = -52.5 
to –25oC), the fluids involved in the mineralisation 
process are categorized as a H2O-NaCl-CaCl2-rich 
fluids. 
 
4 Conclusions 
 
Based on the discussion elaborated above, the following 
conclusions can be drawn: 
 
1. Pb isotope compositions of sulphides from the 

Khoemacau Cu-Ag mineralisation are 
heterogeneous reflecting the derivation of Cu and 
Ag from two or more sources.  

2. Clastic rocks of the Ngwako Pan Formation are the 
major source(s) of Cu and Ag.  

3. Multiple fluid inputs were involved in the 
mineralisation process, with fluid mixing, boiling and 
cooling regarded as the possible ore-precipitation 
mechanisms. 

4. Basinal brines, meteoric water and metamorphic 
fluids are the predominant solutions involved in the 
mineralisation process. 
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Abstract. The Kalahari and Postmasburg ore fields are 
host to giant, economically significant and texturally 
diverse iron and manganese ores. While hydrothermal 
metasomatism has been well-demonstrated in the 
Kalahari district to have locally upgraded the 
sedimentary manganese orebodies, ore-genesis in the 
Postmasburg field has been attributed primarily to 
surficial lateritic processes. However, many ore 
occurrences in the latter show comparable alkali 
metasomatic signals to that seen in the Kalahari field. 
Initial results from our ongoing mineralogical, 
geochemical and isotopic study, document the regional 
similarities, the metasomatic nature of the alkali-rich 
assemblages (replacements, vug-fills, veins) and the 
remarkable enrichment of the mineralizing fluids in Na, 
K, Ba, Sr, Ca, Mg, Li, S, Pb, As and V. The widespread 
occurrence of barite, aegirine, banalsite, natrolite, 
witherite, phlogopite and other Ba- or Na-bearing 
silicates observed across Postmasburg ores and 
neighboring lithologies correlate well with alteration 
mineralogy described from the Kalahari field. Sulfur 
isotopes from barite suggest a model invoking fluids of 
at least partly evaporitic origin, being responsible for the 
observed alkali metasomatism in both fields. 
Hydrothermal brine migration is further buttressed by the 
enrichment in radiogenic 87Sr in barite, consistent with 
Ba in the involved fluid(s) being derived from basement. 
 
1 Introduction 
 
The Northern Cape of South Africa is a unique 
metallogenic province hosting various economically 
important Fe and Mn deposits which owe their origin to 
sedimentation and a succeeding series of prolonged 
epigenetic events. According to the prevailing models, 
central to the epigenetic history of the BIF-hosted iron 
ores and karstic/sedimentary manganese ores of the 
Postmasburg field (PMF) has been a range of palaeo-
weathering processes which formed the main 
mechanism of ore-upgrade (Gutzmer and Beukes 
1996b; Beukes et al. 2003).  The sedimentary deposits 
of the Kalahari Manganese Field (KMF) which stretch as 
far as ~150 km to the north of Postmasburg (Fig. 1b) 
represent Earth’s largest known, land-based 
manganese resource (~13.500 Mt) and have been 
locally upgraded by hydrothermal metasomatic 

processes introducing an unparalleled array of alkali-rich 
gangue mineralogy (Beukes et al. 1995).   

Our study was motivated by the recent discovery of 
similar alkali-rich assemblages contained in and flanking 
the Postmasburg Fe and Mn orebodies (Fairey 2013; 
Bursey 2018) owing to new exploration drill-cores. The 
recurring theme of complex alkali assemblages and high 
Ba-Na-K-Ca concentrations in both fields is consistent 
with the presence of highly saline alkaline fluids similar 
to those responsible for the upgrade in KMF (Lüders et 
al. 1999) and of which the origin, sources and pathways 
are poorly understood. Our focused research on the 
regional “alkali flooding” aims to understand its role as a 
shared mechanism in the formation, or at least 
hydrothermal upgrade, of the two ore fields and discern 
the origin, source(s), characteristics and timing of 
mineralization. Whilst establishing a possible link 
between the two ore districts is an over-arching aim for 
the project, the ores exhibit a wide textural diversity, 
demanding the need to forensically differentiate the local 
from regional influences in order to decipher the 
individual alteration histories. 

 
2 Geological setting 
 
Ore deposits in the Kalahari Manganese Field occur as 
three stratiform beds interbedded with the Hotazel iron-
formation in the uppermost part of the Palaeoproterozoic 
Transvaal Supergroup (Beukes 1983). Ores in the NW 
part of the area have been hydrothermally enriched by 
fault-controlled, circulation of highly saline fluids which 
leached carbonates and/or silicates, precipitated 
manganese as coarse-grained oxides and silicates 
[hausmannite (Mn2+Mn3+2O4), bixbyite ((Mn,Fe)2O3), 
braunite (Mn2+Mn3+6(SiO4)O8)] and produced a complex 
gangue mineralogy including silicates, borates and 
sulphates such as sugilite [KNa2(Fe,Mn,Al)2Li3Si12O30], 
andradite, gaudefroyite [Ca4Mn3+2-3(BO3)3(CO3)(O,OH)3] 
and barite (Beukes et al. 1995). This enrichment has 
been tentatively assigned to a late stage event of the 
Mesoproterozoic Namaqua-Natal orogeny (Dixon, 
1989). A pervasive sodic metasomatism forming 
aegirine immediately above and below manganese ore 
beds has also been described by Tsikos and Moore 
(2005). 

The Transvaal Supergroup in the PMF is mainly 
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represented by the Asbestos Hills BIF which overlie the 
Campbellrand carbonates and is in turn separated by an 
angular unconformity from the overlying siliciclastic 
sediments of the Olifantshoek Supergroup (Fig. 1a, d). 
The stratigraphy in the region has been affected by 
three major deformational events, the Kalahari (~2.35-
2.25 Ga), Kheis (~1.83-1.73 Ga) and Namaqua-Natal 
orogenies (~1.35-1.0 Ga) (Basson 2018). BIF-hosted 
iron ores are considered to be products of lateritic 
weathering, formed by the residual enrichment of iron-
formation when the latter slumped into karstic sinkholes 
during a period of uplift and erosion between ~2.2 and 
2.0 Ga (Beukes et al 2003). Similarly, pivotal to 
manganese ore formation was palaeo-weathering and 
residual concentration of manganese wad from the 
dolomites into cave systems while dissolution of 
different chert-rich and chert-free members of the 
carbonates led to the formation of siliceous and 
ferruginous ores respectively (Gutzmer and Beukes 
1996b). Research on the footwall of so-called 
conglomeratic iron ore in the northern part of 
Postmasburg field has uncovered the occurrence of 
complex alkali assemblages being very similar to the 
ones found in the KMF and containing aegirine, 
serandite [Na(Mn2+,Ca)2Si3O8(OH)], barite, strontianite, 
sugilite and norrishite [KLiMn3+2(Si4O10)O2] (Moore et al 
2011). Further south, parageneses bearing barite, 
witherite, noelbensonite [BaMn3+2(Si2O7)(OH)2H2O] and 
the rare As-rich Tokyoite [Ba2Mn3+[(As,V)O4]2(OH)] were 
documented in Mn ores (Costin et al 2015). 

3 Sampling and methods 

Targeted samples were obtained by drill cores on the 
basis of anomalous enrichments in alkalis (mainly Ba, Sr 
and Na) occurring in Mn-, Fe-ore and neighboring 
lithologies. Postmasburg localities include Kapsteevel, 
Langverwacht, Leeufontein and Lohatla environs. 
Additional samples were acquired from underground 
mines (N’Chwaning I and II; Fig. 1c). Sulfur data were 
obtained by conventional sulfur analysis and 34S/32S 
were determined using a VG SIRA II mass spectrometer 
(Coleman and Moore 1978). Strontium isotopes from 
barite were separated using ion exchange 
chromatography and measured on a VG-Sector 54 
TIMS. 

4 Petrography 

Although the alteration assemblages of KMF are 
relatively well-studied, our research shows that 
important mineral paragenetic and textural information 
can be still attained by detailed optical and SEM 
microscopy. Initial focus was given on barite- and 
sugilite-bearing assemblages. Sugilite in aegirine-rich 
iron formation is seen associated with minerals of the 
pectolite [NaCa2Si3O8(OH)]-serandite solid solution, 
tephroite and possibly later formed K-feldspar and 
phlogopite spreading laterally along banding. Lipuite 
[KNa8Mn3+5Mg0.5[Si12O30(OH)4](PO4)O2(OH)24H2O] and K-
richterite occasionally intergrown with needles of 
norrishite indicate an even later stage (Figure 2a). The 
Pb-Mn silicate kentrolite is generally restricted to vein 
vicinity and likely replaces earlier-formed minerals such 

Figure 1. Geological map of the Griqualand West basin displaying relationship of ores with stratigraphy and the main sampling localities. 
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as sugilite. Barite is omnipresent in the studied alkali-
assemblages and occurs mostly as fine disseminations, 
fills in late open structures within Mn ore matrix, or 
aggregates of alteration mineralogy. Its strontium 
content is usually low (~ 1 wt. %), however in some 
crystals it reaches ~4 wt. %. Other identified Sr-rich 
phases commonly occurring in the vicinity of barite 
include strontian apatite, strontianite and granular 
occurrences of Sr-rich, HREE-bearing apatite in 
aegirine-matrix. Minute crystals (~25 μm) of a strontium- 
and vanadium-rich arsenate along with apatite are found 
as inclusions in barite co-existing with chemically zoned 
piemontite. Abundant, coarse and bladed barite is found 
crystallizing perpendicular to the contact between BIF 
and shale and co-exists with hematite, muscovite and 
fluorapatite.  
 

 
Figure 2. Backscattered electron images. a) norrishite needles 
associated with lipuite, K-richterite and sugilite, crosscutting an 
aegirine-hematite iron formation in KMF b) Aegirine-hyalophane-
barite assemblage filling the breccia matrix in-between BIF-clasts 
in PMF. c) Complex vein-filling in manganese ore displaying the 
rare mineral pyrobelonite along with hyalophane and banalsite 
(Langverwacht). d) Barite intergrown with paragonite in massive 
iron ore (Kapsteevel). Abbreviations: aeg=aegirine, brn=braunite, 
brt=barite, bnl=banalsite, cal=calcite, hem=hematite, 
hyl=hyalophane, K-rit=K-richterite, lip=lipuite, ms=muscovite, 
nor=norrishite, pg=paragonite, pmt=piemontite, pyr=pyrobelonite, 
sug=sugilite.    

 
Aegirine-bearing assemblages are also common in 

the PMF and form zoned vugs or fill the matrix of 
breccias in braunite-hematite ores (Figure 2b). The 
manganese matrix hosts complex and uncommon 
parageneses developing interstitially or in vugs and 
veins. Carbonate-dominated assemblages contain 
calcite, kutnohorite, ankerite, siderite, barytocalcite – 
and the Sr-rich equivalent witherite – barite, banalsite 
(BaNa2Al4Si4O16), apatite, natrolite (Na2Al2Si3O102H2O), 
serandite, tamaite, celsian-hyalophane, phlogopite as 
well as numerous unidentified micas and Ba-silicates. 
Pb-bearing minerals are commonly present including the 
rare manganese vanadate pyrobelonite (Figure 2c) and 
the minute acicular macedonite (PbTiO3), the latter 

occurring as disseminations in paragonite. Quartzites 
overlying the Postmasburg ores can be enriched in 
barite, associated with muscovite, abundant rutile and 
apatite while vugs of barite are usually rimmed by 
unidentified LREE alumino-silicates. Barite in massive 
iron ore is finely disseminated in the matrix, fills cracks 
and veins and is associated with hematite, paragonite, 
muscovite, apatite, berthierine and rutile (Figure 2d). It 
also displays conspicuous replacement textures such as 
pseudomorphs after former carbonates and colloform 
layering along with hematite. Other possible relict 
textures from pristine iron-formation are hematite ooids 
filled with barite and paragonite. 
 
5 Sulfur isotopes 
 
Sulfur isotopic compositions hitherto determined for a 
large number of barite from both KMF and PMF, show 
enrichment of 34S and a distinct homogeneity which is  
characteristic of marine-derived sulphate (δ34S = 25.6 ± 
1.76 ‰ (1σ; n=50). The data also supports derivation 
chiefly from a single reservoir across the basin. The 
primary candidates for the observed δ34S are evaporite 
deposits, with any contribution from sulphides known to 
occur in the underlying strata or mixing with other S 
sources unlikely. Field and petrographic evidence 
support the occurrence of now-absent, extensive 
evaporites in the Campbellrand carbonates underlying 
the ores (Gandin 2005). If this assumption is true and 
since there is only negligible fractionation of S isotopes 
(1.65 ‰) during crystallization of sulphates then barite 
and other sulphates in the basin could reflect a slightly 
modified composition from that of Early Proterozoic 
(~2.5 Ga) seawater. The limited available data from 
literature display similar ranges for Precambrian 
seawater (Fig. 3). 

 

Figure 3. Barite δ34S isotopic composition from this study in 
comparison to data from literature. [1] Strauss and Beukes 1996 [2] 
Gandin et al 2005 [3] Schröder et al 2008 [4] Thomazo et al 2009. 
 
6 Synthesis and conclusions 
 
Textural observations allow for the alkali gangue 
mineralogy in the Kalahari and Postmasburg ore fields 
to be attributed to the interaction of metasomatic fluids 
with the ores. Intricate relationships between minerals in 
veins and vugs as well as replacement textures 
emphasize the successive alteration stages. Complex 
mineralogical parageneses including aegirine, serandite, 
pectolite, phlogopite, natrolite and banalsite observed in 
both regions, imply comparable metasomatic fluid 
compositions. Barite is directly associated with the 
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regional alkali enrichments and can be generally 
assigned to the waning stages of alteration; thus, its 
isotopic composition is ideal in seeking to identify fluid 
sources. 

Sulfur isotopic results support derivation of sulphate-
bearing fluids from dissolution of evaporites. Strontium 
isotope analyses on a limited number of barite from both 
fields reveal highly radiogenic values (up to ~0.74 
87Sr/86Sr) implying contribution of deep basinal 
ascending fluids from basement and other source rocks 
in the formation of barite. This is consistent with the 
principal mechanism for barite precipitation in most vein 
deposits, such as Mississippi Valley Type, which is that 
of mixing of a sulfate- with a Ba-bearing fluid (Hanor 
2000). Field and quantitative basin modelling evidence 
have shown that brines can be transported over 
distances of the scale of hundreds of kilometres in 
sedimentary basins (Kharaka et al. 1985; Garven 1995). 
Regional-scale thrust faults between BIF or carbonates 
of the Transvaal and the siliciclastic sediments of the 
Olifantshoek Supergroups, as well as lithological 
boundaries within the different units could have acted as 
conduits for such extensive basinal brine circulation 
during major orogenic events.  

Sedimentary brines act as excellent reservoirs for 
mobile elements such as halogens and can effectively 
carry ore-forming metals. Extensive mobilization of iron 
by sulfate-bearing fluids has been demonstrated in the 
BIF-hosted ores of Postmasburg (Papadopoulos 2016). 
In light of the above, saline brines could have reacted 
with the Fe and Mn protoliths, facilitating mobilization 
and leaching of essential metals while modifying their 
composition and lastly precipitating the observed 
complex and unique parageneses. Further research is 
needed in order to clarify the origin and evolution of 
alkali-mineral forming fluids as well as their possible 
genetic association with the ores. Establishing the timing 
of mineralization in the different localities and its 
association to the regional-scale tectonics of the 
Southern Africa continent will be crucial in any 
interpretation, and is under way.  
 
Acknowledgements 
 
This study is supported by Assmang Ltd. Kumba Iron 
Ore, Assmang and South 32 Ltd are thanked for 
permission to access and sample drill core. Our 
gratitude is expressed towards Alison McDonald, Anne 
Kelly and Vinnie Gallagher for their assistance in the 
production of isotopic data. 
 
References 
 
Basson IJ, Thomas SAJ, Stoch B, Anthonissen CJ, McCall MJ, 

Britz J, MacGregor S, Viljoen S, Nel D, Vietze M, Stander C, 
Horn J, Bezuidenhout J, Sekoere T, Gous C, Boucher H (2018) 
The structural setting of mineralization at Kolomela Mine, 
Northern Cape, South Africa, based on fully-constrained, 
implicit 3d-modelling. Ore Geol Rev 96:306-324. 

Beukes NJ (1983) Palaeoenvironmental setting of iron formations 
in the depositional basin of the Transvaal Super group, South 
Africa. In: Trendall, A.F., and Morris, R.C. (eds). Iron 
formations, facts and problems, Elsevier, Amsterdam: 131-209. 

Beukes NJ, Burger AM, Gutzmer J (1995) Fault-controlled 
hydrothermal alteration of Palaeoproterozoic manganese ore in 
Wessels Mine, Kalahari manganese field. South Afr J Geol 
98(4):430-451. 

Beukes NJ, Gutzmer J, Mukhopadhyay J (2003) The geology and 
genesis of high-grade hematite iron ore deposits. Trans of the 
Inst of Min and Metal B-Applied Earth Sci 112:B18-B25. 

Bursey RJ (2018) A mineralogical, geochemical and metallogenic 
study of unusual Mn/Na/Ba assemblages at the footwall of 
conglomeratic iron-ore at Farm Langverwacht, Northern Cape 
Province of South Africa. MSc Dissertation, Rhodes University, 
South Africa. 

Coleman ML, Moore MP (1978) Direct reduction of sulfates to 
sulfur dioxide for isotopic analysis. Anal Chem 50(11):1594-5. 

Costin G, Fairey BJ, Tsikos H, Guksik A (2015) Tokyoite, As-rich 
tokyoite and noélbensonite: new occurrences from the 
Postmasburg Manganese Field, Northern Cape Province, 
South Africa. The Canadian Min 53:981-990. 

Dixon R (1989) Sugilite and associated metamorphic silicate 
minerals from Wessels mine, Kalahari manganese field. Bul of 
the Geol Surv of South Africa 93:1- 47. 

Fairey BJ (2013) Genesis of karst-hosted manganese ores of the 
Postmasburg Manganese Field, South Africa with emphasis on 
evidence for hydrothermal processes. Msc Dissertation, 
Rhodes University, Grahamstown, South Africa. 

Gandin A, Wright DT, Melezhik V (2005) Vanished evaporites and 
carbonate formation in the Neoarchaean Kogelbeen and 
Gamohaan formations of the Campbellrand Subgroup, South 
Africa J Africa Earth Sci 41:1-23. 

Garven G (1995) Continental-scale fluid flow and geologic 
processes. Annu Rev Earth Planet Sci 24:89-117. 

Gutzmer J, Beukes, NJ (1996b) Karst-hosted fresh water 
Paleoproterozoic manganese deposits, Postmasburg South 
Africa. Econ Geol 91:1435-1454. 

Hanor JS (2000) Barite-Celestine geochemistry and environments 
of formation. Rev in Min and Geoch 40:193-275. 

Kharaka YK, Hull RW, Carothers WW (1985) Water-rock reactions 
in sedimentary basins. Relationship of organic matter and 
mineral diagenesis. (SC 17) Soc of Econ Pal and Min:79-176. 

Lüders V, Gutzmer J, Beukes NJ (1999) Fluid inclusion studies in 
cogenetic hematite, hausmannite and gangue minerals from 
high-grade manganese ores in the Kalahari Manganese Filed, 
South Africa. Econ Geol 94:589-596. 

Moore JM, Kuhn BK, Mark DF, Tsikos H (2011) A sugilite-bearing 
assemblage from the Wolhaarkop breccia, Bruce iron-ore 
mine, South Africa: Evidence for alkali metasomatism and 40Ar-
39Ar dating. Eur J Mineral 23:661-673. 

Papadopoulos V (2016) Mineralogical and geochemical constraints 
on the origin, alteration history and metallogenic significance of 
the Manganore iron-formation, Northern Cape Province, South 
Africa. MSc Dissertation, Rhodes University, South Africa. 

Schröder S, Bekker A, Beukes NJ, Strauss H, van Niekerk HS 
(2008) Rise in seawater sulphate concentration associated 
with the Paleoproterozoic positive carbon isotope excursion: 
evidence from sulphate evaporites in the ~2.2-2.1 Gyr shallow-
marine Lucknow Formation, South Africa. Terra Nova 20:108-
117. 

Strauss H, Beukes NJ (1996) Carbon and sulfur isotopic 
compositions of organic carbon and pyrite in sediments from 
the Transvaal Supergroup, South Africa. Precambrian Res 
79:57-71. 

Thomazo C, Pinti D, Busigny V, Ader M, Hashizume K, Philippot P 
(2009) Biological activity and the Earth’s surface evolution: 
insights from carbon, sulfur, nitrogen and iron stable isotopes 
in the rock record. Precambrian Res 126:349-361. 

Tsikos H, Moore JM (2005) Sodic metasomatism in the 
Palaeoproterozoic Hotazel iron-formation, Transvaal 
Supergroup, South Africa: Implications for fluid-rock interaction 
in the Kalahari manganese field. Geofluids 5:264-271.


	Advances Fri AM
	Genesis of massive magnetite associated with Jamaican-type adakite
	1 Introduction
	2 Regional and local geology
	3 Petrology and mineralogy
	4 Tectonic setting
	5 Source of mineralizing fluids
	6 Deposit type
	7 Discussion
	7.1 Preliminary deposit model

	Acknowledgements
	References

	Dating pyrite by radiogenic helium: new approach to determine the age of hydrothermal processes
	1 Introduction
	2 Identifying the source of helium
	3 Methods
	4 Identifying migration parameters
	5 U-Th-He dating attempts
	6 Conclusion
	References

	The state of copper, silver, and indium in sphalerite studied by X-ray absorption spectroscopy of synthetic minerals
	1 Introduction
	2 Synthesis of doped sphalerite
	3 Analytical methods
	4 Results
	4.1 XANES spectroscopy
	4.2 EXAFS spectroscopy

	5 Conclusions
	Acknowledgements
	References

	Scapolite as a sulfur and chlorine reservoir in metamorphic terranes
	1 Introduction
	2 Sampling and methods
	2.1 Samples
	2.2 Methods

	3 Results
	3.1 Mineralogy & scapolite chemistry

	4 Discussions and conclusion
	Acknowledgements
	References

	Carbonate replacement and thallium enrichment: ultra-high-resolution trace element mapping, and the origin of Proterozoic sediment-hosted Zn-Pb deposits
	1 Introduction
	2 Methods summary
	2.1 Ultra-high-resolution Maia Mapper µXRF element mapping
	2.2 Focussed ion beam time of flight secondary ionization mass spectrometry (FIB–TOF–SIMS)

	3 Results
	3.1 Paragenesis of base metal sulfides and relationship to carbonate
	3.2 Thallium distribution

	4 Discussion
	4.1 Carbonate replacement by Zn-Pb sulfides at HYC
	4.2 Thallium hosted in late diagenetic pyrite
	4.3 Fluid modelling

	5 Summary
	References

	Geology and mineralization of the Marinoan cap dolostone-hosted Dongjiahe Mississippi Valley-type Zn-Pb deposit, South China
	1 Introduction
	2 Geological setting
	3 Deposit geology and mineralization
	3.1 General features
	3.2 Cap dolostone and mineralization

	4 Implications for ore prospecting
	Acknowledgements
	References

	Explaining metal zonation at the Lisheen Zn-Pb deposit
	1 Introduction
	2 Geological setting
	3 Methodology
	3.1 Reaction path model
	3.2 Simulation of an ore lens

	4 Results and discussion
	4.1 Ore mineralogy and paragenesis
	4.2 Metal zonation

	5 Conclusions
	Acknowledgements
	References

	The character and origin of barite in the giant Mehdiabad Zn-Pb-Ba Deposit
	1 Introduction
	2 Barite in the Mehdiabad deposit
	3 Isotopic studies
	4 Discussion
	5 Conclusion
	Acknowledgements
	References

	Sulphur and lead isotope characteristics of Hakkari Zn-Pb province, SE Turkey: implications for ore genesis
	1 Geological background of the province
	2 Sulphur isotopes
	3 Lead isotopes
	4 Conclusion
	Acknowledgements
	References

	Revised genesis for Scotland’s largest Pb-Zn deposit
	1 Introduction
	2 Geological setting and samples
	3 Methodology and results
	4 Discussion
	5 Conclusions
	Acknowledgements
	References

	Exploration for a new Cu-Ag Kupferschiefer-type deposit north of the Lubin-Sieroszowice copper district
	1 Introduction
	2 The Nowa Sól deposit
	3 Conclusions
	Acknowledgements
	References

	Physicochemical model for the formation of REE minerals associated with emeralds from the Colombian western emerald belt
	1 Introduction
	2 Geological setting
	3 Mineralogy
	4 Physicochemical model
	5 Results and discussion
	6 Conclusions
	References

	Metal sources and fluid characteristics of the Khoemacau sedimentary-hosted Cu-Ag mineralization in the Ghanzi-Chobe Belt of NW Botswana
	1 Introduction
	2 Results
	2.1 Pb isotopic compositions
	2.2 Fluid inclusions

	3 Discussion
	3.1 Source(s) of metals
	3.2 Fluid characteristics

	4 Conclusions
	Acknowledgements
	References

	Investigation of large-scale brine circulation as mechanism of ore formation in the Kalahari and Postmasburg Fe-Mn fields, South Africa
	1 Introduction
	2 Geological setting
	3 Sampling and methods
	4 Petrography
	5 Sulfur isotopes
	6 Synthesis and conclusions
	Acknowledgements
	References





