
Supergenes, gems and non-metallic ores  905 

Using weathering and alteration minerals to constrain 
water table movement and supergene enrichment of 
porphyry copper deposits in the Central Andes 
J.M. Shaw, F.J. Cooper 
School of Earth Sciences, University of Bristol, UK 
 
A.J. Boyce 
Scottish Universities Environmental Research Centre (SUERC), East Kilbride, UK 
 
K.A. Farley 
California Institute of Technology, Pasadena, USA 
 
L. Evenstar 
School of Environment and Technology, University of Brighton, UK 
 
 
Abstract. The Atacama Desert of northern Chile hosts 
many of the world’s largest porphyry copper deposits 
(PCDs), many of which have been upgraded through 
supergene enrichment (Sillitoe and McKee 1996). 
Enrichment of exhumed PCDs occurs in the near-surface 
weathering environment, when copper is leached from 
primary sulphides and reprecipitated beneath the water 
table to form a concentrated blanket of secondary copper 
minerals (e.g. chalcocite).  

The Atacama is one of the driest regions on Earth, but 
supergene enrichment requires precipitation to drive the 
aqueous redistribution of metals. Previous alunite dating 
studies have suggested enrichment stopped in the middle 
Miocene, due to an increase in aridity. This conclusion is 
supported by the youngest supergene alunite ages from 
several PCDs clustering around 14 Ma (Sillitoe 2005). 
Hematite also forms in the leached caps of PCDs and 
hematite (U-Th)/He geochronology provides a tool to 
track the downward progression of weathering fronts (e.g. 
Cooper et al. 2016). 

This study will combine 40Ar/39Ar dating of supergene 
alunite (a proxy for the timing of copper enrichment) with 
hematite geochronology (as an indicator of the 
progression of weathering) to better understand the link 
between water table movement and supergene 
enrichment of Central Andean PCDs. 
 
1 Introduction 
 
Supergene enrichment has been fundamental in 
producing the economically extractable metal grades of 
exhumed PCDs in the Central Andes of northern Chile 
(e.g. Sillitoe and McKee, 1996). Enrichment occurs when 
exhumed PCDs undergo oxidative weathering in the 
near-surface environment. Dissolution of sulphides 
(principally pyrite [FeS2]) by meteoric water produces 
sulphuric acid, which leaches Cu (e.g. from chalcopyrite 
[CuFeS2]) and transports it downward in solution (Alpers 
and Brimhall 1988). Under reducing conditions beneath 
the water table, Cu is reprecipitated through ion-
exchange reactions, forming a supergene blanket 

enriched in chalcocite [Cu2S] (Sillitoe, 2005). The water 
table forms the boundary between oxidising and reducing 
conditions and determines the depth to which leaching 
and enrichment can occur (Ague and Brimhall, 1989). 

Supergene enrichment is driven by percolation of 
meteoric water, however northern Chile is currently one 
of the driest regions on Earth. Previous work suggests 
supergene enrichment stopped in the middle Miocene, 
possibly due to an increase in aridity (Alpers and 
Brimhall, 1988; Sillitoe and McKee, 1996; Cooper et al., 
2016), although conditions may have been dry for much 
longer (e.g. Clarke 2006). Understanding how water table 
movement and supergene enrichment fit within the 
framework of Andean aridification and post-mineral cover 
deposition will be a valuable addition to Cu exploration 
models targeting enriched PCDs. 
 
2 Study sites – Spence and Cerro Colorado 
 
This project will compare the history of Cu enrichment 
and water table movement at two PCDs in the 
Palaeocene-early Eocene metallogenic belt of northern 
Chile – Spence and Cerro Colorado (Fig. 1). Spence 
(formed at ~57 Ma) is covered by ~50 to 100 m of 
Miocene gravels (Cameron and Leybourne 2005), 
whereas Cerro Colorado (formed at ~52 Ma), a palaeo-
high, only has gravel cover (up to ~50 m thick) on its 
flanks (Bouzari and Clark 2002). The total PCD profile 
thickness (spanning the gravel/volcaniclastic cover, 
leached cap, oxide zone, enrichment blanket and 
hypogene orebody) of both deposits is similar: 450 m at 
Cerro Colorado and 400 m at Spence. The average 
thickness (140 m) of the secondary sulphide enrichment 
blanket is also the same at both deposits (Bouzari and 
Clark 2002) (Fig. 2). Spence and Cerro Colorado make a 
good comparison because, despite their similarities, 
supergene processes have operated within distinct 
fluvial, sedimentological and tectonic settings at each 
deposit. 
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3 Water table movement and supergene 
enrichment at Cerro Colorado 

 
Constraining the timing of supergene enrichment has 
traditionally involved K-Ar and 40Ar/39Ar dating of 
supergene alunite [KAl3(SO4)2(OH)6] and (less 
commonly) jarosite [KFe3+3(OH)6(SO4)2] (Hartley and 
Rice 2005). Alunite in PCDs may form through direct 
precipitation from sulphate solutions or through acid 
weathering of kaolinite, feldspar or muscovite during 
leaching of granitoid host intrusions (Vasconcelos 1999). 
Sulphuric acid to cause this alteration is produced 
through the weathering of sulphides, most importantly 
pyrite [FeS2]. Previously published alunite ages suggest 
Cerro Colorado was undergoing weathering and 
enrichment from 35.26 ± 0.68 to 14.59 ± 2.46 Ma (Bouzari 
and Clark 2002). However, alunite may form in both the 
leached cap and the subjacent enriched zone of a PCD, 
and therefore alunite ages do not give precise information 
on the position of the water table. 

 

 
Figure 1. Enriched PCDs (black dots) in northern Chile, showing the 
duration of supergene enrichment at each deposit and the location 
of our study areas, Spence and Cerro Colorado (modified from 
Arancibia et al. 2006). 

 

 
Figure 2. Simplified cross sections through the supergene profile at 
both Spence and Colorado (modified from Bouzari and Clark 2002). 

 
Hematite, which only forms under oxidising conditions 

and can be dated using (U-Th)/He geochronology, may 
be used to track water table movement through time. 
Cooper et al. (2016) found that ages of hematite sampled 
from drill core at Cerro Colorado range from ~32 to 2 Ma, 
defining a period of water table stability from 32 to 16 Ma, 
followed by a younging-with-depth relationship from 16 to 
2 Ma (Fig. 3). The modern water table coincides with the 
base of an adjacent river canyon, the Quebrada de 
Parca, and lowering of the  
Figure 3.  Age/elevation relationship of hematite (U-Th)/He data 

from Cerro Colorado, with the range of alunite 40Ar/39Ar ages from 
Bouzari and Clark (2002) shown for comparison. A middle Miocene 
increase in aridity is supported by both channel incision and 
apparent cessation of supergene enrichment (modified from Cooper 
et al. 2016).  
 
water table is attributed to incision of the river from ca. 16 
Ma onwards, at a rate of ~10 m/Myr. The onset of water 
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table decline is approximately coincident with the 
cessation of enrichment, supporting the case for a middle 
Miocene increase in aridity. 
 
4 Alunite and hematite in the leached cap at 

Spence 
 

The history of water table movement at Spence is 
complicated by the absence of nearby fluvial incision, 
textural relationships between weathering and alteration 
minerals and the currently elevated water table, which 
follows the gravel/bedrock contact, >50 m above its 
previous low-point which is evidenced by the base of the 
oxidised zone (Cameron and Leybourne 2007). 

Preliminary (U-Th)/He hematite ages from Spence 
range from ~11 to 2 Ma, considerably younger than the 
existing alunite ages of ~44 to 20 Ma (Clark 2001). 
However, cross-cutting relationships in samples collected 
during the current project show hematite to be texturally 
older than alunite, meaning our current understand ing of 
water table movement and leaching of the deposit is 
incomplete (Fig. 4). 
 

 
Figure 4. SEM (BSE) image of texturally associated hematite (pale 
grey) and alunite (dark grey rhombs). Alunite appears to post-date 
hematite formation as the hematite is fragmented (shown by the 
discontinuity of growth zones) and alunite occurs between hematite 
fragments. The presence of aluminum-phosphate-sulphate minerals 
(part of the alunite group) is evidence for multiple stages of mineral 
precipitation. 
 
4.1 A supergene origin for alunite at Spence 
 
A supergene origin for alunite at Spence is confirmed by 
its pseudocubic microtexture (e.g. Arribas et al. 1995) 
and the matching sulphur stable isotope signatures of 
supergene sulphate and primary hypogene sulphides 
(Fig. 5). Alunite formed through closed-system sulphide 
weathering inherits the S isotope signature of the 
precursor sulphides, whereas sulphate formed after 
disproportionation of magmatic SO2 to SO42- and H2S 
during the lifetime of the magmatic-hydrothermal system 
has δ34S values 16-28 ‰ higher than sulphides due to 
isotopic fractionation (Rye et al. 1992; Rye 2005). 

 

 
Figure 5. BSE SEM image of pseudocubic alunite crystals from the 
leached cap at Spence (top) and S isotope data for alunite and 
primary sulphides from Spence (bottom), both suggesting a 
supergene origin for alunite. 
 
5 Project objectives and programme of work 

 
We will obtain paired (U-Th)/He and 40Ar/39Ar ages for 
texturally associated hematite and alunite to test the 
following hypotheses: 

1. One (or both) dating methods do not accurately 
record the formation ages of the weathering 
minerals at Spence (e.g. absolute ages disagree 
with relative ages). 

2. Alunite precipitation (and supergene enrichment) 
occurred at Spence much more recently than 20 
Ma. 

The results of this study will provide information on the 
usefulness of hematite dating in situations where 
numerous water table drawdown/recharge events may 
have occurred and improve our understanding of the 
relationship between deposition of post-mineral cover 
and the cessation of supergene enrichment. An ash layer 
situated ~60 m up the gravel sequence at Spence has 
been dated at ~9.5 Ma (Sun et al. 2018). Any alunite ages 
younger than this would suggest leaching and supergene 
enrichment continued to some extent beneath 
appreciable cover. It has previously been suggested that 
deposition of more than 50 m of cover would elevate the 
water table and stop any further progression of 
weathering and copper enrichment (Sillitoe and McKee 
1996). 
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Abstract. Goethite and todorokite were deposited 
alternately in fault-related impregnations in Lower 
Triassic sandstone along the rift shoulders of the Upper 
Rhinegraben (URG) in Germany. Laser ablation U-Pb 
dating of these minerals show two distinct age clusters: 
around 45 Ma (Mid-Eocene) and 4 to 2 Ma (Pliocene). 
The older ages suggest that the supergene mineralization 
occurred coevally with the early rifting phase of the URG, 
while the young ages are measured in subsequent 
mineralizations reflecting a late re-activation of the faults 
and related descendent, meteoric fluid flow.  
 
1 History of mining 
 
The former Petronell mining area is situated in the 
southern part of Rhineland Palatinate close to Bad 
Bergzabern. The so called "limonitic" ore was mined 
intermittently from around 1580 until the second half of 
the 19th century. From the subsurface mining activity at 
Petronell the yearly production was around 400 metric 
tons at the beginning of the 19th century (Walling, 2005). 
These relatively small deposits characterized by 
dominantly goethite impregnation of Triassic Bunter 
sandstone along local and regional faults are widespread 
in the region. Their former iron production contributed to 
the regional technological development from the 16th to 
the 19th century (e.g., Held and Günther 1993). 
 
2 Geology of the region and formation of the 

deposit 
 
The deposit is located at the western rift shoulder of the 
Upper Rhinegraben (URG) in the Palatinate Forest (Fig. 
1). The URG extends in a NNE–SSW direction for about 
300 km between Basel and Frankfurt, is over 30–50 km 
in width, and forms part of the European Cenozoic rift 
system (ECRIS; Ziegler and Dèzes 2005). The URG is 
bordered by more or less symmetrical, up to 1500 m high 
rift shoulders on its eastern and western sides; the 
maximum vertical throw between the base of the graben 
and the uplifted flanks exceeds 4 km. The rift shoulders 
expose the European basement (mostly Variscan 
granitoids and metamorphic rocks), Permian volcano-
sedimentary sequences, and Mesozoic epicontinental 
deposits. 

Rifting of the Upper Rhinegraben was initiated in mid-
Eocene time at around 47 Ma (Illies 1977; Grimmer et al. 
2017). The extension occurred in several pulses with 
contrasting mechanisms. The basin fill records the 
associated major subsidence phases at around 37–31 

Ma, 25–18 Ma and post-5 Ma. Mafic alkaline volcanism 
has been associated with the development of extensional 
structures in and around the graben system (for a brief 
summary on the evolution see Walter et al. 2018). 
 

 
Figure 1. Geological sketch map of the Upper Rhinegraben (map 
base: Geological map of Germany, 2 mio, BGR, Hannover, 2004). 
Star indicates the Petronell deposit situated along the western main 
boundary fault of the URG. 
 

The goethite impregnations form irregular, partly fault-
related bodies in the Lower Triassic Bunter sandstone. 
The most plausible mechanism for the mobilisation and 
supergene precipitation of iron assumes a gravity-
triggered flow cell that developed following the formation 
of the fault-controlled relief along the rift shoulder. 
Potentially Cenozoic lakes and swamps may have 
developed in the rift valley during the early extensional 
phase and may have reduced the pH of the infiltrating 
meteoric water, enhancing the removal of iron from the 
ferrous cement of the sandstones. The basal strata of the 
Cenozoic basin fill contains organic-bearing layers 
(Böcker and Littke 2016), thus assuming their former, 
wider extent above the current rift shoulders is a reliable 
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scenario. 
 

3 Mineralogy and geochemistry 
 
The mineral phases were identified by Raman 
spectroscopy using 532 nm wavelength laser light, while 
their chemical composition was determined by laser 
ablation using an excimer laser and an Element2 ICP 
mass spectrometer. Laser ablation line analyses were 
performed in order (i) to characterize the composition of 
the minerals and zones of the ore, and (ii) to demarcate 
potential minerals and/or zones where the concentration 
of U and the Pb/U ratio is appropriate for U-Pb 
geochronology. The applied spot size was 75 µm (speed: 
20 µm/s) and 54 analyses were registered from 46 
elements.  

The dominant mineral of the Fe-ore is goethite, forming 
tight impregnations and partly botryoidal crusts in the 
fissures of the sandstone. The composition of the 
goethite in the botryoidal crust shows a gradual change 
from the early layers towards outer layers precipitated 
later (Fig. 2). The internal zone is richer in trace elements, 
including increased Al->Fe substitution in goethite. The 
uranium concentration is typically constant, but in some 
samples it shows a 3-fold increase towards the younger 
goethite layers (i.e. towards the rim). In these external 
zones the Pb/U ratio and the U concentration are 
appropriate for the application of U-Pb geochronology. 

 

 
Figure 2. Concentration of some trace elements in a thin goethite 
crust from the Petronell mine. Laser ablation line analysis along a 
ca. 4 mm long section (reflected light microscopic image in the upper 
panel). 
 

Todorokite and pyrolusite are the typical Mn-minerals 
in the deposit, but they occur in smaller amounts than 
goethite. The textural context of the Fe- and Mn-minerals 
is not obvious, sometimes the Mn-oxide phases are older 
than the main goethite phase, but also younger Mn-oxide 
generations can be recognised. Oscillating fluid 

conditions cannot be excluded. The Mn-oxide crusts are 
rather heterogeneous, exhibiting locally high porosity, 
and, in some minor cavities, mm-sized euhedral 
pyrolusite crystals. The goethite content in the Mn-oxide 
zones is variable. The Al content correlates well with the 
Fe content, but their ratio varies in different domains. 
Because Al shows no correlation with Si or K, it is likely 
that Al is incorporated in the lattice of goethite (Fig. 3). 

 

 
Figure 3. Correlation of Al and Fe in the zones of the ore with 
varying goethite content. The Al/Fe ratio varies between the zones. 

 
4 Unconventional U-Pb dating using goethite 

and todorokite 
 

The laser ablation analyses were performed using spot 
sizes between 33 and 90 µm. As no matrix matched any 
Fe-oxyhydroxide and Mn-oxide reference materials 
available for U-Pb geochronology, we used the most 
commonly used zircon reference materials (GJ1, 
Plesovice, 91500 and FC1) for fractionation and drift 
correction. The ablation behaviour of these reference 
materials differs from the metal(oxy-)hydroxides, but the 
bias introduced by this contrast should be less than 10%. 
The samples contain highly variable amounts of common 
lead, so the ages were calculated as lower intercepts on 
the Tera-Wasserburg plot. 

We recorded two age groups in the todorokite phases: 
(i) around 45 Ma (Mid-Eocene) and around 4 to 2 Ma 
(Pliocene). For the goethite it was possible to date only 
the outer zone of the crusts, as only in this thin layer was 
the Pb/U ratio acceptable for geochronology (Fig. 4). 
These spots yield Pliocene ages, similar to the younger 
age group detected in the Mn-oxides. 
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Figure 4. Upper panel: Tera-Wasserburg plot of a typical Eocene U-
Pb age determined in the early generation of todorokite. Lower 
panel: Pliocene U-Pb age measured on the external layer of the 
botryoidal goethite. 
 

 
5 Conclusions 
 
- The two age groups are well characterised, with very 
few ages in between these two groups. 
- The coherent Pliocene ages detected in different 
phases indicate that the U-Pb system remained closed 
after the formation of these minerals. We therefore 
interpret these data as well-defined temporal constraints 
on fluid movement (i.e. hydrochronology). 

- The older ages match the opening of the Upper 
Rhinegraben and indicate that the descendent, oxidative 
meteoric water had reached the currently exposed level 
of Lower Triassic sandstone by the Mid-Eocene, in the 
early period of rifting.  
- The younger ages coincide well with the youngest, <5 
Ma subsidence phase in the Upper Rhinegraben. 
Probably the associated faulting opened older fissures 
and generated renewed descendent water circulation 
leading to the precipitation of the young goethite and 
todorokite generations. 
- So far no ore specimens have yielded Miocene U-Pb 
ages that are characteristic of fissure-filling carbonates in 
the Schwarzwald ore district, at the southeastern rift 

shoulder of the Upper Rhinegraben. This might be due to 
(i) the small sample numbers (i.e. statistical reason), or 
(ii) the lack of volcanic activity in the region in contrast to 
the southern URG. 
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Abstract. Fe-oxide weathering profiles can provide 
insight into chemical reactions at Earth’s surface in 
response to tectonic events and climate change (Shuster 
et al. 2005; Monteiro et al. 2014; Vasconcelos et al. 
2015). Here, we characterize goethite using scanning 
electron microscopy and X-ray diffraction before 
determining U, Th, and He concentrations of the same 
sample from a weathering profile in the Attepe Fe-ore 
deposit, southern Turkey. A He age of 2.32 ± 0.03 Ma 
was achieved with reproducibility of He, U, and Th at ~1% 
(4 aliquots for He, 5 for U and Th). This study 
demonstrates that supergene goethite can provide 
reproducible chronological information from weathering 
profiles and may allow for more informed discussion on 
tectonic and climate events across Eurasia in recent 
Earth history. However, the extent of He diffusion in this 
goethite mineralisation is yet to be determined by 3He/4He 
methodology, ruling out complete robustness of the 
study. Such weathering events, often linked to 
aridification, may have influenced dispersal pathways of 
early Homo into Eurasia from African and the modern 
Syrian region.   
 
1 Introduction 
 
Chemical weathering and reprecipitation of metalliferous 
lithologies into economically viable ore bodies is known 
as supergene enrichment (Vasconcelos 2015 for 
summary). Chemical weathering is influenced by climate 
conditions like annual precipitation, cold month mean 
temperature, and warm month mean temperature and 
can result in stratified weathering profiles as deep as 1 
km below surface (Shuster et al. 2005; Thorne et al. 2012; 
Vasconcelos et al. 2015). Fe-oxides are ubiquitous near 
surface weathering products and due to Earth surface 
temperatures being low enough for Fe-oxides to be He 
retentive, the (U-Th)/4He age is accepted as the timing of 
mineral precipitation (Shuster et al. 2005).  

Helium retentivity in goethite varies depending on the 
crystalline and/or presence of intergranular material in 
samples but can be experimentally determined by 
4He/3He diffusion experiments (Shuster et al. 2005; Heim 
et al 2006; Deng et al. 2017; Monteiro et al. 2018). It is 
common for a study to apply a 5% to 20 % error to He 

ages to account for diffusive loss of He in goethite. For 
example, Deng et al. (2017) use goethite (U-Th)/He and 
4He/3He geochronology to constrain the timing and rates 
of chemical weathering utilizing a weathering profile in a 
porphyry Cu deposit on the eastern fringes of the Tibetan 
Plateau. By correlating their ages with palaeoclimate 
conditions deduced from nearby supergene Mn-oxides 
and loess deposits, Deng et al. (2017) were able to infer 
that monsoonal precipitation controlled chemical 
weathering and that its intensities varied as a result of 
surface uplift and drainage reorganization throughout the 
timespan. Their approach to quantifying diffusive loss of 
He coupled with detailed petrographic investigation of the 
sample set is a marker going forward in this field of study. 

In this study, we built on progress made by Wu et al. 
(2019) with multi-aliquot Fe-oxide (U-Th)/4He dating and 
applied the method to a supergene weathering profile in 
the Attepe mining district, southern Turkey. This is the 
first attempt to absolutely date a Turkish weathering 
profile and may help to better understand the timing of 
tectonic events and climate change in the Cenozoic 
across Eurasian using Fe-rich weathering profiles.  
 
2 Geological setting and samples 
 
The 100 km2 Attepe mining district lies at ~1500m above 
sea level in the west of the Eastern Taurus Belt, Kayseri-
Adana region, southern Turkey (Kupeli 2010). It is one of 
Turkey’s most important Fe-ore deposits with reserves 
estimated at >70 mt at grades of 40%-58% Fe2O3; ~1 mt 
of Fe-ore is currently extracted per year (Kupeli 2010). 
Hosted in Lower-Middle Cambrian shallow-marine and 
dolomitic carbonates of the Caltepe fm and Mesozoic 
metaconglomerates of the Karakazolugu fm, Fe-ore 
occurs as fault controlled hydrothermal vein-type and its 
more abundant and economically more important 
supergene enriched weathering product. An uneconomic 
sedimentary Fe-sulphide mineralisation is reported in the 
Precambrian bituminous metapelites and 
metasandstones across the district (Kupeli 2010).  

The deposit is concentrated on fault systems with 
carbonates and underlying metasandstones brecciated 
by multi-phase deformation imposed by Caledonian, 
Hersinian and Alpine orogenic events (Kupeli 2010). 
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Alpine event in the region are reported to have been 
active during Palaeogene-Lower Eocene times (Kupeli 
2010). All mines show evidence of at least 2 generations 
of faulting with faults providing pathways for hydrothermal 
mineralizing fluid which are reported to have replaced 
carbonate host rock (Kupeli 2010). Almost all mining 
operations are concentrated in the oxidation zones which 
is composed of supergene enriched veins, lenses, and 
stocks up to 15m thick. Climate conditions during Alpine 
orogenic events and related hydrothermal mineralisation 
were conducive to supergene enrichment in the Balkans 
and western Turkey (Thorne et al. 2012) and supergene 
enrichment has been proposed from Eocene to recent 
times in the Attepe mining district (Kupeli 2010).  

11 samples from 5 mines have been supplied from the 
Attepe district for this study. 1 sample, S3, has been 
characterized using scanning electron microscopy (SEM) 
and powder X-ray diffraction (XRD) before being 
analysed for 238U, 232Th, and 4He thus far with the ten 
expected to be analysed over spring/summer 2019. No 
stratigraphic constrains have been given for each sample 
making this study a pilot for future work.  

  
3 Methodology 
 
Sample S3 was characterized using SEM and XRD 
analysis. Several grains of goethite used for 238U, 232Th, 
and 4He determinations were hand-picked and 
homogenized. Gangue minerals were removed after 
500µm, 250µm, and 125µm sieving stages before final 
gentle crushing to <38µm.  

Aliquots of the homogenized crush were weighed into 
5 x 2.5 mm Pt-foil tubes which were then crimped at both 
ends and placed into a degassed Cu pan and pumped to 
~10E-8 torr vacuum. Samples were spaced 10mm apart 
in the Cu pan to avoid cross-contamination during 
heating. No baking of the loaded pan prior to He analysis 
was undertaken to avoid partial degassing but the flexible 
stainless-steel appendage connecting the pan to the He 
purification line was baked overnight prior to He analysis 
to remove active gas species trapped on it. He was then 
extracted by heating each packet to 1000°C ± 30°C 
(determined by laser pyrometer) for 5 minutes by diode 
laser with liberated gas purified for 10 minutes by 
exposure to two liquid nitrogen-cooled charcoal traps. 
Effective degassing of samples was determined by 
repeating heating of sample as described. Reheats were 
<0.8% of first heat and comparable to an empty Pt tube 
subjected to the same heating procedure. 4He 
concentrations, along with hydrogen and methane, were 
determined by an electron multiplier in a Hidden HAL3F 
quadrupole mass spectrometer in static mode with 
procedures described in Foeken (2006).  

U and Th concentrations were determined on separate 
aliquots from the same homogenized crush used in He 
determinations following ICP-MS methodology in Wu et 
al. (2019). Separate analysis of U-Th and He was done 
to avoid volatilization of U and Th during heating for He 
extraction.  

 
4 Results 
 
Optical microscopy and SEM analysis revealed a 
pervasive boxwork texture across S3 (Fig. 1). S3 was 
identified as goethite with botryoidal, prismatic, needle-
like, and platy crystal morphology (Fig. 1). Crystallite 
were generally <0.1µm but reached up to 25µm in 
prismatic morphology (Fig. 1). XRD analysis shows 
homogenized crush used in He dating to be purely 
goethite (Fig. 2).   

A preliminary (U-Th)/4He age and trace element 
concentrations for sample S3 is summarized in table 1. 
Standard error of the mean on multi-aliquot 4He 
concentration is 1.1% (n=4) and 1% for U atoms/g 
variability (n=5). Samples have negligible Th content and 
Th was not considered in final age calculations. (U-
Th)/4He ages were calculated using average He and U 
concentrations. 
 

 
 
Figure 1. 1: optical microscope image of sample S3 showing 
internal surface of goethite sample. Metallic grey and mottled voids 
(a) and yellow weathering (b). 2: SEM Secondary electron image of 
site ‘a’ from image 1; botryoidal goethite infilled voids with botryoids 
composed of radiating needle-like crystallites. 3: SEM back-
scattered electron image of site ‘b’ from image 1; boxwork texture, 
like cross-hatching, seen across image. 4: Higher magnification of 
red box in image 3 showing prismatic, needle-like, and platy goethite 
crystal morphology with red lines indicating ribs of boxwork texture. 
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5: higher magnification of red box in image 4; needle-like goethite 
growing in to voids.  
 

 
Figure 2. Diffractogram of 1-hour powder XRD analysis of S3. Well 
defined goethite relative intensity peaks are visible.  
 
Table 1. Summary of preliminary 4He, U, and Th concentrations and 
He ages for samples S3 and S8. 
 

 
+ mg; * 10-10 ccSTP/mg; ^ ng; age in Ma. 
 
4 Discussion 
 
Boxwork textures revealed by optical and SEM on 
goethite suggests that the host lithology has been 
replaced as a result of chemical weathering and resultant 
supergene enrichment. Protruding ribs seen in SEM 
images may be remnant crystal boundaries of replaced 
primary mineralogy; siderite pseudomorphs being the 
most common boxwork in carbonate hosted ore deposits 
(Taylor 2011). Ribbing of crystal boundaries is a multi-
stage process as follows: initial development at the water 
table; leaching in the oxide zone; final development in the 
oxide zone with complete replacement of the host 
mineralogy (Taylor 2011).  

The multi-aliquot method first documented by Wu et 
al (2019) demonstrates that hematite and cogenetic 
adularia ages from Elba overlap within uncertainty, giving 
credence to the current study. Age uncertainties here are 
comparable to the pioneering study on goethite (U-
Th)/4He dating by Shuster et al. (2005) and less than 
those in notable studies in recent years (Cooper et al. 
2016; Deng et al. 2017 for example). However, it is worth 
noting that no other datable material was present in 
samples supplied from the Attepe mining district and that 
no datable minerals are cogenetic with Fe-oxides (Kupeli, 
2010). Thus, no ‘double check’ on age determinations 
was possible. Moreover, we have yet to undertake 
3He/4He analysis to determine the proportion of 4He loss 
by diffusion across samples. 

The climate and tectonic evolution of the southern 
margin of the Central Anatolian plateau (smCAP) is 
intrinsically linked to the formation of the Attepe Fe-ore 
deposits. Thorne et al. (2012) suggest that, based on 
climate studies in current weathering zones, a weathering 
profile requires >1000 mm/yr precipitation, have cold 
month mean temperatures between 15 and 27 °C, and 
warm month mean temperatures between 22 and 31 °C 
to form. Modern climate records in the town of Kayseri at 
over 1 km elevation and ~120 km to the north of Ateppe 
mining district shows an average of 385 mm 
precipitation/yr, cold month mean temperature between 6 
and -1°C, and warm month mean between 14 and 21°C, 
therefore ruling out recent supergene enrichment (C.D 
2019). However, climate conditions in western Turkey 
and the Balkans are suggested to have been in this range 
during the Middle Eocene (Thorne et al. 2012) and may 
have continued developing through the Middle Miocene 
climate optimum. Therefore, a transition from a conducive 
climate to the current cold-arid climate can be suggested 
to have occurred from Middle Eocene to recent.  

By the Eocene, the same tectonism that led to the 
closure of the Neotethyan oceanic strip began uplift of 
what is now the Central Taurides on the smCAP and 
continued into Miocene times (Jaffey and Robertson 
2005). Uplifted Neogene sediments and Quaternary 
fluvial terraces have been recorded in the Mut Basin, 
~250 km SW of the Attepe mining district along the 
smCAP (Schildgen et al. 2012). Their results suggest 
multi-phase uplift along the smCAP with active phases 
between 8 and 5.45 Ma, 1.66 and 1.62 Ma and 1.6 Ma to 
present based on surface exposure ages of gravels on 
strath terraces. It could be suggested that these uplift 
events removed the Attepe mining district from the 
supergene enrichment zone to the preservation zone by 
lowering the local water table to allow for precipitation of 
goethite. However, by conducting a more detailed and 
stratigraphically constrained study, we may be able to 
correlate earliest supergene Fe-oxide mineralisation with 
the onset of uplift and climate change across a 
substantial area of southern Turkey.  

On a more human level, the timing of goethite 
formation here is close to earliest examples of Homo 
dispersal from Africa across the Levant (now Syrian 
region) (Turner 1999). Tchernov (1992) has suggested 
that global changes in climate and aridification throughout 
the Pleistocene led to restricted movement in that area. 
By locating and dating other weathering profiles across 
Eurasia, the Balkans, and southern Europe, we may be 
able to build a picture of tectonic events and climate 
change which in turn may have affected the dispersal of 
our earliest ancestors across Eurasia.  

 
4 Conclusion 
 
Goethite from a weathering profile in the Attepe mine 
yielded a (U-Th)/4He age of 2.3 ± 0.03 Ma. Based on 
mineralogy and boxwork texture, this sample is indicative 
of supergene enrichment of a carbonate host which is 
consistent with local geology. We tentatively suggest that 
aridification across the smCAP is related to regional scale 

Sample Aliquot Mass + 4 He * Mean 4He * Aliquot Mass + 238 U ^ 232 Th ^ He Age ` 
S3  3.10  4.5 7.20 7.31 ±  

0.011 
 

3.1 5.1 6.82 
 

0.31 
 

2.315 ± 
0.035 

 3.11 5.4 7.33  3.2 5.3 7.90 
 

0.62 
 

 

 3.16 4.0 7.40  3.3 4.8 6.36 
 

0.35 
 

 

 3.17 3.6 7.31  3.4 4.9 6.47 
 

0.33 
 

 

     3.5 4.7 6.71 
 

0.39 
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uplift from at least the Pliocene which has in turn removed 
the Attepe mining district from a zone of supergene 
enrichment to a zone of preservation as seen today. This 
study cannot be conclusive since sample size is limited, 
stratigraphic information for samples is not given, and 
potential 4He loss by diffusion has not been determined. 
However, this may be the beginning of an attempt to 
develop the multi-aliquot goethite (U-Th)/4He method to 
provide valuable information regarding the tectonic and 
climatic history of localities with Fe-rich weathering 
profiles across Eurasia and beyond. Moreover, locating 
and dating other weathering profiles across Eurasia, the 
Balkans, and southern Europe may build a picture of 
tectonic events and climate change which in turn may 
have affected the dispersal of our earliest ancestors 
across Eurasia.  
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Abstract. Advanced tropical weathering of alkaline- 
carbonatite rock led to the accumulation of increased 
amounts of economically important minerals and 
elements - such as apatite, anatase, and rare earth 
elements within the supergene profile from the Catalão 
Region, Brazil. Whole rock geochemical analyses reveal 
a vertical zonation of the phosphate ore, trending from the 
alkali-rich least altered bed rock at the bottom of the 
profile to iron and titanium dominated areas in the 
uppermost parts of the profile. Due to multiphase 
hydrothermal and supergene processes, the initial 
mineral paragenesis of the parental rocks is not 
detectable any longer. The mineral paragenesis is 
dominated by siliceous matrix and iron hydroxides with 
different portions of apatite and magnetite. The least 
altered rock displays the lowest content in rare earth 
elements (REE) indicating an upward enrichment in REE 
within the supergene weathering profile. 
 
1 Introduction 
 
Alkaline-carbonatites are intrusive igneous rocks, which 
commonly contain abundant apatite, magnetite, barite, 
and fluorite, that may in turn contain elevated 
concentrations of rare earth elements, phosphorus, 
niobium, and other elements of economic importance. 
Alkaline-carbonatite intrusive complexes are structurally 
controlled by intracontinental zones of crustal weakness 
(Black et al. 1985). Deep weathering of these complexes 
occurs all over the world, being particularly intensive in 
tropical areas of Australia, Africa, and South America. In 
these regions, supergene alteration and redistribution of 
elements has led locally to the formation of economically 
viable ore deposits.  

The main process involved in the genesis of these 
deposits is the lateritisation of the ores that led to the 
development of a weathering profile with a distinct vertical 
mineral zonation. Laterisation processes are the result of 
intensive chemical weathering, in which metals like Al, 
Mg, Fe, Cu, Ni, and REE are totally or partially released 
from the parent rock. The predominant mineral 
assemblages comprise goethite, hematite, Al-
hydroxides, kaolinite minerals, and quartz (Schellmann 
1982).  

Our study investigates the geochemical and 
mineralogical characteristics of a phosphate ore zone of 
a lateritic weathering profile from the Catalão Region. The 
31 samples were collected from homogeneous areas 
within the phosphate ore zone and cover a depth range 
of 64.50 m to 132 m.  

2 Sample Materials and Methods 
 
The light microscopic identification of primary minerals 
and their weathering products was carried out with a Carl 
Zeiss Axiophot polarisation microscope, combined with a 
Nikon Digital Sight DS‐Fi2/ DS‐U3 analogue‐to‐digital 
converter.  

For scanning electron microscopy (SEM), a JEOL JSM 
6300 SEM equipped with an EDX-detector XFlash 5010 
(Bruker, Billerica; USA) was used for imaging and mineral 
distribution analyses. 

Chemical analyses of whole rock samples were made 
by a certificated laboratory (ALS, Ireland) using ICP-MS 
for rare earth and trace elements and ICP-AES for whole 
rock analyses.  

A TerraSpec infrared spectrometer (ASD, USA) 
equipped with a contact probe was used for reflectance 
spectroscopy analyses. Infrared-spectroscopy uses 
energy potentials in the Visible Infrared (VIR, 400–700 
nm), Near Infrared (NIR, 700–1300 nm) and Short-Wave 
Infrared (SWIR, 130–2500 nm) wavelength range of the 
electromagnetic spectrum to determine mineral 
compounds. 
 
3 Mineralogy and Mineral Parageneses 
 
The formation of the deposit was influenced by several 
hypogene hydrothermal processes and an intense 
supergene decomposition and weathering stage. Thus, 
all the minerals described here, are strongly altered and 
only remnants of the original minerals were observed.  
Magnetite is one of the main gangue minerals occurring 
in various quantities in all parts of the profile as both 
euhedral and strongly altered crystals. Due to oxidation 
processes, martitisation took place, which is documented 
by fine-crystalline hematite within the magnetites. 
Commonly, exsolution lamellae of ilmenite, producing 
striae on lattice planes {111} are formed and are a further 
indication of intensive oxidation. Overgrowth of titanium 
rich phases such as ilmenite and anatase and slight 
dissolution features at the crystal edges also document 
the alteration processes.  

Mica occurs as anhedral and mostly elongated crystals 
with normal and reverse pleochroism from white to pale 
yellow indicating the presence of iron. Especially large 
phenocrysts can be detected easily and were identified 
as phlogopite (Fig. 1). These phlogopites have a typical 
layered lattice structure and commonly display folding 
textures. In some thin sections, phlogopite constitutes the 
main silicate phase and in others a siliceous cement 
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constitutes the matrix.  
Iron hydroxides occur in all samples and overgrow the 

siliceous matrix but occur also as interstitial layers in 
phlogopite and other minerals.  

Apatite occurs as sub-millimetre-size, oval-shaped, 
weathered aggregates with round edges with a greyish 
coating. Rare earth phosphates occur at the rim of the 
apatite as microcrystalline zones. Phenocrysts of apatite 
as well as magnetite display marginal embayments, 
indicating a magmatic origin, whereas dissolution cavities 
and fractures illustrate the influence of supergene 
weathering processes. Apatite is the main carrier of 
phosphate in the weathering profile and is also the 
currently mined ore mineral. 

Cavities, which probably formed due to dissolution, are 
lined by secondary silica phases and crandallite group 
minerals (e.g. gorceixite) growing inwards in 
concentrically bands.  

The main rare earth element carrier minerals are 
randomly distributed RE-phosphates occurring, among 
others, as cryptocrystalline agglomerates at the rims of 
apatite and intercalated in anatase and iron hydroxides.  
Barite, zircon, and pyrochlore are common accessory 
minerals in the lower parts of the profile. 

 
Figure 1. Phlogopite-dominated (phl) thin section of the profile with 
RE-phosphates and fractured magnetite (mag) associated with 
ilmenite. 
 

 
4 Geochemistry 
 
4.1 Major Element Geochemistry 
 
The major element geochemistry of the weathering profile 
is presented and discussed using a ternary P2O5 – (Fe2O3 

+ TiO2) – (MgO + Na2O + K2O + CaO) diagram (Fig. 2). 
In this diagram two samples of the least altered rocks at 
the bottom of the profile plot closest to the alkali corner. 
Especially the sample from the bottom of the profile is 
characterised by high MgO-concentrations and low 
contents of Fe2O3, TiO2 and P2O5. The samples in the 
hanging wall section show significantly higher CaO and 
P2O5 contents. A strong correlation between Ca and P 

indicates that phosphate in this part of the profile is 
predominantly contained in apatite. Samples from 
between 67.70 m to 115.10 m display a trend towards the 
(Fe2O3 + TiO2) edge and a slight decrease of CaO and 
P2O5 compared to the deeper samples. The two 
uppermost samples from the profile feature the highest 
Fe2O3 and TiO2 concentrations and a strong depletion in 
CaO and P2O5.  

Geochemical data of major elements clearly illustrate 
a vertical compositional zonation with a trend from alkali-
rich, least altered rocks towards iron and titanium 
dominated, more strongly weathered parts of the profile. 
The SiO2 concentrations vary strongly from 24 wt.-% to 
44 wt.-%. 

 
Figure 2. Ternary diagram showing the geochemical 
composition of the samples and evolution of the supergene 
weathering profile. 
 

4.2 Rare Earth Element Geochemistry 
 
Chondrite-normalized REE distribution patterns 
(normalisation values from Boynton 1984) for the mean 
values of the different horizons are displayed in Fig. 3. 

The chondrite-normalised values range from between 
5500 and 9000 for La to Yb values between 10 and 30, 
documenting the enrichment of light REE compared to 
heavy rare earth elements (HREE). For each horizon, the 
distribution pattern of the normalised rare earth elements 
is very similar as shown by the parallel patterns of the 
curves. These consistent patterns and the restricted 
variation of the La/Lu ratios (400-550) indicate only very 
minor REE differentiation during the supergene 
processes.  

The least altered rock samples (127.40 m–132.00 m) 
display the lowest normalised REE values, which 
indicates an upward enrichment of the REE in the 
weathering profile. Within the weathering horizons the 
CaO and P2O5 rich samples have the highest mean 
values of REE but the uppermost samples also display 
an enrichment in rare earth elements. This suggests that 
the distribution of rare earth elements is not restricted to 
specific horizons or geochemical environments but 
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influenced by other parameters. 

 
Figure 3. Chondrite-normalised rare earth element distribution 
patterns within the studied supergene profile (chondrite values 
from Boynton 1984). 
 

 
5 Reflectance SWIR-Spectroscopy 
 
SWIR-spectroscopy was carried out on 31 crushed and 
sieved (< 1mm) sample splits representative of each 
profile section. All resulting reflectance spectra in the 
profile were generally marked by trivalent iron absorption 
in the NIR-region (910-930 nm), which was caused by the 
presence of goethite. Lowering absorption depths of the 
broad Fe3+-absorption feature indicate that the content of 
goethite changes with depth. Thus, the content of 
goethite decreases with depth, so that the Fe3+-
absorption in the spectra changed from weak in the deep 
parts to more strongly developed towards the upper parts 
and the top of the profile. Goethite is commonly the 
dominant SWIR-active mineral in the upper intervals of 
the weathering profile. Vibrational bands in the upper five 
samples are markedly masked by the dominance of 
goethite so that the absorption depth of mineral bands 
increases clearly with depth from the sixth sample in the 
profile.  

Spectra of the entire profile are characterised by 
vibrational absorption features generally caused by clay 
minerals and sheet silicates. Major absorption bands 
were detected at 1415 nm, 1910 nm, 2210 nm, and in 
between, whereas weakly developed absorption features 
were observed at 1750 nm, 2235 nm, and 2293-2298 nm. 

Generally, the manifestation of the absorption features 
is subject to changes within the weathering profile, so that 
single bands seem to fade out in distinct samples. 
Dominant absorption features are caused by vermiculite, 
montmorillonite, and locally kaolinite. This mineral 
association shares the absorption feature at 1415 nm, 
whereas kaolinite and montmorillonite cause overtone 
vibrational bands at 2210 nm. Additionally, vermiculite 
spectra contain weaker absorption features at 1750 nm 
and 2295 nm. Simultaneous occurrence of minerals, 
which share wavelength positions are manifested by the 
general feature shape of the dominant mineral 

accompanied at least by an inflection or a weak 
absorption feature on the absorption band shoulders 
caused by an additional absorption through a further 
mineral. 

 
Figure 4. Paragenesis of SWIR-active minerals according to their 
spectral occurrence and absorption intensity within the 
weathering profile. 
 

Reflectance spectra of the base of the weathering 
profile shows exclusively vermiculite, whereas the 
footwall section up to 125.0 m is characterised mainly by 
the occurrence of montmorillonite and weak absorption of 
nontronite and/ or kaolinite. From the depth of 110.0 m, 
the reflectance spectra are dominated a clay kaolinite-
nontronite association, which is interrupted by a 
montmorillonite-dominated sample (107.5-105.5m). In 
the profile section from 105.5 to 97.9 m nontronite occurs 
in the upper part as the predominant clay mineral, 
accompanied by montmorillonite and traces of kaolinite, 
whereas the latter is dominant in the lower part of this 
profile section where montmorillonite disappears 
completely. Towards the top, the nontronite absorption 
intensity decreases up to 85.5 m, but represents - 
besides montmorillonite - a main clay mineral in this 
section with subordinate occurrences of kaolinite. 
Reflectance spectra of the intervals from 85.05 m to 70.0 
m are characterised by absorption features caused 
mainly by montmorillonite, showing kaolinite inflection at 
the shoulders of the main absorption feature. SWIR-
active minerals at the top of the weathering profile (70.0-
64.5 m) are mainly goethite, and subordinately kaolinite. 
 
6 Conclusion 
 
The laterisation of an alkaline carbonatite complex from 
the Catalão Region led to the development of a 
supergene weathering profile with several well-defined 
horizons, which were identified by geochemical analyses, 
optical microscopy and SWIR spectroscopy. 

The least altered rocks at the bottom of the profile 
display higher concentrations of alkali elements 
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compared to the upper parts of the profile, indicating a 
different mineralogy and environment. Due to the 
inhomogeneity of the fresh bedrock a direct comparison 
of the least altered rock with the weathered horizons was 
not possible. Geochemically, the supergene processes 
are characterised by a general loss of Ca, Mg and K and 
simultaneous enrichment and accumulation of Fe and Ti. 
The oxidation Fe2+ to Fe3+ and the influence of meteoric 
water constituted the basis for the formation of goethite. 
Relatively increasing goethite content from the bottom to 
the top of the profile indicate an evolution from a 
hypogene alkaline to a supergene acidic environment. 
The destabilisation of the silicate phases and apatite led 
to the formation of secondary, hydrated Al-phosphates 
such as gorceixite. The leaching of Ca from perovskite 
may also had been important for the formation of 
titanium-rich phases as a consequence of alteration to 
anatase. Vermiculite occurs only in the lower parts of the 
profile and possibly originates from the alteration of 
primary phlogopite. In the upper portion of the profile 
vermiculite is not stable and could be an appropriate 
source of Al for the formation of secondary Al-
phosphates. Nontronite has apparently formed in the 
profile as a pseudomorph replacement of pyroxene or 
alteration of phlogopite. The distribution of the rare earth 
elements is not restricted to specific horizons but the REE 
are more strongly concentrated in the weathered upper 
part of the profile. The enrichment of the REE has thus 
taken place in a typical supergene tropical environment. 
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REE potential in bauxites 
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Abstract. The Kızıldağ and the Kemiklitepe bauxite 
deposits are located in the Bolkardağ bauxite province, 
which is the second most important Turkish province for 
bauxite production after Seydişehir-Akseki. The bauxite 
deposits in Bolkardağ province resulted from the 
lateritization of Lower-Upper Triassic shales. In the 
Bolkardağ region protolith, saprolite and bauxite 
transition processes are well observed and permitted to 
characterized the behaviour of the elements during 
bauxitization. The bauxite in this region consists of 
diaspore, hematite, goethite, anatase and magnetite, 
which developed between the Upper Triassic and Middle 
Jurassic (Aalenian). While the REE contents from 
protolith to bauxite decreased from the Kızıldağ bauxite 
(average 1017, 883 and 750 ppm for protolith, saprolite 
and bauxite, respectively), it increases in the Kemiklitepe 
bauxite (average 436, 424 and 1043 ppm) during 
bauxitization. This can be explained by the fact that the 
REE-bearing minerals have weathered and REE have 
leached during bauxitization in Kızıldağ, while in the 
Kemiklitepe deposit, the REE-bearing resistant minerals 
in the protolith were transported to bauxite. The Kızıldağ 
protolith resembles the Chinese clays mined for REE with 
respect to its mineralogy and REE content, and could be 
a potential REE source.    
 
1 Geological background of Kızıldağ and 

Kemiklitepe Bauxite Deposits 
 
The Bolkardağı province consists of three main tectono-
stratigraphic units: The Bolkardağı Unit (BU), the Namrun 
Tectonic Unit (NTU) and the Aladağ Unit (AU). These 
three tectonic units overlapped with a compressional 
tectonic regime that began in the Late Cretaceous. All the 
three tectonic units include bauxite deposits. Kızıldağ and 
Kemiklitepe deposits are located within the Namrun 
Tectonic Units (Fig. 1).  

The geology of the Kızıldağ bauxite zone is formed by 
Upper Permian Mizzia-bearing metalimestone 
(Karlığıntepe Fm.), the Lower-Middle Triassic calcschist 
(Kocatepe Fm.) and the Middle-Upper Triassic dolomitic 
limestone (Gökkandil Fm.). 

In the Kemiklitepe deposit, the Upper Triassic 
metalimestone (Karagedik Fm.) and the Upper Triassic 
metashales is unconformably overlained by Middle 
Jurassic metalimestone (Tavşancıdağtepe Fm; Fig. 2). 
 
 
 
 
 

Figure 1. Bauxite provinces of Tauride belt and the geology of the 
Bolkardağ region (From Alan et al., 2007; Hanilçi 2013). 

 

 

 
Figure 2. Cross sections of Kızıldağ (Top) and Kemiklitepe (Bottom) 
Bauxite Deposits (not to scale). 
 

The thickness and lateral continuity of bauxite ore 
zones in the Kızıldağ and Kemiklitepe deposits is 5 and 
15 m, and 100 and 400 m, respectively. Both deposits 
consist of mainly diaspore, hematite, goethite, magnetite, 
pyrite and anatase. The protoliths of both deposits are 
composed of quartz, amesite, chlorite, mica, pyrophyllite, 
illite, kaolinite, albite and calcite. The bauxites of Kızıldağ 
result from the transformation of Lower Triassic shales, 
while those of the Kemiklitepe from Upper Triassic 
shales. The bauxitization has been developed between 
the Upper Triassic and Middle Jurassic formations. 

 
2 Geochemistry 
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The average of Al2O3 contents in the Kızıldağ deposit are 
27.32% in the protolith, 26.54% in the saprolite, 44.70% 
in the bauxite; SiO2 values 46.43% in the protolith, 
34.03% in the saprolite, 12.98% in the bauxite; the mean 
Fe2O3 contents are 10.58% in the protolith, 24.05% in the 
saprolite, 26.51% in bauxite; and mean TiO2 contens are 
1.57% in the protolith, 1.77% in the saprolite and 2.76% 
in the bauxite. The average REE contents of Kızıldağ ore 
are 1016.7 ppm in the protolith, 883 ppm in the saprolite 
and 750 ppm in the bauxite. 

The average Al2O3 contens in the Kemiklitepe deposits 
are 33.99% in the protolith, 46.38% in the saprolite, 
56.28% in the bauxite; mean SiO2 contents 41.48% in the 
protolith 28.16% in the saprolite, 2.84% in the bauxite; 
The average Fe2O3 contents are 10% in the protolith, 
12.12% in the saprolite, 25% in the bauxite; the mean 
TiO2 contens were 1.79% in the protolith, 2.20% in the 
saprolite and 1.88% in the bauxite. The mean REE value 
of the Kemiklitepe is 436 ppm in the protolith, 423 ppm in 
the saprolite, and 1043 ppm in the bauxite (Fig. 3). 

 

 
 
Figure 3. REE patterns the protolith, saprolite and bauxite of the 
(top) Kızıldağ and (bottom) Kemiklitepe bauxite deposits (chondrite 
values from Boynton 2013). 

 
The ΣREE of the Kızıldağ protolith is higher than that 

of bauxite due to to the presence of REE-bearing 
minerals containing REE such chlorite, feldspar, albite, 
and illite in the protolith zone. Raman studies shows that 
the protolith includes allanite (La, Ce) and Cerite (Ce). 

During the bauxitization processes the REE were leached 
due to fluids of pH<6 where REE’s occur as free ions 
(Turner et al. 1981; Wood 1990). This process probably 
caused the decrease in REE content from the protolith to 
the saprolite and bauxite.  

In contrast, the Kemiklitepe protolith contains fewer 
REE than the bauxite. The SEM data evidence the 
presence of zircons, and the Raman study evidence the 
presence of REE minerals such as Braitschite, cerianite, 
allanite and cebaite present in the Kemiklitepe bauxite. 
The higher ΣREE content of the Kemiklitepe bauxite 
relative to its protolith probably indicates that REE were 
present in the zircon, anatase and rutile which were not 
aletred by weathering conditions. It is known that REE are 
present in the structure of zircon, monazite, apatite, 
anatase, ilmenite, sphene, and rutile minerals (Braun et 
al. 1990; some zircons contain up to 20 wt.% REE2O3 ; 
Nishida et al. 2010). 

The average of U content of the Kızıldağ deposit for 
the protolith, saprolite and bauxite are respectively 12, 
14, 19 ppm. At the Kemiklitepe deposit the U content are 
respectively of 24, 15 and 11 ppm. These values are 
higher than that of the continental crustal average (1–3 
ppm; Cumberland et al. 2016; R. G. M. 1985; Fig. 3).  
 
3 Conclusions 
 
The Kızıldağ and Kemiklitepe bauxites are derived from 
the weathering of the Lower and Upper Triassic shales. 
The field relationship between the ore and the wall rock 
shows that bauxitization process developed between the 
Upper Triassic and Middle Jurassic. The REE content of 
the Kızıldağ protolith ranges between 241 and 3089 ppm, 
and at Kemiklitepe the bauxite contains between 543 and 
2745 ppm. REE shows a positive correlation with Na, K, 
Be, Sr, U and Th in Kızıldağ protolith. At Kemiklitepe it 
has a positive correlation with Al, P and Ti. This 
relationship indicates that REE is involved in K, Ca, Mg-
bearing minerals (possibly in feldspar, albite and chlorite) 
in Kızıldağ protolith, while REE are present in minerals 
resistant to weathering such as anatase, rutile and zircon 
in the Kemiklitepe protolith. On the other hand, the 
protolith of Kızıldağ have primary REE minerals, allanite 
and cerite not leached during the bauxitazion, these 
minerals also presence in the bauxite. At Kemiklitepe 
protolith, no evidence for primary REE minerals but in the 
bauxite the secondary REE minerals have occured during 
the process of bauxitization. 

The ΣREE content of the Kızıldağ protolith and 
Kemiklitepe bauxite show at least a 1000-fold enrichment 
according to the NASC and Chondrites value (NASC: 
ΣREE = 173.2 ppm, Chondrite: ΣREE = 9.9 ppm (Lodders 
and Fegley 1997; Rudnick and Gao 2003). In terms of 
their mineralogical composition and REE content, the 
Kızıldağ protolith could be a REE potential when 
compared to the Chinese REE-bearing clays produced 
(average 1200 ppm). 
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Abstract. Perlite is an important industrial mineral, 
resulting from secondary hydration of silicic volcanic 
glass. In the Western Carpathians, there occur three 
economic deposits and several occurrences, hosted by 
Neogene volcanics. Chemical and isotopic compositions 
of perlites were studied for the purpose of understanding 
the mechanism of hydration of glass in perlites. Strong 
correlations between water content (expressed as loss on 
ignition - LOI), Na2O, δ18O and δD were determined. 
Modelled isotopic composition of perlites in equilibrium 
with present day meteoric liquid and vapour indicates 
hydration with a significant proportion of vapour. 
Advanced hydration occurs in porous glass, where the 
vapour is able to penetrate tiny pores, which speeds-up 
the process of hydration. Hydration starts at elevated 
temperatures, but a higher degree of hydration happens 
by removal of alkali elements accompanied by exchange 
for diffusing ions of hydrogen at significantly lower 
temperatures. This probably occurs in geological settings 
that enable slow cooling so that the decreasing speed of 
diffusion with decreasing temperature is compensated by 
a longer time of opening of the system. The proposed 
model of perlite hydration was tested by modelling of 
perlite data from very different climatic conditions on New 
Zealand and in Yellowstone, USA. 
 
1 Introduction 
 
Perlite is the hydrated form of acid volcanic glass, 
originating by secondary hydration of primary obsidian 
that results from a quick cooling of degassed acid lava. 
Typical perlites have a characteristic onion-skin texture 
that is related to changes in volume during hydration. 
However, they also occur in the form of porous hydrated 
glass, which is a typical texture of perlites in the Western 
Carpathians. For industry, perlite is important for its ability 
to expand during a quick heating to 900–1200 °C with a 
10- to 20-fold increase in volume. The reason for this 
phenomenon is the transition of hydrated molecular water 
(2–5 wt.% H2O) into overpressured vapour accompanied 
by expansion of partially melted perlite grains. Due to the 
expansion, perlite obtains an extremely low density with 
a cellular texture.  

This study is focused on determining the conditions of 
secondary hydration of volcanic glass in the Western 
Carpathians, especially using the combination of data on 

chemical and isotopic composition of perlites. The 
proposed genetic model was applied to similar data from 
perlites from volcanic systems in New Zealand (Lawless 
and White 2015) and in Yellowstone (Bindeman and 
Lowenstern 2016). Perlites from these systems have 
been hydrated just partially and they come from areas 
with a different climate and consequently with a different 
isotopic composition of meteoric water. 
 
2 Methods 
 
Analytical study was performed on perlite samples from 
the Central and East Slovakia Neogene Volcanic Fields 
(especially Lehôtka pod Brehmi and Jastrabá deposits) 
and their continuation in Hungary (Palháza deposit). All 
localities have a roughly similar age and composition of 
parental rhyolite magma and meteoric water in terms of 
their isotopic composition. For comparison, several 
perlite samples were also studied from New Zealand, as 
well as obsidian and rhyolite samples from East and 
Central Slovakia Neogene Volcanites, respectively. 

Chemical composition of perlites was determined by 
silicate analyses in laboratories of Bureau Veritas 
Commodities Canada, Ltd. Water content was 
determined by loss on ignition at 950 °C for 4 hours.  

For stable isotope analyses only perlites without 
phenocrysts were used (phenocrysts were removed by 
handpicking). Prior to analyses, perlites were crushed to 
a size <160 μm and 1–2 mg of each sample was heated 
to 150 °C for 12 hours to remove freely adsorbed water. 
The isotopic composition of hydrogen was analysed at 
the Earth Science Institute of the Slovak Academy of 
Sciences. Samples were heated here to 1000 °C by an 
elemental analyser for thermal decomposition of samples 
and subsequently hydrogen isotopic composition was 
measured using a mass spectrometer. Oxygen isotope 
analyses were performed in SUERC laboratories in 
Glasgow. Oxygen from perlites was released by reaction 
with ClF3 during heating by a laser. 
 
3 Results 

 
3.1 Chemical composition of perlites 
 
For the purpose of understanding the mechanism of 
hydration of glass in perlites, concentrations of selected 
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oxides of water-soluble cations (Na+, K+, Ca+) were 
correlated with water content in perlites (LOI). Binary 
diagrams show strong negative correlation of LOI with 
Na2O (Fig. 1), as well as with the Na2O/K2O ratio, but 

correlation with K2O and CaO contents was not observed 
or they are just weak, even though at individual localities 
perlites have different concentrations of these oxides.

 

 
Figure 1. Comparison of isotopic and chemical composition of perlites, obsidians and rhyolites from the Western Carpathians, New Zealand 
and Yellowstone. Lines highlight significant correlation trends. Diagrams include data from Lawless and White (2015) and Bindeman and 
Lowenstern (2016) from New Zealand and Yellowstone, respectively. 
 
3.2 Isotopic composition of perlites 
 
Oxygen and hydrogen isotopic compositions of perlites 
were compared with their chemical composition (Fig. 1). 
Significant trends of positive correlations were 
determined between δ18O values and water content (LOI) 
and between δD values and Na2O content. Contrariwise, 
strong negative correlations occur between δ18O and 
Na2O values as well as between δD and LOI values. Data 
from New Zealand and Yellowstone usually form different 
trends in the diagrams. Correlations of δ18O and δD with 
K2O and CaO contents were not observed. 
 
3.3 Modelling of perlite hydration 
 
In general, correlation of isotopic composition of hydrated 
glasses with their chemical composition is described just 
rarely in regional (e.g. δ18O with K2O; Cerling et al. 1985), 
or on microscopic scales (δD with H2O in core vs. margin 
of perlite grains; Bindeman and Lowenstern 2016). These 
correlations were explained by subsequent mixing of 
magmatic water in perlite (OH-) with hydrating water of 
meteoric composition. Our model calculations show that 
due to a very low content of OH- in perlites compared to 
hydrated water such mixing would form a hyperbolic 
rather than a linear trend in terms of δD values. 

An alternative interpretation of the observed 

correlations could be related to changes in isotope 
fractionation with temperature. However, as hydrogen 
isotopes fractionate between glass and water in a kinetic 
way, the fractionation value remains constant despite 
changes in temperature (-32 ‰; Friedman et al. 1993) 
and thus the observed correlations cannot be explained 
just by temperature variation. 

However, hydrogen isotope fractionation could be 
significantly influenced by the conversion of liquid water 
to vapour, which results in a significant isotope 
fractionation. In contrast to original water, vapour has 
significantly decreased values of both δD and δ18O, while 
the scale of fractionation strongly depends on 
temperature (at 80 °C: 37 ‰ ΔD and 5.9 ‰ Δ18O, at 
40 °C: 62 ‰ ΔD and 8.2 ‰ Δ18O; Horita et al. 1995). 
Thus, it is possible to assume that an isotopically 
fractionated vapour could have participated in the 
hydration of glass. In order to test this possibility, we have 
modelled isotopic composition of perlites in equilibrium 
with meteoric liquid and vapour (Fig. 2). The position of 
analysed perlites in the diagram indicates probable 
temperatures of final isotopic reequilibration and relative 
amounts of liquid and vapour, participating in hydration. 
Their position between the lines of isotopic equilibrium 
between perlite and meteoric liquid (blue line) and perlite 
and vapour derived from the liquid (red line) indicates 
roughly similar participation of liquid and vapour at all 
studied localities of the Western Carpathians.  
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Figure 2. A. Isotopic composition of perlites from the Western Carpathians, shown in the diagram with modelled composition of perlites in 
equilibrium with meteoric liquid and vapour of variable composition at various temperatures, using the rhyolite-water fractionation factors of 
Zhao and Zheng (2003) and Friedman et al. (1993). Modelled composition of perlites is shown by isotherms, parallel to the meteoric water line 
(MWL), with highlighted composition of perlites in equilibrium with modern meteoric liquid and vapour (derived from the liquid). O-shift shows 
the possible change in oxygen isotopic composition of meteoric water due to the reaction with surrounding rocks. B. Detail from the diagram 
A including information on typical content of water in analysed perlites. Their position in the diagram indicates hydration with a significant 
proportion of vapour.

 
Furthermore, the less hydrated perlites (3–4 wt.% H2O; 

Lehôtka, Palháza) show relatively higher equilibrium 
temperatures (45–65 °C) compared to more hydrated 
perlites (4–5.5 wt.% H2O; Jastrabá; 30–45 °C). 

However, the above modelling is influenced by various 
potential sources of error, such as possible change in 
oxygen isotopic composition due to reaction with 
surrounding rocks (O-shift), possible influence of oxygen 
isotopic composition in perlite derived from hydrated 
water, possible difference in closure temperatures for 
fractionation of oxygen and hydrogen, and possible 
influence of adsorbed free water. 

 
4 Genesis of perlites in the Western 

Carpathians 
 
The interpreted significant participation of vapour in the 
origin of perlites in the Western Carpathians can be 
related to their very porous texture that could enable an 
easy penetration of hot vapour compared to liquid water. 
This is further supported by an order of magnitude lower 
viscosity of vapour compared to aqueous liquid and the 
absence of surface stress. In this way the vapour could 
have speeded up hydration of glass and to achieve 
advanced hydration. Perlite porosity studies using 
computer tomography have shown that pores are mostly 
interconnected, which lowers the necessary depth for 
complete hydration of glass to just tens to hundreds of 
micrometres (Varga et al. 2019). Vapour could have also 
prevented rapid quenching of glass to a non-hydrated or 
weakly hydrated obsidian. 

In several of the studied localities, hydration with a 
significant proportion of vapour is indicated by the 
geological setting, where the contact with liquid 
groundwaters could be only limited. For instance, at the 
Jastrabá deposit perlite is developed on the bottom of a 
rhyolite flow, sitting on permeable volcanoclastic rocks 
(Zuberec et al. 2005). At the Lehôtka pod Brehmi deposit 
perlitisation affected a permeable extrusive breccia pipe 
that formed a bold morphological elevation (Lexa and 
Pošteková 2012). Around the world, the majority of perlite 

deposits have experienced hydration by meteoric water 
close to the surface of extrusive bodies (Barker and 
Santini 2006).  

As the water saturation in glass increases with 
decreasing temperature (Duan 2014), the higher amount 
of water in perlites can be explained by hydration at 
relatively low temperatures, which is also indicated by our 
stable isotope modelling of hydration. However, a 
decrease in temperature also causes a significant 
decrease in the speed of diffusion of water in glass, 
therefore it is necessary to assume that perlitisation 
occurs just in magmatic bodies with sufficiently long 
cooling times and with contact with heated meteoric 
water, especially in the form of vapour.  

Based on the observed correlation of Na2O content 
with the content of hydrated water in perlites it is possible 
to assume that the removal of sodium occurs by 
exchange for diffusing ions of hydrogen. Because the 
isotopic modelling has shown that more hydrated perlites 
originated at lower temperatures, it is probable that this 
process needs relatively low temperatures and the 
system must be open for diffusion of water for a relatively 
long time. So, the glass hydrated initially by low amount 
of water at higher temperatures can be further hydrated 
subsequently. This is also supported by the fact that the 
diffusivity of molecular water in glass increases 
exponentially with the total water concentration in the 
glass (Zhang and Behrens 2000). 
 
5 Modelling and genesis of perlites from 

areas with different climates 
 
In order to test the proposed model of perlite hydration 
we processed and modelled perlite data from very 
different climatic conditions in New Zealand and 
Yellowstone, which result in different isotopic 
compositions of local meteoric waters (relatively heavier 
and lighter compared to the Western Carpathians). 

For the New Zealand perlites the analytical points in 
the model diagram indicate significantly higher 
temperatures of final reequilibration (~95 °C), but with a 
similar liquid/vapour ratio compared to Western 
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Carpathians perlites. Chemical analyses of these perlites 
showed a lower content of water (2.0–3.4 wt.%), while no 
decrease in Na2O or K2O was observed, except for the 
sample with the highest water content (Na2O depletion by 
0.5 wt.%). Typical of New Zealand perlites is the 
presence of non-hydrated cores in perlite grains. The 
above features are probably the result of a relatively quick 
cooling with the absence of low-temperature hydration 
and late-stage isotopic re-equilibration.  

For the Yellowstone perlite modelling it was necessary 
to consider the presence of extremely low δD water from 
the surrounding glaciers. Bindeman and Lowenstern 
(2016) have shown in local perlites the presence of 
weakly hydrated cores with a significantly heavier isotopic 
composition compared to local meteoric water. The 
analytical points in the model diagram indicate a 
predominantly liquid water source of hydration, but the 
isotopic equilibrium was probably not achieved. The 
isotopic composition could have been significantly 
influenced by the composition of less hydrated cores of 
perlite grains, especially in samples with a low total 
amount of water. Rare more hydrated samples (up to 5 
wt.% H2O) have the lowest values of δ18O and δD, which 
again is indicative of hydration by increased participation 
of vapour with final isotopic reequilibration at ~50–60 °C. 
Less hydrated samples indicated higher temperatures 
(up to 80 °C) but without significant contribution of 
vapour, or the isotopic equilibrium was not reached. The 
participation of glacial water on hydration appears to be 
unlikely. 

 
6 Conclusions 
 
The research on stable isotope composition of perlite 
from Western Carpathians deposits has shown that 
hydration of glass was probably caused by a mixture of 
hot meteoric liquid and vapour. Advanced hydration 
occurs in porous glass, where the vapour is able to 
penetrate even into the tiniest pores, which speeds-up 
the process of hydration. Hydration starts at elevated 
temperatures, but stable isotope data can record just the 
final isotopic equilibrium (if it was reached). It is likely that 
to achieve higher degrees of hydration, some removal of 
alkali elements is necessary accompanied by the 
exchange for diffusing ions of hydrogen (Na in case of W 
Carpathians perlites), while the intensity of this process is 
directly proportional to the decrease of temperature of 
final hydration. This probably occurs in geological 
settings that enable slow cooling so that the decreasing 
speed of diffusion with decreasing temperature is 
compensated by longer time of the system being open. 
Furthermore, the increasing amount of water in glass 
increases the speed of diffusion of water.  

This model of hydration of perlites can be applied also 
to other perlite deposits and occurrences in the world, but 
in the case of weakly hydrated perlites it is necessary to 
consider disequilibrium states due to the presence of 
non-hydrated cores of perlite grains. 
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Abstract. Colombian emerald exploration is difficult, 
unpredictable and still very empirical. Therefore, 
complementary methods are necessary to discover new 
deposits. The study of the fractionation of stable isotopes 
was tested not only to identify the main source(s) and the 
evolution of the fluid(s), which caused the formation of 
emeralds, but also to establish numerical anomalies, 
inferring a more or less reactive fluid-rock interaction in 
order to precipitate emerald. Working towards 
establishing this analytical tool in the Colombian emerald 
reservoirs, 37 carbonate samples were collected from 
seven mines for δ13C and δ18O analyses. The study 
shows ranges of values between 18 and 21.8‰ SMOW 
δ18O and -4 to -10.3‰ PDB δ13C for hydrothermal fluids, 
which led the emerald mineralization for the visited 
mines. 33 shale and pyrite samples were collected from 
6 mines for δ34S, the results show that samples ranging 
between 11.2 to 29.7‰ (VCDT), suggest an evaporitic 
origin, with a hydrothermal process involved. On the other 
hand, sedimentary pyrite and shale without hydrothermal 
signs vary in a range between -12.6 to -5 ‰ δ34S (VCDT), 
inferring area without emerald mineralization, since this 
mineral is a by-product of hydrothermal events. Field 
geology, petrography, Raman and SEM-EDS analyses 
were complementary in order to characterise mineral 
associations and their corresponding habits. 

 
1 Introduction 
 
The Colombian emerald deposits located in the Eastern 
Cordillera are located in two parallel belts which are 
separated by around 110 km. These deposits are known 
worldwide due to their high quality and unique geological 
environment (Giuliani et al. 2019).  

The ores hosted in Lower Cretaceous shales and 
limestones are mostly emplaced in stock-work veins, 
hydrothermal and hydraulic breccias (Giuliani et al. 
2019). 

The study of the fractionation of stable isotopes is 
commonly used in order to identify the main source(s) 
and evolution of the fluid(s), which caused the formation 
of different ore deposits (Ohmoto and Goldhaber 1997; 
Taylor 1979). This geochemical method is an important 
tool to define the effectiveness and reactivity of the rock-
fluid interaction incorporating or leaching elements from 
the host rock in order to precipitate different hydrothermal 
minerals at a later stage. In addition, the temperature of 
a mineral association is possible to calculate using this 
method.  

On the other hand, stable isotope fingerprinting can be 
used as a complementary exploration method (Engel et 
al. 1958; White et al. 1990), since numerical anomalies 

can infer a more or less reactive fluid in the system. 
Furthermore, previous researchers demonstrated that 
stable isotope ratios are altered in rocks surrounding 
orebodies compared to rocks unaffected by hydrothermal 
alteration, meaning that stable isotope alteration halos 
can be delineated (Barker et al. 2013).  Analyses of δ13C 
and δ18O, for exploration purposes, have been used 
mostly in copper, epithermal gold ore and carbonate-
hosted mineral deposits (Vasquez et al. 1998).  

The analysis of stable isotope fractionation has been 
applied to Colombian emerald deposits previously, but 
only with the purpose of determining the composition of 
the fluid that interacted with the host rocks (Giuliani et al. 
1995; 1997). Also, there is an artivle by Giuliani et al. 
1998 where the authors analyse δ18O in emeralds to 
determine the geographic origin of the green beryl.  
However, this tool has not been implemented as an 
exploration method before the current research. It is 
important to highlight the necessity to complement it with 
other geological and geochemical analysis in the 
potential zone (i.e. mineralogical association, suitable 
tectonic and hydrothermal zones, Na enrichment and 
depletion of Li, K, Be, and Mo in the host rocks (Beus 
1979), high REE content in the hydrothermal veins 
(Mantilla et al. 2007), proper spaces originated by 
structures to lead emerald precipitation, etc).  

The aim of this study is to propose a stable isotope 
range (δ13C, δ18 and δ34S) for exploration purposes in the 
Western Emerald Belt in Colombia, and establish the 
nature of the fluid within the deposits. 

 
2 Regional geology settings 
 
The Western Emerald Belt (WEB), located on the western 
side of the Eastern Cordillera basin, contains a complete 
lithological record of Cretaceous transgressive 
sedimentation. Within a facies distribution scheme, the 
sedimentary subsidence must have played an important 
role along the distending faults that are currently 
manifested in reverse or transcurrent regional faults, due 
to a tectonic inversion. These manifestations are in both 
NE and NW orientations (Reyes 2006). 

In the study area, Lower Cretaceous sedimentary 
rocks are outcropping. The mudstone and shale-rich 
composition of the units influences the tectonic 
deformation of the rocks by their ductile behaviour, and 
generates intense folds and faults, which are not easy to 
recognize. The folding is notorious at regional and local 
scale. The anticlines that separate them are not well 
defined and they present very sharp closures, tight and 
generally asymmetric (Reyes 2006).  

The geological formations in the area are mostly 
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sedimentary, which present lateral changes in the 
lithology. The emeralds in the WEB in Colombia are 
hosted in the Rosablanca and Paja Formations. 
However, for the current study, the samples were 
collected from seven mines located in Paja Formation. 
The mines were divided in 5 different groups according to 
their geographic location for a better analysis (Fig. 1). 
Lithologically speaking there are calcareous and non-
calcareous series of mudstones, shales and siltstones 
from the Hauterivian-Barremian (Reyes 2006). The most 
important feature in these units, which is crucial when 
exploring emeralds, is the obvious metasomatism 
suffered by the rock by highly reactive fluids, which were 
able to leach and transport major elements and trace 
elements to finally precipitate emerald, pyrite, 
carbonates, phosphate, etc. 

 

 
Figure 1. Location of the mines for this study. Modified from Gomez 
et al. (2015). 
 
3 Geological observations for emerald            

exploration in the Western Emerald Belt 
 
The following are, among others, the most important field 
geological criteria to be considered in order to delimit 
areas with emerald potential. These observations were 
necessary in order to define productive and non-
productive carbonates for further isotopic analysis. 
 
3.1 Tectonic and hydrothermal structures 
 
The emerald mineralization in Paja Formation is related 
to a very strong metasomatism of the black shales 
caused by the alkaline and saline fluids expelled by 
compressive tectonics in the Paleogene (Mora et al. 
2006; Horton et al. 2010; Branquet et al. 1999). This 
process is known as the thermal-reduction of the sulphate 
at 300–330°C due to the organic matter in the black shale 
(Giuliani et al., 2019; Ottaway et al. 1994; Cheilletz et al., 
1996). The fluid was driven by thrust faulting, and due to 
the pressure: hydraulic breccia (Fig. 2), stockwork veins, 
geodes and hydrothermal breccias were developed. The 
shale shows albitization and carbonization which, in a 
meteoric stage, is altered to kaolin. On the other hand, 
tight recumbent, asymmetrical and overturned folds are 
common in the area due to an active tectonic zone. 
Thus, hydrothermal alteration in the shale and the 

development of spaces for the further precipitation of 
emeralds and the set of minerals, which come from it are 
necessary to be recognized in the field for prospecting 
purposes.  

 

 
Figure 2. Hydraulic breccia formed due to the high pressure 
generated by the effect of hydrothermal fluid on the rock. 

 
3.2 Mineralogical assemblage 
 
According to field, microscopic and geochemical 
observations, the most common minerals associated with 
emeralds are dolomite, ankerite, calcite, albite, and 
pyrite. Other less common mineral indicators are siderite, 
parasite, apatite, fuchshite, muscovite, pyrophillite, 
euclase, barite, etc. However, the presence of those 
minerals does not necessarily mean the presence of 
emerald. All the mentioned minerals are emplaced in 
veins, breccia or within the black shale.  

According to Cheilletz et al. (1994) two generations of 
calcite are distinguished: (i) an early fibrous calcite, and 
(ii) a later rhombohedral calcite and dolomite associated 
with emerald. (Fig. 3). However, in the field were 
recognizable other habits for the carbonates such as 
rhombohedral elongated and geodes where the spaces 
are bigger and there is growing of the crystal from outside 
to the centre of the cavity. 

 

 
Figure 3. Association of rhombohedral calcite and emerald. 
 
 
4 Stable isotopic results 
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4.1 δ18O and δ13C carbonate compositions 
 
37 carbonates from 7 mines along the WEB were 
analysed in order to determinate δ18OH2O and δ13CCO2. The 
assumed temperature for these calculations was 320°C, 
an intermediate temperature previously measured by 
Cheilletz et al., 1994 and Mantilla et al., 2007 who studied 
primary fluid inclusions in calcites and emeralds. The 
isotopic composition of water (δ18OH2O) in equilibrium with 
carbonates was calculated using Kim, S.-T. & O'Neil, J.R. 
(1997) and, the isotopic composition of carbon dioxide 
(δ13CCO2) in equilibrium with carbonate was calculated 
using Ohmoto y Rye (1976) formula. 

δ18O show values ranging between 17.54 and 25.05‰ 
in V-SMOW standards. The values are very positive and 
suggest that magmatic reservoirs were not involved, 
instead suggesting sedimentary and metamorphic origins 
(Rollinson, 1993). 

On the other hand, the composition of δ13C for the 
same samples vary in a range between -7.49 to 1.91‰ in 
V-PDB standards. Both equilibrium and kinetic processes 
control the fractionation of carbon isotopes. In many 
cases, the fractionation of δ13C is strongly temperature 
dependent. However, dissolution and reprecipitation 
processes do not fractionate carbonates (Rollinson, 
1993).  

The original isotopic composition of the samples for 
each mine were plotted in a diagram δ13C (PDB) vs. δ18O 
(SMOW) (Rollinson, 1993) which shows the isotopic 
composition of a number of different carbonate 
reservoirs. (Fig. 4). All the samples show a 
sedimentary/metamorphic origin, discarding any 
magmatic influence. However, it is possible to identify two 
different groups according to the collected data; for group 
2, which include a group of mines producing more 
emeralds than the others do, δ18O shows higher values, 
which means that the fluid is not homogeneous along the 
belt in composition and/or temperature. 

 

 
Figure 4. δ13C (PDB) vs. δ18O (SMOW) composition of the 37 
carbonates from WEB mines in different carbonate reservoirs. 
Modified from Rollinson, 1993. 
 
4.2 δ34S composition of pyrite and shale  
 
The results gathered from our analyses demonstrate that 
hydrothermal pyrites and shales range from 11.2 to 
29.7‰ (VCDT) and suggest an evaporitic origin for the 
fluid, thus these are interesting areas for exploration. On 
the other hand, -12.6 to -5 ‰ (VCDT) suggest a 
sedimentary origin for pyrite and a non-metasomatized 

shale, which implies no emerald occurrence in these 
sectors (Fig. 5). The results confirm a non-magmatic 
influence in the hydrothermal process.  

Figure 5. δ34S isotopic signatures for shale and pyrites in different 
locations at the WEB. 
 
5 Discussion and conclusions 
 
The δ18O and δ13C results in carbonates clearly shows 
two different clusters for the WEB, where Group 2 is 
independent from the other ones (Fig. 4). That difference 
means and heterogeneity in the fluids along the same 
emerald belt, which can be influenced by changes in 
temperature or fluid/rock composition. These differences 
directly affected the hydrothermal system in the area 
affecting emerald precipitation in different sectors. 

For exploration purposes and according to the 
productivity classification of each sample, to geological 
observations and emerald occurrences associated to the 
carbonates analysed in this research, the productive and 
non-productive samples from all the mines were plotted 
in a δ13C (PDB) vs. δ18O (SMOW) figure (Fig. 6). For 
exploration purposes: A range between 18 to 21.8 ‰ for 
δ18O (SMOW), and -4 to -10.3‰ for δ13C (PDB) represent  

 
Figure 6. δ13C (PDB) vs. δ18O (SMOW) composition of carbonates 
related to emeralds in the WEB. 
the isotopic signature of the hydrothermal fluids which led 
to emerald mineralization for the visited mines. Therefore, 
any calcite coming from hydrothermal veins from the Paja 
Formation in the WEB, with an isotopic value close to this 
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range of values, and with the appropriate geological 
setting has the possibility of being associated with 
emeralds. 

At the same time, pyrites and shales in an 11.2 to 
29.7‰ (VCDT) isotopic range suggest a hydrothermal 
source for their formation, which means a complementary 
proxy for exploration purposes in the WEB. 
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Abstract. Photoluminescence spectra were collected 
from 84 crystal emeralds (71 from Colombia and 13 from 
Afghanistan and Zambia) in order to characterize their 
spectral fingerprint and to determine their origin: (i) either 
the Eastern or Western emerald belts for Colombian 
ones, and (ii) from the different worldwide emeralds. The 
wavelength between 683 and 685 nm is the key to 
differentiate emeralds through two current peaks called 
R–lines, which correspond to a metastability doublet of 
the chromium ion when the sample is excited. The 
photoluminescence in the emeralds is generated from 
trace chromium impurities.  

The origin-dependent nature of these variations may 
be helpful to identify geographic origin. The differences 
between R–line wavelengths and corresponding trace 
element concentrations, revealed strong correlations 
between peak position change of the R1 peak, and 
chromium and iron concentrations.  

In the two Colombian emerald belts, differences in the 
chemical composition of the host rocks i.e., black shales 
and the mineralization tectonic setting, have an impact on 
the emerald chemistry. These chemical differences are 
exploited through several techniques such as LA-ICP-MS 
to determine the origin of emeralds. 
 
1 Introduction  
 
Emerald is a gem variety of beryl (Be3Al2Si6O18). In 
Colombian emeralds, the colour is due to the presence of 
trace elements such as chromium, vanadium and iron 
(Schwarz and Schmetzer, 2002). These elements absorb 
part of the visible spectrum and this absorbed energy 
emerges again as a luminescence phenomenon. For the 
case of chromium, this is known as the spectral band 
related to chromium. This photoluminescence (PL) 
spectrum, where the emissions seen, are known as lines 
R: R1 ≈ 683 nm and R2 ≈ 680 nm, result from the 
substitution of Al3+ by Cr3+ in the octahedral site of the 
beryl structure (Nassau, 1978).  

Previous works have correlated the chemistry of the 
preparations with the photoluminescence spectra. Moroz 
et al. (2000) suggested that substitution of aluminum by 
iron and magnesium which is common for emerald in 
schist–type deposits, changed the position of the peaks 
in the spectra, and in consequence could be used to 
differentiate emeralds from different environments. For 
instance, Thompson et al. (2014; 2017), carried out two 
different kinds of research in Colombian–type 
environments. In the first one, he realized that the 
changes in the R1–peak are generated by the 
concentration of silicon in the crystal, where substitutions 
of impurities or crystalline defects can occur in the silicon 

position. Aurisicchio et al. (1988), through X–ray 
diffraction, did not find any evidence of such substitutions; 
and Schmetzer (2015), reported that the change in silicon 
concentration could arise from some accumulations in the 
aluminum, which would produce incorporation of another 
element generating the changes in the R1–peak. In 
addition, Thompson et al. (2017), concluded that there is 
a strong correlation between high magnesium and 
sodium contents with longer wavelengths in the spectrum 
for the R1–peak in emeralds belonging to schist–type, 
while the opposite case happens for emeralds with low 
concentration of these elements, which belong to other 
types of environments, such as Colombian–type with 
shorter wavelength values. 

Previous research using photoluminescence applied 
to different emeralds worldwide has not seen a difference 
between emeralds from the Eastern and Western 
Colombian emerald belts. 

In this paper, we present for the first time using 
photoluminescence spectra, differences between 
emeralds from the two Colombian belts and their 
incidence on the determination of origin.  
 
2 Geological setting 
 
Colombian emerald deposits are geologically remarkable 
because of their occurrence within sedimentary rocks of 
the Eastern Cordillera (Fig. 1). The mineralization takes 
place along two parallel belts located on the external 
flanks of the cordillera. In the Eastern Belt, the emerald–
bearing veins are hosted by a stratiform brecciated level 
predominantly composed of grey albitites. The 
mineralization occurred at 65–67 Ma, and is controlled by 
an extensional structural style (Branquet et al. 1999). In 
the Western Belt, the mineralized veins and breccias are 
hosted by organic–rich black shales. They formed at 38 
Ma during compressional tectonic events (Cheilletz et al. 
1994).  

The Colombian emeralds are found in hydrothermal 
breccias and veins hosted by strongly altered (albitized 
and carbonatized) lower Cretaceous marine rocks and 
the veins are mostly made up of calcite, dolomite, albite, 
siderite, and pyrite. In both Colombian emerald belts, 
there are striking differences in the composition of the 
host rocks, the geological age and tectonic setting of the 
mineralization. These differences imprint on the emerald 
a fingerprint with which is possible to determine its origin. 

 
3 Analysis and samples 
 
84 emerald crystals were selected as follows (Fig. 2): 71 
from Colombia (28 samples from Palo Arañado and  
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Figure 1. Geological map of the Eastern cordillera in Colombia. The emerald deposits are hosted in Lower Cretaceous series along two belts 
located on the external flanks of the Eastern cordillera basin, trending NE–SW. In each geological section the locations of the studied emerald 
mines are shown. 
 
Oriente mines, Chivor mining district in the Eastern Belt; 
43 from the Amarillal, Palo Blanco, and Catedral mines in 
the Muzo mining district in the Western belt,; and 13 from 
deposits in Zambia and Afghanistan. 

 

 
Figure 2. a. Emerald crystals from both Colombian Emerald belts. 
b, c. Each hexagonal prismatic crystal was analysed perpendicular 
to the crystal c–axis (red arrow) and parallel to the c–axis (blue 
arrow). d. Photoluminescence routine: an emerald crystal is 
analysed with a green laser beam from the top. 
 

The photoluminescence analyses were performed 

using a Horiba LabRAM HR Evolution equipment, with an 
acquisition time of 5 s, accumulations of 10 scans, a 
wavelength range from 660 to 700 nm, objective plan N 
10x / 0.25 ∞ / - / FN22, reflection grid 1800 gr / mm, 
resolution 0.025 nm, laser 532 nm, laser power 250 mW, 
power of excitation 0.5 mW and hole 100 μm. 

Chemical analysis of each emerald were performed 
through Laser Ablation Inductively Coupled Plasma Mass 
Spectrometry LA-ICP-MS at the Center of Excellence in 
Mineral Resources (CODES) of the University of 
Tasmania, Australia. 
 
4 Results 
 
Examining R–lines extracted from the 
Photoluminescence spectra of each emerald, we can see 
that the R1–peak belonging to the Eastern Colombian 
Emerald Belt samples, sits on the shortest wavelength, 
while the Western Emerald Belt samples line sits on a 
longer wavelength, and the Zambian and Afghanistan 
samples line sits on the longest wavelength. 

The Colombian emeralds range between 683,400 and 
683,800 nm. Those samples belonging to Afghanistan 
are between 683,900 and 684,100; while those of Zambia 
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range between 684,090 and 684,500. Finally, for the two 
Colombian belts, a clear difference is marked at 683,650 
nm, which allows differentiation of the origin between the 
Eastern Belt and the Western Belt (Fig. 3). 

 
Figure 3. Photoluminescence spectra of emerald samples from both 
Colombian Emerald Belts. a. Eastern belt, b. Western belt. c. d. 
Spectra of emerald samples from other countries: Afghanistan and 
Zambia. The curves from the Colombian emerald samples are 
shown with a higher intensity (purple and blue lines), while curves 
from Afghanistan and Zambia appear lower (red and green lines). 
 

Regarding the intensity, Nassau (1978), mentioned 
that the presence of Fe inhibits or dissipates the 
chromium photoluminescence emission. Considering the 
LA–ICP–MS data obtained on Colombian emeralds in the 
present work, it appears that the Fe contents in emerald 
from the Western Belt are between 333 and 488 ppm, 
while for the Eastern Belt they are between 133 and 170 
ppm. The Cr contents for the Western Belt are between 

702 and 950 ppm, while for the Eastern Belt they are 
between 930 and 2100 ppm. That is to say, we found 
more Cr and less Fe in the Eastern Belt, and lower 
amounts of Cr and greater amounts of Fe in the Western 
Belt. This feature is related to the change in the intensity 
of the R1–peak observed in the spectra. For the 
Colombian emeralds from the Eastern Belt, it is reached 
up to 18,000 counts per second while those from the 
Western Belt, it can reach just 3,000 counts per second 
(Fig. 3). 

Additionally, the relationship described for emeralds of 
the two belts with respect to (i) the concentration of the 
two elements, (ii) the Cr/Fe ratio, and (iii) the position of 
the R1–peak that can be compared at the position 
683.650 nm (Fig. 4). 

  

Figure 4. A plot of each sample displaying R1 maximum peaks 
wavelength vs. concentration. a, b. Eastern Emerald Belt samples 
(circles) with high Cr concentrations and low Fe concentrations, 
exhibit shorter wavelengths, while Western Emerald Belt samples 
(diamond) with low Cr concentrations and high Fe concentrations, 
exhibit longer wavelengths (upper and centre). c. Cr/Fe ratio vs R1 
exhibit different fields recognized in the photoluminescence 
spectrum (bottom). 
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5 Concluding remarks 
 
From photoluminescence spectra collected 
perpendicular to the c–axis of several emerald samples 
(both Colombian Emerald belts), we found that locating 
the peak wavelength position of the R1–peak can help to 
determine the origin and also indicate whether a natural 
emerald belongs to one of the two Colombian Emerald 
belts. Measurements of Cr and Fe concentrations in 
emeralds display differences in their origin. As a result, 
we suggest that crystal substitution of Al sites by Cr and 
Fe may be responsible for changes of R1–peaks to longer 
wavelengths between 683 to 684 nm. 

Although the location of the wavelength has been 
taken by other authors to reflect a relation with the 
concentration of other non-chromophore elements that 
can be present in the mineralizing system; we wanted to 
investigate the influence of two of the elements that affect 
the colour of the Colombian emeralds. We found a 
correlation between Cr and Fe: the highest concentration 
of chromium correlates with lower iron contents for 
emeralds of the Eastern Colombian Belt versus a low 
concentration of Cr and high of Fe for emeralds of the 
Western Colombian Belt. The key factor is the influence 
of the R1–peak position, with a comparison point around 
683.650 nm, with different intensity, with which the origin 
can be determined for the two most important producing 
areas in Colombia. 
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