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ABSTRACT
Key points

Two different elemental 
sulfur bodies (USB and 
LSB) have been recog-
nized in Las Minas de 
Hellín basin (Spain)
Native sulfur extensively 
exploited in underground 
mines in Las Minas 
correspond to the LSB 
hosted in gypsum beds of 
an evaporitic unit
Native sulfur in the USB, 
hosted in a carbonate-dia-
tomite unit, is considered 
as bioepigenetic

Strata-bound elemental sulfur deposits occur in different circum-Mediterranean Miocene sedimen-
tary successions containing evaporites and high amounts of organic matter. It is widely known that 
bacterial sulfate reduction processes are the triggering mechanisms involved in the origin of hydro-
gen sulfide and the subsequent native sulfur. However, in most of these sedimentary successions, 
there is controversy over whether elemental sulfur formed in the basin floor, as the same time as 
the sediments (biosyngenetic), or later, during diagenesis (bioepigenetic). Las Minas de Hellín basin, 
in the SE Spain, contains one of the largest elemental sulfur deposits in Europe. Based on data 
recovered from mining company (1903 -1960) and a borehole campaign performed by MINERSA 
between 1987 and 1988, two native sulfur ore bodies are recognized. The upper sulfur body is 
hosted by carbonates and diatom-rich levels, whereas the lower sulfur body, only exploited in un-
derground mines now closed, is hosted by gypsum. This work shows a petrological and geochem-
ical study of core samples from the upper sulfur body in the Salmerón area (Murcia), 500 m west of 
the widely exploited area of Las Minas de Hellín (Albacete). In Salmerón, elemental sulfur occurs 
as pseudomorphs after primary sedimentary gypsum as well as filling fractures and bed joints. The 
elemental sulfur replacement is also related to calcification and silicification of the sedimentary bio-
mediated dolomite. The mineralization is considered bioepigenetic formed during early diagenesis. 
Contribution from hydrothermal waters circulating through adjacent faults are not ruled out.
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RESUMEN
Puntos clave

Hemos diferenciado dos 
niveles de azufre 
elemental (USB y LSB) en 
la cuenca de Las Minas 
de Hellín (España)
La mineralización de 
azufre nativo intensamen-
te explotada en galerías 
es del nivel inferior (LSB) 
formado en una unidad 
evaporítica
La mineralización de azufre 
del nivel superior (USB), 
desarrollada en una unidad 
carbonatado-diatomítica, la 
consideramos como 
bioepigenética

Depósitos de azufre elemental de tipo estratoligado, asociados a evaporitas y niveles ricos en 
materia orgánica, se encuentran en diferentes series del Mioceno de la cuenca Mediterránea. 
Existe un consenso general en aceptar que el ácido sulfhídrico, y el posterior azufre elemental, 
se originaron por mecanismos de sulfato reducción bacteriana. Sin embargo, todavía hay discu-
sión sobre su origen en los sedimentos del fondo de las cuencas (depósitos biosingenéticos), o 
durante la diagénesis (depósitos bioepigenéticos). La cuenca de las Minas de Hellín contiene 
uno de los mayores depósitos de azufre elemental explotados de Europa. Dos diferentes niveles 
mineralizados se han identificado a partir de datos recuperados de la antigua compañía minera 
(1903–1960) y de una campaña de sondeos realizados por MINERSA en los años 1987 y 1988. 
El nivel superior aparece en un tramo de carbonatos y diatomitas, mientras que el inferior, solo 
explotado en minería subterránea, lo hace en yesos. Este trabajo presenta un estudio petrológi-
co y geoquímico de muestras de sondeos del nivel de azufre nativo superior en Salmerón (Mur-
cia), 500 m al W de la extensa explotación en subsuelo, ahora abandonada, de Las Minas de 
Hellín (Albacete). El azufre elemental pseudomorfiza yeso primario, rellena fracturas y diastemas, 
y está acompañado de procesos de calcificación y silicificación del encajante dolomítico. La 
mineralización se considera bioepigenética formada durante la diagénesis temprana. La partici-
pación de fluidos hidrotermales ligados a fracturas no es descartable.
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1.  Introduction
The Late Miocene lacustrine succession of Las 

Minas de Hellín basin (southern Spain) contains 
a strata-bound elemental sulfur deposit that has 
been exploited since the 15th century until the final 
closure of underground mining operations in 1960.

Miocene sedimentary successions in the cir-
cum-Mediterranean region containing stra-
ta-bound elemental sulfur deposits are recognized 
in Spain (Rouchy et al., 1998; Ortí et al., 2010), 
Sicily (Dessau et al., 1962; Ziegenbalg et al., 
2010), Poland (Ivanov, 1968; Pawlowski et al., 
1979; Parafiniuk, 1989; Gasiewicz, 2000), Egypt 
(Phillip et al., 1994), Turkey (Tekin, 2006) and Iraq 
(Jassin et al., 1999). Elemental sulfur deposits in 
these sequences are related to the coexistence 
of: (1) evaporites, (2) organic-rich diatomite de-
posits, and (3) diagenetic carbonate minerals.

Worldwide strata-bound elemental sulfur de-
posits related to evaporites and diagenetic car-
bonates are considered biogenic as result of bac-
terial sulfate reduction processes in anaerobic 
conditions (Davis and Kirkland, 1970; Barker et 
al., 1979; Böttcher and Parafiniuk, 1998; Peck-
mann et al., 1999, Labrado et al., 2019). Bacterial 
sulfate reduction (BSR) promotes the transforma-
tion of dissolved sulfate to hydrogen sulfide, and 
other reduced sulfur species, as well as the gen-
eration of CO2 through anaerobic organic matter 
oxidation. Hydrogen sulfide can be subsequently 
oxidized to native sulfur in oxygenated waters and 
the alkalinity increase can cause the precipitation 
of carbonate minerals (Pierre and Rouchy, 1988, 
Anadón et al., 1992; Vasconcelos and McKenzie, 
1997; Machel, 2001; van Lith et al., 2002).

Sulfuretums (Baas-Becking, 1925) represent 
microbial communities of sulfate-reducing and 
sulfide-oxidizing bacteria (SRB and SOB) which 
are the most productive elemental sulfur produc-
ing microorganisms in sedimentary environments 
(e.g. anaerobic subaqueous environments like 
sea and lake floors and sediment pore-waters). 
Elemental sulfur (S0) is produced by anoxygenic 
sulfur bacteria. Then, it can be then oxidized to 
sulfate (SO4

2-) by sulfur-oxidizing bacteria or 
transformed to hydrogen sulfide (H2S), by sul-
fur-reducing bacteria.

In some anaerobic sedimentary environments, 
H2S produced by SRB can combine with sedimen-
tary reactive iron (Fe2+) to form iron sulfides 
(Fe2S), being pyrite the most common resulting 
mineral. In the absence of Fe2+, and other oxidiz-

ing metals, the abiotic partial oxidation of H2S to 
S0 only occurs in a very narrow range of Eh-pH 
conditions (Brookins, 1988). In such abiotic con-
ditions, most of the H2S generated is completely 
oxidized to SO4

2. Formation and preservation of 
elemental sulfur deposits is unlikely because S0 
consists of a dynamic intermediate term in the 
oxidation process of H2S.

Biogenic elemental sulfur deposits can be bio-
syngenetic (sedimentary) or bioepigenetic (early/
late diagenesis) in origin (Ruckmick et al., 1979; 
Davis and Kirkland, 1979). Biosyngenetic sulfur 
occur in euxinic, organic-rich, restricted marine or 
lacustrine environments. Davis and Kirkland 
(1979) offer, as an example, the coastal lagoons 
in the shores of the Bay of Bengal which are half 
of the year inundated by seawater during the mon-
soon season. Marine dissolved sulfate is microbi-
ally reduced to hydrogen sulfide in the organic-rich 
soils and then oxidized to sulfur when the seawa-
ter recedes. Preservation of biosyngenetic sulfur 
occurrences in the sedimentary record of coastal 
settings is unlikely because of the redox changes 
characteristic of such environments.

Trace concentrations of S0 have been analyti-
cally reported in many marine and non-marine 
recent sediments (Kaplan et al., 1963; Nrigu,1968; 
Jørgensen, 1977; Troelsen and Jørgensen, 1981; 
Francois 1986; Passier et al., 1999; Wijsman et 
al., 2001). In these settings, elemental sulfur is 
limited to biologically active sulfuretums. Preser-
vation of elemental sulfur in layers or nodules 
have never been reported in modern (Holocene) 
sediments. The youngest nodules of elemental 
sulfur have been recognized in the Pleisto-
cene-Holocene transition in the lake Petén Itzá 
(Guatemala) and interpreted as diagenetic in ori-
gin (Hodell et al., 2006).

Bioepigenetic sulfur deposits can form in sed-
imentary rocks and uncemented sediments by 
combination of sulfate (mineral and/or dissolved), 
large amounts of organic matter (trapped in sedi-
ments and/or hydrocarbon-rich fluids), and anaer-
obic conditions promoting the development of 
sulfate-reducing bacteria. Bioepigenetic sulfur 
deposits can be classified as cap rock sulfur de-
posits and strata-bound sulfur deposits (Ruckmick 
et al., 1979; Davis and Kirkland, 1979). While cap 
rock sulfur deposits are always related to late di-
agenetic processes, strata-bound sulfur deposits 
can be formed during early and late diagenesis.

Unfortunately, the definition of ‘early diagene-
sis’ is a controversial topic in sedimentology. Di-
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agenesis occurs at any time subsequent to the 
deposition, or mineral precipitation, in the sedi-
ment-water interface. Berner (1980) defines ‘early 
diagenesis’ as the changes occurring during buri-
al to a few hundred meters in which sediments are 
continually filled with water. Lithification, the pro-
cess by which sediments are converted in solid 
sedimentary rocks occurs during early diagenesis.

Cumulated evaporites precipitated in the basin 
water and deposited in the basin floor are consid-
ered as sediments. Evaporites and carbonates 
precipitated in the basin floor (sediment-water 
interface) should be considered as authigenic 
minerals but also as sediments, they are not di-
agenetic. Nevertheless, evaporites, carbonates 
and other minerals formed interstitially in sedi-
ments must be considered as authigenic as well 
as early diagenetic minerals.

There is still controversy interpreting the Late 
Miocene strata-bound sulfur deposits in Poland 
(Carpathian foredeep) and Sicily (Central Sicilian 
basin) as biosyngenetic (Dessau et al., 1962; Iva-
nov, 1968; Gasiewicz, 2000) or as bioepigenetic 

(Pawlowski et al., 1979; Parafiniuk, 1989; Ziegen-
balg et al., 2010). The distinction between biosyn-
genetic or bioepigenetic strata-bound elemental 
sulfur deposits is difficult and requires of a precise 
petrographic control of the relationships between 
elemental sulfur occurrences and their host-rock.

Native sulfur occurrences in Las Minas de 
Hellín basin, and in the nearby Cenajo basin (Fig-
ure 1), can be observed in different abandoned 
open-pits and in waste piles of underground old 
mines widely exploited during the centuries XIX 
and XX. These limited occurrences were original-
ly interpreted as bioepigenetic (Elízaga, 1994; 
Calvo and Elízaga, 1994) and subsequently as 
biosyngenetic (Servant-Vildary et al., 1990; Gi-
meno, 1994; Lindtke et al., 2011; Ortí et al., 2014b; 
Pozo et al., 2016).

Despite of large volume of waste mounds re-
sulted from the ancient underground mining oper-
ations, waste samples are very scarce in elemen-
tal sulfur because of subsequent weathering. 
Information of the buried sulfur ore beds in Las 
Minas de Hellín is limited to their number, depths 

Figure 1.  Geological map of Las Minas de Hellín and the Cenajo basins (Murcia and Albacete, Spain). Map adapted from 
unpublished MINERSA (1988) 1:10000 map. Lithostratigraphic units correspond to those defined by Calvo et al. (2000).
Figura 1.  Mapa geológico de las cuencas de Las Minas de Hellín y del Cenajo (Murcia y Albacete). Adaptado del mapa 1:10000, 
no publicado, de MINERSA (1988). Las unidades litoestratigráficas corresponden a las definidas por Calvo et al. (2000).
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and sulfur contents (Meseguer, 1924, summa-
rized in Gimeno, 1994).

Between 1987 and 1988, after the definitive 
closure of underground mining operations in 1960, 
a borehole prospecting campaign was conducted 
in Las Minas de Hellín basin by the company MIN-
ERSA. A total of 27 boreholes were drilled in the 
western margin of the Segura river (Figure 2). We 
have had access to the unpublished original geo-
logical maps and core descriptions performed by 
MINERSA.

Two elemental sulfur bodies can be differenti-
ated in the MINERSA boreholes drilled through 
the alluvial deposits of the Segura river close to 
the township of Salmerón (Murcia) and nearby of 
the abandoned mined area of Las Minas de Hellín 
(Albacete) (Figure 2).

This work presents a petrographic study of core 
samples from the upper sulfur body (USB) inter-
sected in Salmerón which is stratigraphically equiv-
alent to the outcropping sulfur body in Las Minas 
de Hellín abandoned quarries and in old mines in 

the Mobarque and Cenajo areas (Figure 3). The 
lower sulfur body (LSB) in the MINERSA bore-
holes, which correspond to the buried mining works 
in Las Minas, is out of the scope of this study. The 
aim of this paper is to propose a genetic model for 
the USB which spread across the Salmerón, Las 
Minas, and Mobarque areas of Las Minas de Hellín 
basin, and in the neighboring Cenajo basin.

2.  Geological setting
The Betic Cordillera, southern Spain, is an al-

pine orogen formed by the collision between the 
European and African plates. Its evolution, togeth-
er with the Rif Cordillera in northern Africa, con-
trolled the Mediterranean restriction that caused 
the onset of the Messinian Salinity Crisis (MSC) 
and deposition of evaporites. Extensional tecton-
ics during Tortonian and Early Messinian caused 
the Betic Cordillera to be configured in a set of 
sedimentary basins separated by ranges. During 
the uplift of the cordillera, most of these basins 

Figure 2.  Geological map of the Las Minas de Hellín sulfur ore deposit (adapted from unpublished MINERSA map. Location 
of boreholes drilled by MINERSA and of carbonate mounds described in Pozo et al. (2016).
Figura 2.  Mapa geológico del depósito mineralizado superior en Las Minas de Hellín (adaptado del mapa no publicado de 
MINERSA). Situación de los sondeos de MINERSA y de los montículos carbonatados descritos en Pozo et al. (2016).
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evolved from marine to continental conditions 
(Sanz de Galdeano and Vera, 1991; Playà et al., 
2000; Martín et al., 2014). In the Late Messinian, 
only the most westward basins, nowadays close 
to the Mediterranean coastline, remained flooded 
by marine waters recording MSC marine deposits.

Las Minas de Hellín basin, also known as Las 
Minas-Camarillas basin, is one of the intramoun-
tane Neogene Betic basins located in the eastern 
sector of the Prebetic Zone (External Zones of the 
Betic Cordillera) in SE Spain, between the cities 
of Albacete and Murcia (Figure 1). There are sev-
eral basins in the area, being Las Minas de Hellín 
the largest (~160m2). Las Minas de Hellín and the 
Cenajo basins (Figure 1) are the only ones incor-
porating evaporites and elemental sulfur deposits. 
The area is characterized by a transfer fault zone 
crossed by three main strike-slip dextral faults 
with NW-SE directions (Martín-Velázquez et al., 
1988; Rodríguez-Pascua et al., 2001). Each basin 

is bounded by W-E normal faults forming graben 
or half-graben basins. Las Minas de Hellín and the 
Cenajo basins show an asymmetrical tectonic 
pattern with higher activity in their northern basin 
margins (Rodríguez-Pascua et al., 2001, 2003).

The stratigraphy and sedimentology of the Ne-
ogene basins in the area, including Las Minas de 
Hellín and the Cenajo basins, is well-known (Calvo 
et al.,1978; Elízaga and Calvo, 1988; Elízaga, 
1994). The Late Miocene coastal lacustrine suc-
cessions in these basins unconformably overlie 
Mesozoic terrigenous and carbonate basement 
units, as well as Middle Miocene marine carbonates 
(Calvo and Elízaga, 1994; Calvo et al., 2000). The 
lower part has been assigned to Tortonian by mi-
cromammals (Calvo et al., 1978) and the upper 
part to Messinian from radiometric analyses of py-
roclasts and lamproite rocks of the Monagrillo vol-
cano, located in Las Minas de Hellín basin (Bellon 
et al., 1980; Nobel et al., 1981; Ortí et al., 2014b).

Figure 3.  Correlation chart of different boreholes and sections (Ortí et al., 2014b) with location of the two elemental sulfur 
bodies in Las Minas de Hellín basin.
Figura 3.  Diagrama de correlación de diferentes sondeos y secciones (Ortí et al., 2014b) con posición de los dos niveles 
mineralizados de azufre elemental en la cuenca de Las Minas de Hellín.
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Different lithological and informal stratigraphic 
units have been proposed by Foucalt et al. (1987) 
and Servant-Vildary et al. (1990) respectively. 
However, none of these authors reported litho-
stratigraphic descriptions and their terminology 
have not been subsequently adopted. The simpli-
fied summary stratigraphic succession performed 
by Calvo et al. (2000, 2014) is shown in Figure 4. 
We adopt the informal terminology proposed by 
Ortí et al. (2014b), based on Calvo et al. (2004, 
2014), in which the Late Miocene sedimentary 
succession is lithostratigraphically divided, in as-
cending order, in: (1) lower detrital-carbonate unit, 
(2) evaporite unit, and (3) upper carbonate unit. 

Pliocene fluvial gravels unconformably overlay the 
Late Miocene succession.

The lower detrital-carbonate unit, up to 150m 
thick, consists of conglomerate turbidites and car-
bonate beds. Conglomerate clasts derived from 
resedimentation of Early Tortonian marine car-
bonate platforms (Calvo and Elízaga, 1994; Elíza-
ga, 1994).

The evaporite unit, up to 200m thick, consists 
of gypsum and dolomite beds alternating with di-
atomite-rich and organic-rich (paper-shale) beds. 
Elemental sulfur occurrences, of little significance, 
have been recognized in evaporite unit outcrops 
(Ortí et al., 2014b; Pineda et al., 2021)

Figure 4.  Composite simplified lithostratigraphic sections of Las Minas de Hellín and Cenajo basins (modified from Calvo et 
al., 2014).
Figura 4.  Columnas litoestratigráficas simplificadas de las cuencas de Las Minas de Hellín y del Cenajo (modificada de 
Calvo et al., 2014).
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The upper carbonate unit consists of a large 
interval, up to 300m thick, of alternating car-
bonates and diatomite-rich beds (with marl ap-
pearance). Large volumes of elemental sulfur 
have been exploited at the base of the upper car-
bonate unit. In this sulfur bearing basal part, local 
mounds of strongly folded and/or brecciated car-
bonates, partly silicified, have been interpreted as 
formed by hydrothermal springs as either the lake 
floor and within unconsolidated sediment dis-
charges (Pozo et al., 2016).

Upwards in the upper carbonate unit, sedi-
ments become progressively enriched in diato-
maceous beds and locally intercalate slump de-
posits, some of them of decametric thickness. 
Elízaga (1994) suggested that these large-scale 
slump deposits are related to the seismic activity 
associated with the extrusive, potassium-rich 
lamproitic volcanism of the Monagrillo hill (Fig-
ure 1). The uppermost part is characterized by 
mixed siliciclastic-carbonate lacustrine deposits 
(Calvo et al., 2000).

Assignation of the currently elemental sulfur 
occurrences in the abandoned quarries of Las 
Minas de Hellín to one of these lithostratigraphic 
units can be misleading. Indeed, the boundary 
between the top of the ‘evaporite unit’ and the 
base of the ‘upper carbonate unit’ can be easily 
mistaken because both units consist of alterna-
tions of dolomite and diatomite-rich beds/layers. 
As informal lithostratigraphic units, the only differ-
ence between them is the presence or absence 
of intercalated sedimentary gypsum layers (Ortí 
et al., 2014b; Pineda et al., 2021). Probably due 
to the abundance of diagenetic gypsum (satin 
spar), the elemental sulfur in Las Minas de Hellín 
abandoned quarries was incorrectly assigned to 
the evaporite unit by Servant-Vildary et al. (1990) 
and Lindtke et al. (2011). However, these quarries 
correspond to the base of the ‘upper carbonate 
unit’ (Figure 3) because do not contain sedimen-
tary gypsum layers.

Although both the upper carbonate and the 
evaporite units show a wide distribution in Las 
Minas de Hellín basin (Figure 1), native sulfur 
occurrences are limited to three reduced areas. 
These areas correspond the three mining conces-
sions working between 1890 and 1960: (1) the 
Mari Paz concession, southwest of Salmerón 
(~90Ha), (2) the Coto Menor concession in Las 
Minas de Hellín area (~760Ha), and (3) the Guill-
ermo concession in the Barranco de Mobarque 
(also referred as Moharque) (~73Ha). These three 

areas are located close to the Mobarque fault, two 
in the southern hanging wall, the other in the rel-
atively lifted foot wall (figures 1 and 2).

Based on the distribution of old mining opera-
tions (underground mine entrances, firing kilns, 
mining waste piles and abandoned quarries) we 
can recognize that the USB, hosted in the base of 
the upper carbonate unit, was underground ex-
ploited in the north of the Mobarque fault (Guiller-
mo concession) and in the Salmerón area (Mari 
Paz concession), and in open quarries in Las Mi-
nas de Hellín (Coto Menor concession) (Figure 3).

The LSB, ~60m below the USB, is located with-
in the evaporite unit and was exclusively under-
ground mined in Las Minas de Hellín area. The 
underground mining in Las Minas de Hellín was 
active from 1903 to 1960. It has been estimated 
that around 270000 tonnes (Gimeno, 1994) of 
buried elemental sulfur were extracted during this 
period. Unfortunately, there is no information con-
cerning the lithology of the buried mineralized lev-
els. Macrolenticular gypsum, together with ele-
mental sulfur, can be recognized in many waste 
piles, showing that gypsum is the host rock in the 
LSB. According to information retrieved from min-
ing company documents, the equivalent ore levels 
outcrop southeast of the village, in the Barranco 
de los Hinojos, in the eastern margin of the road 
from Las Minas to Agramón (Figure 3). There, 
discrete elemental sulfur occurrences appear in 
gypsum beds of the evaporite unit.

3.  Material and methods
A total of 27 exploratory boreholes were drilled 

in Las Minas de Hellín basin by the MINERSA 
company (Figure 2). Boreholes were drilled in two 
prospecting areas in which elemental sulfur was 
previously mined in small galleries and quarries: 
the Salmerón area (Mari Paz concession), and the 
Mobarque area (Guillermo concession). These 
areas are located in the southern and northern 
blocks of the Mobarque fault respectively (Fig-
ure 2). Coordinates and depths of each borehole 
are listed in Ortí et al. (2014b).

Synthetic columns of the MINERSA borehole 
HE-1 (Salmerón), the sections S2 (Mobarque), 
S7 (Barranco de los Hinojos) and S4 (Las Minas 
quarries) of Ortí et al. (2014b), and of a borehole 
log included in an old mine map of the under-
ground galleries in Las Minas de Hellín, are cor-
related in Figure 3. Note that all previous works 
interpreting elemental sulfur occurrences in Las 
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Minas de Hellín basin (Servant-Villardy et al., 
1990; Lindtke et al., 2011) correspond to the 
USB.

The two sulfur ore bodies are recognized in the 
Salmerón HE-1 borehole (Figure 3). The USB, 30 
m thick (60 - 90m bgs), is placed at the base of 
the upper carbonate unit, whereas the LSB, 50m 
thick (150 - 200m bgs), is within a gypsum suc-
cession assigned, in this paper, to the evaporite 
unit but previously assigned to the top of the low-
er carbonate-detrital unit by Ortí et al. (2014b). 
The Salmerón USB, hosted by carbonates, corre-
lates with the sulfur occurrences in Las Minas de 
Hellín abandoned quarries, while the LSB, hosted 
by gypsum, is equivalent to the sulfur ore deposit 

exploited in the underground mines in Las Minas 
de Hellín.

The MINERSA core recovery was limited to 
the Salmerón USB. Free sulfur laws higher than 
15% were reported in boreholes 1, 4, 13, 14, 15, 
and 19 in an area of 5km2 beneath the Segura 
river alluvium, between the villages of Las Minas 
de Hellín (Albacete province) and Salmerón 
(Murcia province) (Figure 2). Continuous cores 
for petrographic identifications were recovered 
from 4 boreholes (1, 13, 14 and 19). The present 
petrographic study has been performed on 50 
core samples from these boreholes. Sample po-
sitions (depths) in each borehole are indicated in 
Figure 5.

Figure 5.  Logs of the MINERSA boreholes in the Salmerón area (Las Minas de Hellín basin). Position of the native sulfur ore 
deposit (USB) and of the studied samples.
Figura 5.  Registros de los sondeos MINERSA en el área de Salmerón (cuenca de Las Minas de Hellín). Posición del nivel 
mineralizado superior y de las muestras estudiadas.
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Core samples have been cut and polished to 
be directly observed in a large chamber SEM (FEI 
QUANTA-250) in low vacuum conditions. Small 
fragments of each sample have been also ob-
served in a high resolution FESEM (JEOL 
J7100FE). Both microscopes are coupled with 
SDD EDS detectors (Thermo Fisher UltraDry - 
Pathfinder Alpine, and Oxford Instruments X-Act 
– AztecLive, respectively). SEM images have 
been acquired with Secondary Electron detectors 
(SE) for topographical information, and with 
Backscattered Electron detectors (BSE) for chem-
ical (average atomic number) information. Thin 
sections of 10 selected samples have been ob-
served by optical microscopy. Powdered samples 
have been analyzed by XRD.

Samples for carbonate isotopic determinations 
(δ13C and δ18O) have been grinded with a micro 
drill device avoiding mixing with other carbonate 
minerals and components. Isotope analyses have 
been performed using a Thermo Scientific KIEL 
III carbonate device at 70ºC, 5 minutes for calcite 
and aragonites, and 15 minutes for dolomites. The 
obtained CO2 was analyzed in a mass spectrom-
eter Thermo Scientific MT 252. Internal standards 
were calibrated with the international NBS18 and 
NBS 19 standards reporting analytical precisions 
of ± 0.10‰ for both δ13C and δ18O. Isotope com-
positions are reported relative to Vienna Pee Dee 
Belemnite (VPDB).

Published isotope data from the evaporite unit 
(Servant-Vildary et al., 1990; Lindtke et al., 2011; 
Ortí et al., 2014b; Pineda et al., 2021) and from 
the upper carbonate unit (Bellanca et al., 1989; 
Pozo et al., 2016) are incorporated and reviewed 
in the discussion points.

4.  Results
4.1.  Mineralogy and petrology

In the studied Salmerón boreholes, the host 
rock of the USB is mainly dolomite. Four dolo-
mite lithofacies have been distinguished: (1) 
poor-cemented, ‘marly’ appearance, dolomites, 
(2) pseudomorphic massive dolostones (Fig-
ure 6A), (3) fine-laminated dolomite beds, often 
with pseudomorphs (Figure 6B), and (4) broken 
laminated, breccia dolostones (Figure 6C). In the 
top of the ore deposit, aragonite layers interca-
late with dolomite layers. Both carbonate beds 
consist of poorly cemented, highly permeable 
sediments.

The term ‘marl’, frequently used for shale-like 
intervals intercalated between dolomites in out-
crops of the upper carbonate unit is avoided in this 
paper because clay minerals are almost absent. 
The marly, or shale appearance, of these intervals 
are due to the presence of abundant diatom 
sheets within dolomite laminae.

Elemental sulfur, in the studied boreholes, oc-
curs as opaque nodules formed by microcrystal-
line aggregates (figures 6D, 6F, and 7A), and as 
euhedral translucent crystals filling voids (most of 
the gypsum casts) (figures 7F and 7G), veins and 
fractures (figures 6E, 7C and 7D). Most pseu-
domorphs after gypsum are filled by elemental 
sulfur (figures 6B, 7B, and 7E) and calcite (Fig-
ure 7H). The base of the ore body is partially or 
completely silicified (figures 6G and 6H), or re-
placed by calcite.

Microscopically, three dolomite components 
can be distinguished: (1) equant dolomicrite, (2) 
prismatic dolomicrite, and (3) prismatic dolospar. 
Equant dolomicrite consists of rhombohedral crys-
tals, less than 2µm long, often with empty cores 
and exhibiting dendritic growth patterns (Fig-
ures 8A, 8B and 8C). In thin sections, equant dolo-
micrite forms peletoidal grains. Prismatic dolomic-
rite crystals are up to 10µm long and frequently 
coexist with equant dolomicrite (Figures 8D and 
8E). Prismatic dolospar crystals, up to 50µm long, 
show combined scalenohedral and rhombohedral 
habits (Figures 8F, 8G and 8H). Equant and pris-
matic dolomicrite crystals are the main compo-
nents in all dolomite beds. Prismatic dolospar is 
restricted to the walls (rims) of pseudomorphs and 
empty casts.

Aragonite layers (Figure 7A) are uncemented 
and consists of prismatic crystals (Figure 9A). 
Calcite layers, less than 1mm thick (Figure 9B), 
consist of anhedral sparite crystals cementing 
diatomite-rich layers (Figure 9C). Coarse euhe-
dral calcite crystals are filling veins and fractures 
(figures 9D and 9E). Calcite is often associated 
with native sulfur. Calcite consists of sparry crys-
tals filling partially (figures 7B, 7E, 10B, 10F and 
10H), or wholly (Figure 7H), voids and gypsum 
casts.

An important primary component of the host 
rock was gypsum. Primary gypsum crystals were 
completely dissolved, after lithification, forming 
empty casts (figures 7F and 7G) and elemental 
sulfur pseudomorphs after gypsum (figures 7B 
and 7E), calcite (figures 7B, 7E and 7H), or diage-
netic gypsum.
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Figure 6.  Sulfur-bearing lithofacies (hand samples) of the Salmerón USB (Las Minas de Hellín basin). A) Massive dolomite 
(dolomicrite) with empty gypsum casts (HE14-47.0 m). B) Laminated dolomite (dolomicrite) with native sulfur pseudomorps 
after gypsum (HE14-46.2 m). C) Truncated laminated dolomite (dolomicrite) with native sulfur and opal filling voids (HE14-46.5 
m). D) Sulfur nodules in a diatomite-rich interval between dolomicrite and aragonite layers (HE1-61.8 m). E) Truncated lami-
nated dolomite (dolomicrite) with native sulfur and calcite filing fractures. Calcite also replace dolomite layers (HE1-63.7 m). 
F) Fine-laminated dolomite (dolomicrite) truncated by the displacive growth of native sulfur (HE19-49.5 m). G) Partly silicified 
fine-laminated dolomite (chert). Vertically oriented native sulfur pseudomorphs after gypsum (HE14-48.2 m). H) Partly silicified 
fine-laminated dolomite (chert) (HE14-46.6 m).
Figura 6.  Litofacies de azufre elemental (testigos de sondeo) del nivel mineralizado superior de Salmerón (cuenca de Las 
Minas de Hellín). A) Dolomitas masivas (dolomicrita) con cavidades huecas de yeso lenticular (HE14-47,0 m). B) Dolomitas 
laminadas (dolomicrita) con pseudomorfos de yeso reemplazados por azufre (HE14-46,2 m). C) Dolomitas laminadas rotas 
(dolomicrita) con ópalo y azufre elemental rellenando cavidades (HE14-46,5 m). D) Nódulos de azufre en un intervalo diato-
mítico entre láminas de dolomita y aragonito (HE1-61,8 m). E) Dolomitas laminadas rotas (dolomicrita) con calcita y azufre 
elemental rellenando fracturas. La calcita también reemplaza a las láminas de dolomita (HE1-63, 7 m). F) Dolomitas finamen-
te laminadas (dolomicrita) rotas por el crecimiento desplazante de azufre elemental (HE19-49,5 m). G) Dolomita finamente 
laminada parcialmente silicificada. Pseudomorfos de cristales de yeso de orientación vertical reemplazados por sílice (HE14-
48,2 m). H) Dolomita finamente laminada parcialmente silicificada (HE14-46,6 m).
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Figure 7.  SEM-BSE images of sulfur occurrences in the Salmerón USB (Las Minas de Hellín basin). A) Native sulfur nodules 
growing in a diatomite-rich layer between dolomicrite and aragonite layers (HE1-61.8 m). B) Native sulfur and calcite pseu-
domorphs after gypsum (HE1-67.2 m). C) Native sulfur filling veins crosscutting dolomite and celestine layers (HE1-63.7 m). 
D) Native sulfur filling veins in a massive pseudomorphic dolomite bed (HE14-53.1 m). E) Native sulfur and calcite filling 
vertically oriented pseudomorphs after gypsum (HE1-67.5 m). F) Empty cast of a twined gypsum crystals (HE14-53.1 m). G) 
Empty casts of lenticular gypsum crystals partly filled by native sulfur (HE14-53.1 m). H) Calcite pseudomorphs after gypsum 
(HE1-66.1 m).
Figura 7.  Imágenes SEM-BSE de azufre elemental en el nivel mineralizado superior de Salmerón (cuenca de Las Minas de 
Hellín). A) Nódulos de azufre creciendo en una lámina diatomítica entre láminas de aragonito (HE1-61,8 m). B) Azufre ele-
mental y calcita pseudomorfizando cristales de yeso (HE1-67,2 m). C) Venas de azufre elemental cortando láminas de dolo-
mita y celestina (HE1-63,7 m). D) venas de azufre elemental en una dolomita con cavidades de yeso (HE14-53,1 m). E) 
Azufre elemental y calcita pseudomorfizando cristales verticalmente orientados de yeso (HE1-67,5 m). F) Moldes de cristales 
de yeso parcialmente rellenados por azufre elemental (HE14-53,1 m). H) Pseudormorfos de yeso reemplazados por calcita 
(HE1-66.1 m).
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Figure 8.  Dolomite components in the host rock of the Salmerón USB (Las Minas de Hellín). A) Equant dolomicrite with 
empty cores (sample HE1-60.5 m; SEM-BSE). B) Equant dolomicrite (sample HE14-27,5 m; FESEM-SE). C) Dendritic dolo-
micrite (HE14-25,5 m; FESEM-SE). D) Prismatic dolomicrite and acicular celestine crystals (sample HE1-67.2 m, SEM-BSE). 
E) Prismatic dolomicrite (sample HE14-41.0 m; SEM-BSE). F) Prismatic dolospar lining empty gypsum casts (sample HE14-
47.0 m; SEM-BSE). G) Prismatic dolospar with dolomicrite cores (sample HE19-47.7 m; SEM-BSE). H) Scalenohedral dolospar 
(sample HE19-55.5 m; SEM-BSE).
Figura 8.  Componentes dolomíticos en la roca huésped del nivel mineralizado superior de Salmerón (cuenca de Las Minas 
de Hellín). A) Cristales equigranulares de dolomicrita con núcleos huecos (HE1-60,5 m; SEM-BSE). B) Cristales equigranu-
lares de dolomicrita (HE14-27,5 m; FESEM-SE). C) Cristales dendríticos de dolomicrita (HE14-25,5 m; FESEM-SE). D) 
Cristales prismáticos de dolomicrita y aciculares de celestina (HE1-67,2 m, SEM-BSE). E) Cristales de dolomicrita prismática 
(HE14-41,0 m; SEM-BSE). F) Doloesparita prismática tapizando moldes de cristales de yeso (HE14-47,0 m; SEM-BSE). G) 
Doloesparita prismática con núcleos de dolomicrita (HE19-47,7 m; SEM-BSE). H) Doloesparita escalenoédrica (HE19-55, 5m; 
SEM-BSE).

http://dx.doi.org/10.21701/bolgeomin/133.2/006


BOLETÍN GEOLÓGICO Y MINERO
(GEOLOGICAL AND MINING BULLETIN)

Elemental sulfur ore deposit 
of Salmerón (SE Spain)

BOLETÍN GEOLÓGICO Y MINERO 133 (2), 2022, 135-161. ISSN: 0366-0176. http://dx.doi.org/10.21701/bolgeomin/133.2/006

147

Figure 9.  Calcium carbonate and gypsum components in the host rock of the Salmerón USB (Las Minas de Hellín basin). A) 
Prismatic aragonite crystals (HE19-38.0 m, FESEM-SE). B) Calcite between dolomite layers. Calcite spar crystals cementing 
originally porous diatomite-rich layers (HE13-61.4 m; SEM-BSE). C) Calcite spar crystals cementing dolomicrite (HE19-40.8 
m; SEM-BSE). D) Calcite spar filling a vein crosscutting dolomite layers (HE14-26.5 m; SEM-BSE). E) Calcite spar crystals 
filling a vein in a dolomicrite layer (HE1-68.5 m; SEM-BSE). F) Calcite crystal cementing dolomicrite in a pokilitic texture (HE1-
68.5 m; SEM-BSE). G) Acicular radiating aggregates (efflorescences) cementing porous dolomicrite layers (HE13-60.7 m; 
SEM-BSE). H) Diagenetic gypsum crystals in a radiating texture (geode) growing into an original (sedimentary) gypsum cast 
(HE14-53.1 m; SEM-BSE).
Figura 9.  Aragonito, yeso y calcita en la roca huésped del tramo mineralizado superior de Salmerón (cuenca de Las Minas 
de Hellín). A) Cristales prismáticos de aragonito (HE19-38,0 m; SEM-BSE). B) Calcita cementando láminas diatomíticas, al-
tamente porosas, entre láminas de dolomita (HE13-61.4 m; SEM-BSE). C) Calcita esparítica cementando dolomicrita (HE19-
40,8 m; SEM-BSE). D) Calcita esparítica en venas cortando láminas de dolomita (HE1-26.5 m; SEM-BSE). F) Cristales de 
calcita cementando poiquilíticamente dolomicrita (HE1-68,5 m; SEM-BSE). G) Agregados radiales (eflorescencias) de yeso 
acicular cementando laminas porosas de dolomicrita (HE13-60,7 m; SEM-BSE). H) Cristales de yeso diagenético, tipo geoda, 
rellenando un molde hueco de yeso (HE14-53.1 m; SEM-BSE).

http://dx.doi.org/10.21701/bolgeomin/133.2/006


García-Veigas et al. (2022) BOLETÍN GEOLÓGICO Y MINERO
(GEOLOGICAL AND MINING BULLETIN)

BOLETÍN GEOLÓGICO Y MINERO 133 (2), 2022, 135-161. ISSN: 0366-0176. http://dx.doi.org/10.21701/bolgeomin/133.2/006

148

Although gypsum is recognized by XRD in al-
most all samples, this mineral phase is entirely 
diagenetic. Diagenetic gypsum appears as dis-
seminated meshes of acicular crystals (efflores-
cences) growing into poorly cemented, highly 
porous, dolomicrite beds (Figure 9G). Radial ag-
gregates of prismatic gypsum crystals, also diage-
netic, can be found into empty casts (Figure 9H).

Diatom remains, in a very wide sense, are anoth-
er important host rock component. High amounts of 
diatoms and sponge spicules appear disseminated 
in massive dolostones or forming sheets intercalat-
ed between dolomite layers. Margalef (1955) recog-
nizes the abundance of marine and non-marine di-
atom remains (division Chrisophyta, clase 
Bacillariophyceae), and of cysts and flagella of gold-
en-brown algae (division Chrisophyta, clases Chrys-
ophyceae and Synurophyceae). Similar assigna-
tions have been later reported by Servant-Vildary et 
al. (1990) and, recently, by Pineda et al. (2021).

Organic matter remains, with high sulfur con-
tents, are very abundant in most core samples. 
Silica phytoliths of undetermined plants (fig-
ures 11A and 11B) have been recognized in some 
samples. High oil generation potential has been 
determined in the MINERSA boreholes by Per-
manyer et al. (2016).

Celestine is a minor but ubiquitous mineral in 
the host rock. Celestine crystals are idiomorphic, 
acicular to prismatic, less than 10µm long (Fig-

ure 11C). Some carbonate layers can contain up 
to 50% of celestine. Celestine appears as dissem-
inated crystals in dolomite beds following sedi-
mentary layering (Figure 7C) and outlining pseu-
domorphs after gypsum now replaced by calcite 
and/or chalcedony (Figure 11D).

Authigenic silica components (opal and chal-
cedony) are abundant, mainly in the base of the 
sulfur ore body where the host rock can be com-
pletely silicified and/or replaced by sparry calcite. 
Micrometer opal lepispheres coat the surface of 
the dolospar crystals in empty gypsum casts (fig-
ures 10A, 10C, 11E and 11F). Chalcedony even-
tually fills the casts originally coated by dolospar, 
opal and/or calcite (figures 10C, 11G,11H).

One of the most relevant lithological features 
of the sulfur ore host rock is the low content of 
mud (clay) and detrital components. Scattered 
sharp edged, silicate grains, probably tuff grains, 
have been found in different samples. Pyrite fram-
boids are very scarce and when they appear are 
always oxidized.

4.2.  Carbonate isotopes
Samples of different mineralogy (aragonite, do-

lomite and calcite) have been selected for car-
bonate isotope determinations. δ13C and δ18O 
data, borehole depths, mineral compositions, and 
crystal habits of each sample are listed in Table 1. 

Table 1.  Isotope compositions (δ13C y δ18O) of carbonate host-rock samples of the Salmerón upper sulfur body, Las Minas 
de Hellín basin, MINERSA boreholes.
Tabla 1.  Composición isotópica (δ13C y δ18O) de los carbonatos huésped del nivel mineralizado superior de Salmerón, cuen-
ca de Las Minas de Hellín, sondeos MINERSA.
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Figure 10.  Petrographic microscope images of the Salmerón USB (Las Minas de Hellín basin). A) Peloidal dolomicrite with 
gypsum casts filled by opal and chalcedony (HE13-67.0 m; PPL). B) Peloidal dolomicrite with gypsum casts filled by calcite 
and native sulfur (HE1-63.7 m; XPL). C) Prismatic (scalenohedral) dolospar crystals, opal lepispheres and chalcedony filling 
voids in a dolomicrite matrix (HE19-56.6 m; PPL). D) Prismatic (scalenohedral) dolospar and native sulfur filling pseudomorphs 
after gypsum (HE19-56.6 m; PPL). E) Sulfur pseudomorphs after gympsum in a prismatic dolomicrite matrix (HE14-46.3 m; 
XPL). F) Native sulfur and sparry calcite filling fractures (HE1-66.1 m; XPL). G) Native sulfur vein crosscutting laminated 
dolomicrite. Diatomite-rich layers cemented by sulfur and calcite (HE1-63.7 m; PPL). H) Native sulfur and sparry calcite filling 
fractures (HE1-63.7 m; PPL).
Figura 10.  Imágenes de microscopía óptica del nivel mineralizado superior de Salmerón (cuenca de Las Minas de Hellín). 
A) Dolomicrita peloidal con moldes de yeso rellenos de ópalo y calcedonia (HE13-67,0 m; PPL). Dolomicrita peloidal con 
moldes de yeso rellenos de calcita y azufre elemental (HE1-63,7 m; XPL). C) Doloesparita escaleonoédrica, lepisferas de 
ópalo, y calcedonia rellenando cavidades (HE19-56,6 m; PPL). D) Doloesparita escaleonoédrica y azufre elemental pseudo-
morfizando yeso (HE19-55,6 m; PPL). E) Pseudomorfos de yeso reemplazados por azufre elemental en una matriz de dolo-
micrita (HE14-46,3 m; XPL). F) Azufre elemental y calcita esparítica rellenando fracturas (HE1-66,1 m; XPL). G) Venas de 
azufre elemental cortando láminas de dolomita y diatomeas. Azufre y calcita cementan láminas diatomíticas (HE1-63,7 m; 
PPL). H) Azufre elemental y calcita esparítica rellenando fracturas (HE1-63,7 m; XPL).
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Figure 11.  Celestine and organic and siliceous components in the Salmerón USB (Las Minas de Hellín basin). A) Organic 
matter distribution into dolomicrite layers (HE14-46.3 m; SEM-BSE). B) Plant remains (phytolits) in a dolomicrite layer (HE14-
45.0 m; SEM-BSE). C) Acicular celestine crystals scattered in a dolomicrite layer (HE1-67.2 m; SEM-BSE). D) Celestine 
crystals drawing calcite pseudomorphs after gypsum. Calcite and chalcedony replace the original dolomite layer (HE14-47.6 
m; SEM-BSE). E) Lepispheres of opal lining empty gypsum casts (HE13-68.6 m; SEM-BSE). F) Opal lepispheres (HE14-46.5 
m; FESEM-SE). G) Chalcedony filling open voids (gypsum casts and veins) in a calcified dolomite layer (HE14-56.6 m; SEM-
BSE). H) Sparry calcite and chalcedony replacing a dolomite layer (HE14-56.6 m; SEM-BSE).
Figura 11.  Celestina y componentes orgánicos y silíceos en la roca huésped del nivel mineralizado superior de Salmerón 
(cuenca de Las Minas de Hellín). A) Distribución de láminas ricas en materia orgánica entre láminas de dolomicrita (HE14-
46,3 m; SEM-BSE). B) Fitolitos en una lámina de dolomicrita (HE14-45,0 m; SEM-BSE). C) Cristales aciculares de celestina 
en una lámina de dolomicrita (HE1-67,2 m; SEM-BSE). D) Cristales de celestina perfilando pseudomorfos de yeso reempla-
zados por calcita. Calcita y calcedonia reemplazan láminas originales de dolomita (HE14-47,6 m; SEM-BSE). E) Lepisferas 
de ópalo tapizando moldes huecos de yeso (HE13-68,6 m; SEM-BSE). F) Lepisferas de ópalo (HE14-46,5 m; FESEM-SE). 
G) Calcedonia rellenando cavidades (moldes de yeso y venas) en una lámina dolomítica (HE14-56,6 m; SEM-BSE). H) Cal-
cita esparítica y calcedonia reemplazando una lámina de dolomita (HE14-56,6 m; SEM-BSE).
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Marked isotope differences exist for each car-
bonate mineral. Aragonite show positive δ13C (be-
tween 2.63 and 3.71‰) and δ18O (between 5.85 
and 6.06‰) values. Calcites, on the contrary, 
characterize by negative δ13C (between -5.64 and 
-4.40‰) and δ18O (between -8.34 and -7.22‰) 
values. The three dolomite types exhibit negative 
δ13C (between -9.91 and -4.54‰) but positive δ18O 
(between 2.77 and 9.92‰) compositions. The val-
ues obtained are within the range of those previ-
ously published for the upper carbonate unit in Las 
Minas de Hellín (Servant-Vidary et al., 1990; Lindt-
ke et al., 2011), in the equivalent unit in the Cena-
jo basin (Bellanca et al., 1989), and in the under-
lying evaporite unit in Las Minas de Hellín basin 
(Ortí et al., 2014b; Pineda et al., 2021).

5.  Discussion
5.1.  Paragenetic sequence

Discerning whether the elemental sulfur de-
posit of Las Minas de Hellín is biosyngenetic or 
bioepigenetic is not straightforward. Both, the sed-
imentary and the diagenetic realms, can produce 
biochemical conditions for hydrogen sulfide gen-
eration and subsequent oxidation to sulfur.

Based on petrographic observations, the pri-
mary mineral association in the Salmerón USB 
consists mainly of dolomicrite, silica skeletons 
(diatoms), and gypsum, and to a lesser extent, 
aragonite. Aragonite and dolomicrite are sub-
aqueous precipitates whereas lenticular gypsum 
grew interstitially in the unconsolidated sediment. 
Distribution of disseminated celestine, following 
sedimentary laminations, points to a primary ori-
gin precipitating directly from the coastal lake wa-
ters or into the unconsolidated sediment.

Dolomite is, by far, the most abundant sedi-
mentary component. There is no evidence of any 
mineral precursor of dolomite. The empty cores of 
the dolomicrite crystals (Figures 8A, 8B and 8C) 
point to a microbial mediated nucleation. Bacteri-
ally mediated dolomite precipitation has been doc-
umented in both anaerobic and aerobic modern 
sedimentary environments (Vasconcellos and 
McKenzie, 1997; Warthmann et al., 2000, 
Sánchez-Román et al., 2009, 2011). After equant 
dolomicrite nucleation, crystals can continue 
growing in the prismatic dolomicrite habit (fig-
ures 8D and 8E).

Precipitation of dolomicrite and aragonite con-
taining abundant plant remains (subsequently de-

graded to S-rich organic matter) alternate with 
short periods of highly accumulation of siliceous 
remains (diatoms, golden-brown algae, sponges) 
showing a varve-like lamination.

Diatom-rich layers in Las Minas de Hellín basin 
was originally interpreted as related to the con-
temporaneous lamproitic volcanism of the Mona-
grillo volcano (Elízaga, 1994), later to episodic 
events of water stagnation (Servant-Vildary et al., 
1990), and recently to cyclic increase of nutrient 
supplies triggering diatomite blooms (Ortí et al., 
2014b). None of these interpretations seem con-
clusive. The abundance of diatomite organism in 
the water column and their preservation in sedi-
ments are not directly related. After dying, most 
diatom valves dissolve in water before reaching 
the basin floor. Their abundance in sediments 
depend on the chemical conditions of waters (pH, 
temperature, ionic strength), physical character-
istics of the basin (meromixis, water body perma-
nence), biological interactions (bacterial mineral 
dissolution), and sediment conditions (grazing 
and fecal pelletization, organic content) (Lewin, 
1961; Barker et al., 1994; Bidle and Azam, 1999; 
Bidle et al., 2002).

The paragenetic sequence of the Salmerón 
USB, differentiating between sedimentary and 
diagenetic realms, is summarized in Figure 12. 
Unlike in the underlying evaporitie unit, gypsum in 
the mineralized lower part of the upper carbonate 
unit does not show subaqueous lithofacies as de-
scribed in Ortí et al. (2014b). Gypsum is restricted 
to disseminated lenticular crystals (now empty 
casts or sulfur and/or calcite pseudomorphs) 
showing evidence of displacive growth into the 
dolomicrite matrix.

Dolospar, elemental sulfur, opal, chalcedony 
and calcite are diagenetic phases. All of them 
formed after sediment lithification and dissolution 
of interstitial gypsum. Idiomorphic dolospar and 
opal lepispheres consist of early cements lining 
the inner walls of the empty gypsum casts. Later, 
elemental sulfur, chalcedony and sparry calcite fill 
the gypsum casts, veins and fractures. The crys-
tallization order between these diagenetic miner-
als is unclear because they seem to be contem-
poraneous although calcite and chalcedony 
frequently replace native sulfur.

In the base of the ore body, dolostones are 
fully replaced by the end members of the parage-
netic sequence, calcite and silica (chert). Mineral-
ogical and petrological characteristics of this basal 
part are similar to those described by Pozo et al. 
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(2016) for the ‘carbonate and silica-rich mounds’ 
outcropping 1km north of the studied Salmerón 
USB (Figure 3). These structures have been in-
terpreted as thermal spring deposits related to 
fissures. Indeed, some of their pictures of large 
voids filled by calcite probably correspond to emp-
ty casts and pseudomorphs after gypsum.

5.2. � Sulfate isotope geochemistry 
(bibliographic data)

Several studies have analyzed the sulfate iso-
tope compositions (δ34S and δ18O) of primary gyp-
sum (sedimentary), secondary gypsum (after an-
hydritization), elemental sulfur occurrences, and 

diagenetic gypsum from Las Minas de Hellín and 
the Cenajo basins (Servant-Vildary et al., 1990; 
Lindtke et al., 2011, Ortí et al., 2014b; Pineda et 
al., 2021). Sulfate isotopic signatures have been 
used to propose a syngenetic origin for the native 
sulfur occurrences (Figure 13). Although primary 
gypsum is not preserved in the Salmerón USB, 
these previously published data provided a frame-
work for our interpretations.

Sulfur isotope compositions group around two 
clusters (Figure 13): (1) positive δ34S values in 
primary/secondary gypsum, and (2) negative δ34S 
values in elemental sulfur and diagenetic gypsum. 
Synsedimentary gypsum (including primary and 
secondary gypsum after anhydrite) shows a wide 

Figure 12.  Paragenetic sequence of the Salmerón USB (Las Minas de Hellín basin). 1) Sedimentary deposition of biomedi-
ated dolomicrite and diatomite, organich-rich layers. 2) Synsedimentary interstitial growth of gypsum crystals. 3) Dissolution 
of gypsum in a partially lithified sediment (early diagenesis). Prismatic dolospar crystals and opal lepispheres lining empty 
gypsum casts. 4) Native sulfur filling pseudomorphs after gypsum. 5) Chalcedony filling pseudomorphs. 6) Calcite filling pseu-
domorphs and replacing native sulfur. 6) Complete calcification and silicification (chert) of the host rock (included native sulfur).
Figura 12.  Secuencia paragenética del nivel mineralizado superior de Salmerón (cuenca de las Minas de Hellín). 1) Acumu-
lación sedimentaria de láminas de dolomicrita biomediada, diatomeas y materia orgánica. 2) Crecimiento intersticial de cris-
tales de yeso en el sedimento. 3) Disolución del yeso en el sedimento parcialmente litificado (diagénesis temprana). Doloes-
parita y lepisferas de ópalo tapizan los moldes de yeso. 4) Azufre elemental rellena cavidades y pseudomorfiza yeso. 5) 
Calcedonia rellena cavidades. 6) Calcita pseudomorfiza yeso y reemplaza azufre elemental. 7) Silicificación y calcificación 
completa de la roca huésped (incluido el azufre).
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range of δ34S values, ranging between those ex-
pected for continental waters recycling Triassic 
evaporites (δ34S ~ 12 to 17‰, Ortí et al., 2014a) 
abundant in the drainage area, and those expect-
ed for Late Miocene seawater (δ34S ~ 21‰, Clay-
pool et al., 1980; Paytan et al., 1998). Recurrent 
seawater inputs are supported by marine assem-
blages of diatoms (Servant-Vildary et al., 1990), 
foraminifera, radiolarians, sponges, silicoflagel-
lates and dinoflagellates (Pineda et al., 2021).

Although δ34S data in synsedimentary gypsum 
could be explained by mixing of continental and 
marine inputs, this is not the case for the δ18O 
enrichments, of up to 20‰, reported in the evap-
orite unit. All authors agree that isotopic enrich-

ments in both δ34S and δ18O of synsedimentary 
gypsum were mediated by bacterial sulfate reduc-
tion processes (Servant-Vildary et al., 1990; Lindt-
ke et al., 2011; Ortí et al., 2014b; Pineda et al., 
2021).

However, Lindtke et al. (2011) propose a bio-
syngenetic origin for the sulfur occurrences in Las 
Minas abandoned quarries, based on: (1) the iso-
topic δ34S and δ18O enrichments in sedimentary 
gypsum previously reported by Servant-Vildary et 
al. (1990), (2) the formation of biomediated dolo-
micrites, and (3) the bending of sediment layers 
around sulfur nodules. In our opinion, this inter-
pretation is not well founded because: (1) there is 
not sedimentary gypsum in Las Minas quarries, 

Figure 13.  Bibliographic sulfur and gypsum sulfate isotope (δ34S and δ18O) data from Las Minas de Hellín and the Cenajo 
basins. Sedimentary and diagenetic gypsum data from Servant-Vildary et al. (1990) are unlocated in the lithostratigraphic 
succession. Sulfur and diagenetic gypsum data from Lindtke et al. (2011) belong to the USB (upper carbonate unit). Data of 
primary and secondary gypsum (after anhydrite) from Ortí et al. (2014) and Pineda et al. (2021) correspond to the evaporite 
unit, whereas of elemental sulfur are unlocated.
Figura 13.  Datos bibliográficos de la composición isotópica del azufre y del sulfato en yeso (δ34S and δ18O) en las cuencas 
de Las Minas de Hellín y del Cenajo. Los datos de yesos sedimentarios y diagenéticos de Servant-Vildary et al. (1990) co-
rresponden a muestras sin situación litoestratigráfica. Los datos de azufre elemental y yeso diagenético de Lindtke et al. (2011) 
corresponden al nivel mineralizado superior (unidad carbonatada superior). Los datos de yeso primario y secundario (después 
de yeso) de Ortí et al. (2014) y de Pineda et al. (2021) corresponden a la unidad evaporítica, sin embargo, las muestras de 
azufre no tienen posición estratigráfica.
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(2) biomediated dolomite is ubiquitous in the com-
plete Miocene succession, and (3) sediment lam-
inar deformation by the interstitial growth of differ-
ent minerals is characteristic of early diagenetic 
processes.

Interestingly, Lindtke et al. (2011) recognize 
that most of the gypsum in Las Minas quarries is 
diagenetic in origin. In fact, their images of sulfur 
occurrences in Las Minas correspond to discrete 
disseminations of native sulfur formed within di-
agenetic (satin-spar) gypsum, and into bed-
ding-parallel joints in carbonate beds. They also 
report images of centimetric sulfur nodules formed 
within dolomicrite beds in the Cenajo basin (not 
present in Las Minas) where primary gypsum is 
absent.

The average depletion of 30‰ in δ34S between 
synsedimentary gypsum and native sulfur report-
ed by Lindtke et al. (2011) (Figure 13) is within the 
isotopic fractionation range expected after bacte-
rial sulfate reduction processes. However, the 
biomediated fractionation leading to the observed 
isotopic depletion in elemental sulfur could have 
taken place during sedimentation (syngenetic) or 
after (diagenetic). Although all authors suggest a 
contemporaneity between synsedimentary gyp-
sum and the formation of elemental sulfur, their 
data cannot prove it. All reported isotopic data 
from sedimentary gypsum (Servant-Vildary et al., 
1990; Ortí et al., 2014b; Pineda et al., 2021) be-
longs to the evaporite unit, whereas isotopic data 
from elemental sulfur (Lindtke et al., 2011; Ortí et 
al., 2014b) corresponds to the USB in the overly-
ing upper carbonate unit.

Microbial sulfate reduction, hydrogen sulfide, 
and the subsequent formed native sulfur, can oc-
cur in both sedimentary (biosyngenetic) and di-
agenetic (bioepigenetic) realms. Our observations 
in the Salmerón USB show evidence that native 
sulfur in the USB postdate primary gypsum and 
dolomicrite formation in the sedimentary environ-
ment, and even the dissolution of the former.

δ34S values of diagenetic gypsum match with 
those of related native sulfur suggesting no frac-
tionation during the oxidation process. However, 
differences exist in sulfate-δ18O values. δ18O in 
diagenetic gypsum of the USB (Servant-Vildary et 
al., 1990; Lindtke et al., 2011) are lower than 
those observed in the LSB (Ortí et al., 2014b). 
Accurate petrologic and geochemical studies are 
required in order to interpret the mineralogenetic 
relations between diagenetic gypsum and ele-
mental sulfur in each sulfur body.

5.3.  Carbonate isotope geochemistry
Previous works in Las Minas de Hellín and the 

Cenajo basins agree with a primary (sedimentary) 
origin for dolomicrite beds in both the evaporite 
unit and in the lower part of the upper carbonate 
unit. However, some differences exist with respect 
the interpretation of calcite origin.

We compare our values from the Salmerón 
USB (Figure 14A) with those reported for the (1) 
Mobarque carbonate mound (Pozo et al., 2016) 
(Figure 14B); (2) Maeso, U1 and U2 carbonate 
mounds (Pozo et al., 2016) (Figure  14C); (3) 
evaporite unit in Las Minas de Hellín (Ortí et al., 
2014b; Pineda et al., 2021) (Figure 14D); (4) low-
er part of the upper carbonate unit in Las Minas 
de Hellín (Servant-Vildary et al., 1990; Lindtke et 
al., 2011) and Cenajo basins (Bellanca et al., 
1989) (Figure 14F).

Overall, our data match with previous ones, 
reporting positive δ13C and δ18O values in arago-
nite, negative δ13C and δ18O in calcite, and nega-
tive δ13C but positive δ18O in dolomite. However, 
some methodological and interpretative aspects 
require discussion.

The Mobarque carbonate mound correlates 
stratigraphically with the studied Salmerón USB. 
This positive relief is located only 1km north of the 
sulfur-bearing boreholes (Figure 2). According to 
Pozo et al. (2016), two types of dolomite are dis-
tinguished in this carbonate mound, primary dolo-
micrite which is the main component in massive 
dolostones, and aggrading neomorphic dolospar 
accompanying dolomicrite in laminated dolomite 
lithofacies. Isotopic data reported for laminated 
dolomites in the Mobarque carbonate mound (Fig-
ure 14B) show intermediate values, between di-
agenetic calcite and massive dolomite (primary 
dolomicrite) end-members. As δ13C values are 
always negative and similar for both minerals, the 
intermediate values are only distinguished by 
δ18O. Similar intermediate values have been also 
reported in Las Minas de Hellín abandoned quar-
ries (lower part of the upper carbonate unit) by 
Lindtke et al. (2011) (Figure 14E) and interpreted 
as mixing of calcite and dolomite. The hydrother-
mal origin for dolomite suggested by Pozo et al. 
(2016) is discussed below.

A marked difference in δ18O exists between 
positive values in dolomicrites and aragonites and 
negative values in calcites. All authors interpret 
the positive δ18O values in dolomicrites as formed 
from highly evaporated lake waters. Less positive 
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δ18O values in aragonites (Figure 14F) are inter-
preted by Bellanca et al. (1989) as the early pri-
mary precipitation of this mineral, with respect to 
dolomite, in relatively less concentrated waters. 

All authors agree on calcite resulting from the 
precipitation in meteoric-derived diagenetic wa-
ters (Lindtke et al., 2011; Ortí et al., 2014b; Pozo 
et al., 2016).

Figure 14.  Carbonate isotope (δ13C and δ18O) data from Las Minas de Hellín and the Cenajo basins. A) New data from the 
Salmerón USB. B) Data from the Mobarque carbonate mound (Pozo et al., 2016). C) Data from the U1, U2 and Maeso car-
bonate mounds (Pozo et al., 2016). D) Data from the evaporite unit in Las Minas de Hellín basin (Ortí et al., 2014; Pineda et 
al., 2021). E) Data from the upper carbonate unit in Las Minas de Hellín (Servant-Vildary et al., 1990; Lindtke et al., 2011). F) 
Data from the upper carbonate unit in the Cenajo basin (Bellanca et al., 1989).
Figure 14.  Composición isotópica de los carbonatos (δ34S and δ18O) de las cuencas de Las Minas de Hellín y del Cenajo. A) 
Nuevos datos de la roca huésped del nivel mineralizado superior de Salmerón. B) Datos del montículo carbonatado de Mobarque 
(Pozo et al., 2016). Datos de los montículos carbonatados U1, U2 y Maeso (Pozo et al., 2016). D) Datos de la unidad evaporítica 
en Las Minas de Hellín (Ortí et al., 2014b; Pineda et al., 2021). E) Datos de la unidad carbonatada superior en Las Minas de Hellín 
(Servant-Vildary et al., 1990; Lindtke et al., 2011). F) Datos de la unidad carbonatada superior en el Cenajo (Bellanca et al., 1989).

http://dx.doi.org/10.21701/bolgeomin/133.2/006


García-Veigas et al. (2022) BOLETÍN GEOLÓGICO Y MINERO
(GEOLOGICAL AND MINING BULLETIN)

BOLETÍN GEOLÓGICO Y MINERO 133 (2), 2022, 135-161. ISSN: 0366-0176. http://dx.doi.org/10.21701/bolgeomin/133.2/006

156

Most δ13C values in sedimentary dolomicrites 
are negative. These negative values related to 
spheroidal dolomicrite habits have been interpret-
ed as microbial induced precipitation of dolomite, 
on the lake floor, by remineralization of the CO2 
released during organic matter degradation (Bel-
lanca et al., 1989; Servant-Vildary et al., 1990). 
Based on the presence of native sulfur in Las 
Minas de Hellín quarries, Lindtke et al. (2011) 
suggest that H2S and CO2 were formed from or-
ganic matter degradation by SRB. Subsequently 
dolomicrite precipitated due to the increase in pH 
and alkalinity, and H2S was oxidized to S0, most 
probably by SOB.

A negative correlation between δ13C and δ18O 
in dolomicrite samples of Las Minas de Hellín 
quarries (Figure 14E) is originally reported by 
Lindtke et al. (2011): the most 18O-enriched and 
the most 13C-depleted dolomites. According to 
these authors, the stages of higher evaporation 
and saline concentration (18O-enriched) are also 
the most active for bacterial remineralization of 
organic matter (13C-depleted). Similar trends can 
be recognized in the data reported for the evapo-
rite unit (Ortí et al., 2014b; Pineda et al., 2021) 
(Figure 14D), and in the lower part of the upper 
carbonate unit in the Cenajo basin (Bellanca et 
al., 1989) (Figure 14F).

In conclusion, there is a general agreement 
interpreting carbonates in both the evaporite unit 
and in the lower part of the upper carbonate unit. 
The positive δ13C and δ18O values in sedimentary 
aragonite point to less concentrated, mainly ma-
rine waters. The negative δ13C values in sedimen-
tary dolomites are due to remineralization of or-
ganic matter. The positive δ18O in sedimentary 
dolomites indicate highly evaporation conditions. 
Calcite is a diagenetic mineral showing negative 
δ13C (precursor dolomite) and negative δ18O (me-
teoric derived waters).

5.4.  Silicified carbonate mounds
A different interpretation of carbonate isotope 

data is suggested by Pozo et al. (2016) for their 
‘carbonate mounds’. These authors admit that 
such morphological ridges are clearly distinctive 
from the carbonate mounds usually described in 
the geological literature (e.g., tufa, travertine, 
mud-mound carbonates). They conclude that 
such carbonate mounds in Las Minas de Hellín 
are related to local artesian seepage and relative-
ly high temperatures.

In the Mobarque, U1 and U2 silicified car-
bonate mounds, located close to the Salmerón 
and Las Minas USB (Figure 2), the negative δ13C 
values in both massive and laminated dolomite 
lithofacies (Figure 14B) are interpreted by Pozo et 
al. (2016) as due to the contribution of depleted 
δ13C, hydrothermal CO2-rich waters.

According to Pozo et al. (2016), depleted δ13C 
hydrothermal CO2 dominates close to the thermal 
discharging points. Then, the progressive ‘degas-
sing´ (escape of hydrothermal CO2) increases the 
δ13C of the remaining CO2 in water and in the 
neoformed dolomites (Figure 14C). The Maeso 
mound (Figure 2) is characterized to be poorly 
affected by silicification, shows a clastic appear-
ance with gravels and cross beddings, contains 
abundant void-filling dolospar overcoming prima-
ry dolomicrite, and exhibits sedimentary bedding 
containing abundant bioclastic and organic re-
mains (Pozo et al., 2016). Unlike the other car-
bonate mounds interpreted as formed at subsur-
face, the Maeso is interpreted as a subaqueous 
deposit. While in the Mobarque, U1 and U2 car-
bonate mounds, the hydrothermal CO2 was re-
leased in a confined system, without significant 
fractionation by degassing, in the Maeso mound, 
the thermal waters rose to the lake floor and most 
of the isotopically lower δ13C hydrothermal CO2 
escaped by degassing. According to this model, 
dolospar in the Maeso should be less influenced 
by hydrothermal waters although no specific 
mechanism is suggested for its genesis.

The Maeso mound is in the elevated northern 
block of the Mobarque fault (Figure 2). The Mo-
barque, U1 and U2 silicified carbonate mounds, 
the studied Salmerón USB, and the abandoned 
mined area of las Minas, are all of them nearby 
and located in the southern sunken block. In our 
opinion, the geochemical and mineralogical pro-
cesses occurred in the Mobarque-Salmerón-Las 
Minas area were strongly related to the hydrother-
mal activity along the Mobarque fault. These con-
ditions could be different to those occurred in the 
further away Maeso area.

The positive δ13C and δ18O values of de Maeso 
dolospar match the compositions of primary arag-
onite (figures 14 and 14F), and of some dolomic-
rite beds (Figure 14D). These positive δ13C and 
δ18O values have been interpreted as diagnostic 
of poorly concentrated, and less affected by bio-
genic organic matter degradation, lake waters 
(perhaps even marine). The lake water dilution 
mechanism by increasing freshwater or seawater 
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inputs, suggested by Bellanca et al. (1989) and 
Ortí et al. (2014b), for these positive isotope data, 
is in accordance with the hydrothermal groundwa-
ter mechanism proposed by Pozo et al. (2016). 
Dolospar formed by aggrading neomorphism in 
the distal Maeso area should have occurred with 
minor or without contribution of hydrothermal CO2.

Petrographic descriptions of the carbonate 
mounds provided by Pozo et al. (2016) are coin-
cident with the host rock of the Salmerón USB. 
The intermediate δ18O values, with gradual varia-
tion from heavier to lighter compositions in the 
dolospar of the Mobarque mound (yellow arrow in 
Figure 14B), and the negative δ18O values in cal-
cites, are interpreted as progressive dilution of 
thermal waters. Dolospars formed far from the 
hydrothermal vents record higher δ18O values 
more influenced by the lake waters or confined 
brines. Conversely, dolospars formed close to the 
hydrothermal vents are less affected by dilution 
with lake waters, or confined brines, recording 
lower δ18O values, characteristic from the hydro-
thermal source.

Our dolospar data (Figure 14A) match with val-
ues in the Mobarque dolospar trend towards light-
er δ18O compositions. The hydrothermal interpre-
tation of Pozo et al. (2016) for neomorphic 
dolospar in the Mobarque seepage mound can be 
extended to the prismatic dolospar lining voids in 
the stratigraphically equivalent, but less affected 
by hydrothermal silicification, Salmerón USB.

5.5. � Bioepigenetic model for the USB in Las 
Minas de Hellín basin

The native sulfur occurrences in the studied 
boreholes, consisting of pseudomorphs after gyp-
sum and veins filling fractures, must be consid-
ered as early diagenetic. Preservation of pseu-
domorphs after gypsum requires a certain degree 
of lithification. The observed replacement of gyp-
sum by elemental sulfur is preceded by the com-
plete dissolution of gypsum maintaining uncol-
lapsed gypsum casts. Based on these observations 
we consider the Salmerón USB as epigenetic in 
origin. Time lags between deposition of the host-
ing sediment, precipitation of interstitial primary 
gypsum, and the subsequent dissolution and re-
placement by native sulfur could be short but can-
not be determinated.

The bioepigenetic model for the Salmerón USB 
includes the dissolution of gypsum, the organic 
matter degradation and the bacterial sulfate re-

duction of dissolved sulfate resulting in the gener-
ation of the H2S which was subsequently oxidized 
to native sulfur precipitating in empty voids (main-
ly gypsum casts), veins, and fractures, and with 
minor extension, growing in a displacive way or 
cementing diatom-rich layers.

Intense brecciation, silicification and calcifica-
tion of the host rock in the Salmerón USB are 
similar features than those described for the near-
by and contemporaneous Mobarque, U1 and U2 
carbonate mounds interpreted as related to hydro-
thermal seepage waters (Pozo et al., 2016). A 
hydrothermal origin, or contribution, in the disso-
lution of primary gypsum and in the genesis of the 
elemental sulfur cannot be ruled out.

We interpret the native sulfur occurrences of 
the USB hosted in the base of the upper carbonate 
unit in Mobarque, Las Minas de Hellín quarries 
and in the Cenajo areas, as early diagenetic in 
origin. Unlike in Salmerón, which contains prima-
ry gypsum and is affected by hydrothermal calci-
fication and silicification, the relationship of these 
sulfur occurrences with fibrous satin spar gypsum 
in diastems and fractures, and the development 
of sulfur nodules in carbonates and conglomer-
ates without evidence of primary gypsum precip-
itation, suggests a certain degree of transport of 
dissolved sulfate towards organic-rich unlithified 
sediments were native sulfur and diagenetic gyp-
sum formed within sulfuretums.

6.  Conclusions
Two economically elemental sulfur bodies 

(more than 15% of S0) were exploited in Las Mi-
nas de Hellín basin. The USB is hosted by dolo-
mites and diatom-rich beds of the upper carbonate 
unit (Calvo et al., 2014). This deposit was exploit-
ed in small galleries in the Mobarque and Salm-
erón areas of Las Minas de Hellín basin, as well 
as in the Cenajo basin. Sulfur occurrences out-
cropping in Las Minas de Hellín abandoned quar-
ries also belongs to the USB. All previous pub-
lished information about elemental sulfur in Las 
Minas and the Cenajo basins are limited to this 
USB (Bellanca et al., 1989; Servant-Vildary et al., 
1990; Lindtke et al., 2011, Ortí et al., 2014b; Pine-
da et al., 2021).

The LSB, extensively exploited in underground 
mines in Las Minas de Hellín, is hosted by gyp-
sum and corresponds to the evaporite unit (Calvo 
et al., 2014). Minor occurrences of elemental sul-
fur can be recognized in barren gypsum levels 
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outcropping in the Barranco de los Hinojos, further 
from underground mine operations. To date the 
LSB has not been interpreted.

In the Salmerón area, close to the Mobarque 
fault and to the hydrothermal carbonate mound 
described by Pozo et al. (2016), elemental sulfur 
of the USB fill pseudomorphs after gypsum as well 
as fissures and bed joints. Calcite and silica (opal 
and chalcedony) can replace both elemental sul-
fur and dolomite matrix. Native sulfur mineraliza-
tion must be considered as bioepigenetic because 
postdates the authigenic interstitial growth of pri-
mary gypsum and its subsequent dissolution, 
leading to formation of empty casts, in a partially 
lithified sediment.

In Las Minas abandoned quarries and in the 
Mobarque area, little further away from the seep-
age carbonate mound, the host rock of the USB 
does not contain primary gypsum neither pseu-
domorphs. In Mobarque, as in the neighboring the 
Cenajo basin, elemental sulfur occurs as nodules 
grown in a non-completely lithified dolomite ma-
trix. In Las Minas quarries, most of the native sul-
fur occurs with diagenetic gypsum (satin spar) in 
bed joints and fissures. We do not found evidence 
of a biosyngenetic origin for elemental sulfur in 
these areas.

Summarizing, the USB in Las Minas and the 
Cenajo basins, hosted in the base of the upper 
carbonate unit, is considered as bioepigenetic. 
From the mineralogenetic point of view, elemental 
sulfur formed within incompletely lithified sediments 
during early diagenesis, at the same time that fur-
ther carbonate muds (dolomite and aragonite) de-
posited in the basin floor. Although from the sedi-
mentological point of view the elemental sulfur can 
be considered as contemporaneous with sedimen-
tation, from the mineralogenetic view, the elemen-
tal sulfur postdates its hosting matrix.

This textural and paragenetic SEM-EDS work 
represent a case study that can be illustrative for 
future research in sulphur deposits in order to 
clarify the biosyngenetic/bioepigenetic character 
of a deposit and to guide stable isotopy sampling 
strategies of the concerned mineral phases.
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