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ARTICLE INFO ABSTRACT

Keywords: An exploration guide for Mississippi Valley-type (MVT) deposits is proposed and illustrated in the Ridpar area (SE
Stable isotopes Spain), where extensive dolostone geobodies hosting Zn-(Fe-Pb) MVT mineralization occur. These base metal
Sr ratios

deposits are found within stratabound and patchy dolostones replacing Upper Jurassic to Lower Cretaceous
limestones. However widespread stratabound dolostones, with no Zn-(Fe-Pb) mineralization associated, are also
found in the same area replacing Lower Jurassic to Upper Cretaceous carbonates. A detailed sampling of both,
Zn-(Fe-Pb) mineralized dolostones (fertile), as well as unmineralized ones (barren), has been performed in an
area of ~106 km? to characterize their rare earth element (REE) and isotopic (C, O, Sr) compositions. Barren
Lower and Middle Jurassic and Upper Cretaceous dolostones show C, O and Sr isotopic characteristics (5!3C =
+2.1 to +3.8%0 VPDB, 8'80 = +27.6 to +29.8 %o VSMOW, %7Sr/56Sr = 0.70736 to 0.70764) like the Jurassic-
Cretaceous undolomitized limestones and marine carbonates, and consistent with dolostones produced by low
temperature seawater. On the contrary, barren and fertile Upper Jurassic to Lower Cretaceous stratabound and
patchy dolomitized limestones are depleted in 5'3C and 5'®0 and relatively enriched in 87r/86Sr compared to
the host limestones. This §'°C and §'0 composition can be explained by an interaction of warm fluids with
regional carbonates (2-3% of fluid/rock interaction at 190-230 °C). The hydrothermal character for the dolo-
mitizing fluid is supported by REE geochemical data (e.g., (Pr/Pr*)paasny and (Ce/Ce*)paasy anomalies). Thus, C
and O isotopes, as well as (Ce/Ce*)paasn and (Pr/Pr*)paasn ratios, can be used to discriminate between low
temperature dolostones, formed from cold seawater that do not contain Zn-(Fe-Pb) mineralization (barren), from
hydrothermal dolomites (HTDs), which may host Zn-(Fe-Pb) mineralization. Furthermore, most barren HTDs
show more restricted and higher 53¢ (4+0.4 to +0.9 %o VPDB) and 5180 values (4+26.4 to +27.1 %0 VSMOW), as
well as lower > REE contents (5.41 to 7.38 mg kg’l), compared to Zn-(Fe-Pb) mineralized HTDs 63c: —2.3 to
+0.6 %o VPDB; §'80: +25.1 to +27.1 %0 VSMOW; >"REE 14.10 to 54.79 mg kg™ 1). Therefore, the obtained REE
contents, and partially the 5'3C values, can be used to discriminate between HTDs associated with Zn-(Fe-Pb)
mineralization (fertile dolostones) and barren HTDs, revealing their potential as a new geochemical tool for MVT
exploration in dolomitized terrains.

Rare earth element geochemistry
Exploration tool

Mississippi Valley-Type deposits
Fertile/barren hydrothermal dolomite

1. Introduction

The study of dolostones and dolomitizing processes is of a great in-
terest as the resulting rocks may host economic Zn-Pb-F ore deposits (i.
e., Mississippi Valley-Type, MVT, and Sedimentary Exhalative, SEDEX;
Leach and Sangster, 1993; Muchez et al., 2005), as well as more than
half of the world’s hydrocarbon reserves (e.g., Zenger et al., 1980;
Warren, 2000; Davies and Smith, 2006). Of the many trace elements

commonly found in sphalerite, which is the main economic mineral in
MVT, SEDEX and Irish-type Zn-Pb deposits, gallium (Ga), germanium
(Ge) and indium (In) are currently the most relevant (Schwarz-Scham-
pera and Herzig, 2002; Cook et al., 2009, 2011; Marsh et al., 2016;
Frenzel et al., 2016; Sahlstrom et al., 2017a, Sahlstrom et al., 2017b).
These metals have become increasingly coveted in recent years largely
due to their growing usage in smartphones (Ga, In), fiber-optic cables
(Ge) or solar cells (Ga, Ge, In; Guberman, 2015; Jaskula, 2015; Tolcin,
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2015). The rapid increase in their economic importance as well as
supply concerns are reflected in their recent identification as critical raw
materials (Erdmann and Graedel, 2011; EU Commission, 2020).

Dolostone formation has been linked with different geological pro-
cesses and settings (Machel, 2004) and various dolomitization models
have been proposed by a large number of workers (e.g., Warren, 2000
and references therein). From the ore deposits perspective, dolostones
can be broadly classified as: i) low temperature dolostones, formed from
cold Mg-rich seawater derived fluids (SWDs) that are unrelated to eco-
nomic Zn-Pb-F deposits; and ii) hydrothermal dolomites (HTDs), formed
at slightly to much higher temperatures by seawater derived fluids or by
other Mg-bearing fluids; both with similar macroscopic characteristics.
HTDs are commonly structurally controlled and can host Zn-Pb-F
mineralization (e.g., Boni et al., 2000; Duggan et al., 2001; Davies and
Smith, 2006; Gasparrini et al., 2006; Smith and Davies, 2006; Sharp
et al., 2010). The HTD geobodies result in a variety of geometries, but
the most common are: i) stratabound and tabular-shaped dolostones
which extend away from fault zones following suitable layers (e.g.,
Sharp et al., 2010; Lapponi et al., 2011; Martin-Martin et al., 2013;
Dewit et al., 2014; Rahim et al., 2022); ii) fault-related irregular dolo-
stones distributed in patches along fault traces (e.g., Duggan et al., 2001;
Wilson et al., 2007; Lopez-Horgue et al., 2010; Rahim et al., 2020); and
iii) Christmas-tree like morphology, that results from combination of
stratabound and patchy end-members in individual dolostone bodies (e.
g., Sharp et al., 2010). Nevertheless, low temperature dolostones may
also form stratabound geometries (e.g., Hirani et al., 2018), so that the
geometry or their appearance cannot be used as exploration criteria for
finding MVT-related mineralization.

Dolostones are usually classified according to dolomite crystal size,
texture, fabric, distribution and shape (Friedman, 1965; Randazzo and
Zachos, 1984). Gregg and Sibley (1984) and Sibley and Gregg (1987)
proposed a classification of dolomite textures according to crystal
growth effects (planar or non-planar) and the degree of dolomitization
based on their formation temperature. Planar dolomite is assumed to
precipitate during early diagenesis at temperatures around or lower than
50-60 °C in shallow-burial environments (Machel, 2004). On the other
hand, the precipitation of non-planar dolomite usually occurs at higher
temperatures than 50-60 °C, commonly under deep-burial diagenetic
conditions (Warren, 2000). Also, non-planar saddle dolomite, charac-
terized by curved crystal faces and wavy extinction, is interpreted to
precipitate from hydrothermal fluids under a temperature range from 80
to 150 °C and exceptionally up to 200 °C (Machel, 2004). Nevertheless,
evidence from microthermometric data of fluid inclusions (FIs) from
non-planar dolomites constituting Zn-Pb mineralized and barren dolo-
stones of varied ages and locations do not support this view (e.g.,
Grandia et al., 2003; Nader et al., 2004; Luczaj, 2006; Lopez-Horgue
et al., 2010; Poros, 2011; Ronchi et al., 2012; Martin-Martin et al., 2013,
2015; Gomez-Rivas et al., 2014; Hao et al., 2014; Huang et al., 2014;
Navarro-Ciurana et al., 2015, Navarro-Ciurana et al., 2016a). Thus,
dolomite textures cannot be used as a quick and handy tool to determine
their formation temperature and their possible link to MVT minerali-
zation. Furthermore, assigning a diagenetic environment of formation
(deep-burial versus shallow-burial) based exclusively on textural de-
scriptions can also result in misleading interpretations. Hydrothermal
dolomitizing fluids, usually generated at depth, may ascend through
fractures or faults, and evolve through interaction with host rocks,
reaching shallow burial environments being able to maintain its high
temperature or salinity. Although microthermometric studies of FIs in
dolomites allow to determine their temperature of precipitation, and
consequently, their hydrothermal origin, the processing time of this
technique and the difficulty to find suitable dolomites, very often delays
the exploration process. Therefore, exploration companies commonly
decline the use of FIs and microthermometry in the early stages of
exploration.

A large number of dolostone case studies were based on detailed
petrographic descriptions, geochemical analyses of trace elements and
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rare earth elements (REE), as well as on the isotopic compositions (C, O,
Sr), to unravel dolomitization processes. Carbon and oxygen isotope
composition from unaltered limestone to high-grade ores have been
used to map the extent of hydrothermal systems, to understand fluid-
rock interactions and have provided useful guides for the exploration
of hydrothermal deposits worldwide (Banner et al., 1988; Naito et al.,
1995; Vazquez et al., 1998; Large et al., 2001; Bierlein et al., 2004;
Kelley et al., 2006). But contrary to other deposit types such as porphyry
copper, high sulfidation epithermal, volcanic-hosted massive sulfide,
Carlin-type Au or Irish-type Zn-Pb deposits, where whole-rock and sta-
ble isotope geochemical tools, and mineral vectors have been developed
(e.g., Chang et al., 2011; Barker et al., 2013; Loucks, 2014; Wilkinson
et al., 2015; Lu et al., 2016: Richards, 2016; Corral et al., 2017; Tan
et al., 2017; Yesares et al., 2019; Behnsen et al., 2021; Gisbert et al.,
2021), this have been partially overlooked for MVT deposits. Instead,
general, and large-scale guidelines for exploration have been proposed
(e.g., Large et al., 2001; Leach et al., 2005; Wilkinson, 2014), although
efforts have been applied to constrain lithogeochemical zonation se-
quences with some elements (Bi, Sb, Pb, Cd, Zn, among others: Hosseini-
Dinani and Aftabi, 2016 and references therein). Therefore, during early
stages of MVT exploration it is critical to effectively identify HTDs that
are associated with Zn-Pb-F mineralization.

The Ridpar area (Prebetic Cordillera, SE Spain) contains dolostone
bodies of different ages, dimensions, and origins, as well as Zn-(Fe-Pb)
MVT deposits which were mined since the XVIII century (Navarro-
Ciurana et al., 2016a,b, 2017). According to Navarro-Ciurana et al.
(2016a), the host dolostones of the Riépar mineralization consist of two
stratabound dolostone bodies connected by patchy bodies, which
replace carbonate units of Upper Jurassic to Lower Cretaceous ages. The
dolomitizing fluid in the mineralized area resulted from the interaction
of a hydrothermal brine and the carbonate host at temperatures between
150 and 250 °C (Navarro-Ciurana et al., 2016a). Nevertheless, other
extensive dolostone geobodies also occur in the sedimentary record of
the area, from Lower Jurassic to Upper Cretaceous strata, which have
never been studied nor prospected, providing a great opportunity to
compare mineralized (fertile) and non-mineralized (barren) dolostones.
Therefore, stable isotopes (C, O), Sr isotopic ratios and REE data from
the Ridpar dolostones are presented in this study to illustrate their po-
tential as a new exploration guide for MVT deposits, providing a valu-
able opportunity to test the proposed geochemical tool to discriminate
Zn-(Fe-Pb) mineralized (fertile) from barren dolostones.

1.1. Geological setting

The Ridpar area is located in the External Zones of the Betic
Cordillera (SE Spain), which constitutes the westernmost part of the
Mediterranean Alpine chain, together with the Rif in northern Morocco
and Tell-Kabylies Ranges in northern Algeria (e.g., Sanz de Galdeano,
1990; Fig. 1). The External Zones (subdivided into the Prebetic and
Subbetic zones; Fig. 1), are defined as an NNW-verging fold-and thrust
belt of the Betic orogen, consisting of Mesozoic to Cenozoic marine
sediments, originally deposited in the southern part of the Iberian con-
tinental paleomargin (e.g., Garcia-Hernandez et al., 1980; Sanz de
Galdeano, 1990; Vera et al., 2004). The Prebetic Zone consists of
Mesozoic to Cenozoic carbonates and clastic sequences up to 2000 m
thick, which were folded and detached from the Paleozoic basement
along Upper Triassic sedimentary rocks during the main orogenic stage
in the Miocene (Barbero and Lopez-Garrido, 2006; Vilas et al., 2001).

The tectonic evolution of the Mesozoic basin in the Prebetic margin
started in Late Permian-Early Triassic age with an intracontinental
rifting (Fig. 2) related to the opening of the Tethys Ocean and to the
dismembering of the Pangea supercontinent by the divergence of the
European and African plates (Banks and Warburton, 1991; Barbero and
Lopez-Garrido, 2006). This initial phase, represented by deposition of
the “Germanic” facies (Buntsandstein, Muschelkalk, and Keuper), was
followed by a post-rifting stage during the Early to Middle Jurassic
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Fig. 1. Schematic geologic map of the Prebetic Zone and Ridpar area (modified from: Pérez-Valera et al., 2010): (1) Alto Guadalquivir-San Jorge fault; (2) Socovos

fault; (3) Liétor fault; and (4) Pozohondo fault.

(Fig. 2) with development of regional thermal subsidence, little fault
activity and shallow carbonate platforms (Garcia-Hernandez et al.,
1980). A Late Jurassic-Early Cretaceous rifting cycle, related to the
opening of the North Atlantic Ocean by the break-up of Iberian and
African plates, lead to the separation of the Prebetic domain from the
rest of the Betic basin, and also from the rest of the Iberian Plate (Fig. 2;
Banks and Warburton, 1991; Arias et al., 1996; Vilas et al., 2001). A
post-extensional thermal subsidence stage occurred during Late Creta-
ceous ages (Fig. 2) with the development of extensive shallow-marine
carbonate platforms in the Iberian margins. The destruction of the
Prebetic margin was due to the rise of the Betic Chain, which started in
the Paleogene, although the main collision event occurred during the
Miocene (Fig. 2) as a consequence of the convergence of the African and
Iberian plates (Barbero and Lopez-Garrido, 2006).

The Prebetic domain is separated by major faults in the External and
Internal Prebetic Zones (Fig. 1); the Ridpar old mining area, which has
the oldest brass processing plant of Spain, is located at the limit of these
two zones (Fig. 1). From a tectonic standpoint, the Prebetic Zone is
characterized by the Cazorla-Alcaraz-Hellin structural arc, which was
developed during the Middle to Upper Miocene (Rodriguez-Pascua et al.,
20005 Fig. 1). It consists of a set of NE-trending and SE-dipping faults and
NW-trending strike-slip dextral faults perpendicular to the arc fold axes
(Rodriguez-Estrella, 1979; Fig. 1). The NE-trending Alto Guadalquivir-
San Jorge and Socovos-Calasparra faults separate the External (to the
S) and the Internal (to the N) Zones (Fig. 1). The External Prebetic Zone
(Fig. 1), dominated by shallow internal platform facies, corresponds to
the deformed part of the septentrional basin where frequent strati-
graphic gaps are observed. This zone contains well exposed Triassic,
Jurassic and some Cretaceous and Paleogene sedimentary rocks.
Furthermore, the External Prebetic Zone consists of an imbricate reverse
fault structure with narrow overturned folds, overthrusting towards the
central Spanish plateau. The Internal Prebetic Zone, located basinwards
or to the South, is dominated by marginal platform to slope facies and
large fold and thrust structures with no Triassic rocks, scarcity of
Jurassic strata and extensively exposed Cretaceous and Paleogene
sedimentary rocks, which are overthrusted by Subbetic nappes (Fig. 1;
Azéma, 1977; Barbero and Lépez-Garrido, 2006; Garcia-Hernandez
et al., 1980; Vera et al., 2004).

1.2. Characteristics of the Riopar MVT mineralization

The Ri6par Zn-(Fe-Pb) Mississippi Valley-type (MVT) mineralization,

located in the limit between External and Internal Prebetic Zones, is
hosted exclusively in stratabound and patchy dolostones of the Upper
Member (Mb.) of Sierra del Pozo Formation (Fm.) (Figs. 2 and 3). Ac-
cording to Navarro-Ciurana et al. (2016b), the Ridpar deposits, which
were mined since 1773, produced a minimum of ~ 20,000 t of Zn along
its mining history. Five sulfide orebodies have been recognized along a
1.6 km WE-trending normal fault alignment (Fig. 4) with approximate
dimensions of 20-50 m (height), 50-100 m (length) and 20-30 m
(width; Navarro-Ciurana et al., 2016b, 2017). The main Zn-(Fe-Pb)
mineralization is distributed in two mining complexes (Fig. 4): i) San
Agustin, which consists of two ore bodies named “Sg1” and “Sg2”; and
ii) San Jorge, situated in the central part of the studied area, which
contains different small ore bodies, which are grouped in three mines
(Sil, Sj2, Sj3).

The Zn-(Fe-Pb) sulfide deposits are distributed along the footwall
block of the WE-trending and S-dipping San Jorge extensional fault
(SJF). The associated hydrothermal dolomitization (fluid inclusion ho-
mogenization temperatures around 205 °C: Navarro-Ciurana et al.,
2015, 2016a) is limited by the NW-trending Socovos fault (SF) (Figs. 3
and 4). The SJF seems to have focused the hydrothermal dolomitizing
and ore-bearing fluids, indicating a structural control for fluid flow. The
Upper Jurassic to Lower Cretaceous succession does not crop out in the
hanging block of the San Jorge fault; it cannot be confirmed if this zone
was affected by the same dolomitizing and mineralizing processes
(Navarro-Ciurana et al., 2016b). Most of the deposits in this area are
characterized by an extensive supergene alteration due to weathering of
the hypogene Zn-Fe-Pb sulfides, resulting in the formation of supergene
non-sulfide (“calamine”) mineralization (Fig. 5a). The hypogene
mineralization, which mainly consists of sphalerite, marcasite and
galena (Fig. 5b), occurs in a variety of forms that include: i) NW- and NE-
trending irregular lenses, dipping 20-50° to the south, forming cockade
textures and in some cases crosscutting the stratification (Fig. 5a); ii)
small branching bodies parallel to stratification connected to the irreg-
ular lenses; iii) ore-cemented breccia zones (Fig. 5¢); iv) cm- to mm-wide
veins and veinlets (Fig. 5d); and v) dissemination and stylolite porosity
filling within the host dolomites. The hypogene mineral paragenesis
consists of (Navarro-Ciurana et al., 2016a,b, 2017): i) early dolomite,
with transitions of planar-s (subhedral) replacive (ReD) and planar-e
(euhedral) light sucrosic (SuD) dolomite types (Fig. 5d); ii) early non-
planar saddle dolomite (SaD-I) (Fig. 5d); iii) Zn—(Fe-Pb) ores
composed of marcasite, sphalerite and minor galena (Fig. 5); iv) late
non-planar saddle dolomite (SaD-II) (Fig. 5d); and v) late dolomite
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which consists of planar-e porphyrotopic (PoD) crystals replacing
sphalerite (Fig. 5f). Furthermore, two successive stages of supergene ore
formation under meteoric fluid processes occurred affecting hypogene
mineralization: i) “gossan” and “red calamine” formation in the upper-
most parts of the ore with deposition of Fe-(hydr)oxides and Zn- and Pb-
carbonates (smithsonite and cerussite), occurring as direct replacements
of Zn-Fe-Pb sulfides (Fig. 5a); and ii) “gray calamine” ore formation with
deposition of smithsonite, cerussite and hydrozincite infilling micro-
karst cavities and porosity.

1.3. Sampling and analytical methods

A systematic sampling of carbonates was performed in an area of ~
106 km? through the stratigraphic succession shown in Fig. 2, consid-
ering the different dolostone and limestone body types and ages,
including surface and underground old mine workings. Representative
polished thin sections (n = 202) of the different dolostone body types
and limestones outcropping in the Ridpar area (Fig. 3) were studied in
detail using petrographic microscopy. Selected thin sections were pre-
viously half stained with alizarin red-S and K-ferricyanide to differen-
tiate ferroan/non-ferroan dolomite and calcite (Dickson, 1966).

Oxygen, carbon and strontium isotope analyses were performed on
regional Jurassic to Cretaceous limestones, as well as on the different
outcropping dolostone bodies. Individual crystals were carefully
manually microdrilled from polished slabs or alternatively handpicked
under a binocular microscope considering the dolomite crystal type
(planar-s replacive, planar-e replacive, planar-e sucrosic and non-planar
saddle dolomites; Table 1) and powdered. Furthermore, some repre-
sentative samples were isotopically analyzed as whole rock (O, C and Sr)
to compare with minor and trace element crystal compositions (Table 1).

O and C isotope compositions (n = 121) were analyzed at Centres
Cientifics i Tecnologics of the Universitat de Barcelona (CCiTUB). About
0.05 to 0.08 mg of sample were reacted at 70 °C with 100% phosphoric
acid in a Thermo Finnigan Kiel Device III, coupled online with a Thermo
Finnigan MAT-252. The carbon and oxygen isotopic ratios are reported
in the delta notation: 8 = (Rsample — Rstandard)/Rstandard X 1000 (%) with
R =3¢c/%Cor 180/160, where the results are referenced to the Vienna
Pee Dee Belemnite (VPDB) standard. However, the 5180 values listed in
this paper are referenced to the Vienna Standard Mean Ocean Water
(VSMOW). The relationship between VPDB and VSMOW is expressed as:
5180vsmow = 1.03091 5'80yppp + 30.91 (Coplen et al., 1983). Labo-
ratory standards were calibrated relative to the international standard
NBS-18 (5'3C = -5.01%o0 and §'80 = —23.2%, VPDB) and NBS-19 (5'°C =
+1.95%0 and 8'0 = -2.2%. VPDB). Reproducibility, determined by
replicate analysis of standards, was better than + 0.02%o for carbon and
=+ 0.06%o for oxygen.

875r/80Sr ratios of carbonates (n = 36) were determined with an
automated multicollector TIMS-Phoenix® mass spectrometer at the
Geochronology and Isotope Geochemistry Centre of the Universidad
Complutense de Madrid. Carbonate powder was dissolved in 5 mL of 0.5
M acetic acid. Once dried, 1 mL of 3 M HNO3 was added to the sample
and dried again. 3 mL of 3 M HNOs were then added to the samples,
which were subsequently centrifuged at 4000 r.p.m. during 10 min in
order to eliminate the solid residue (clay minerals, quartz, etc.). For the
Sr chromatographic separation, an extraction resin SrResinTM (Trisken
International) was employed. The Sr was recovered with 0.05 M HNO3
as eluent. The fraction in which Sr was concentrated was recovered and
dried for analyzing in the mass spectrometer. Sr analyses have been
corrected for possible interference of 8Rb and they have been normal-
ized to the value 88sr/%%Sr = 0.1194. Analytical precision was monitored
by analysis of the NBS 987 standard (mean = 0.710246 (n = 6); 26 =
0.000012). Analytical uncertainties (26) were 0.01% for 875r/80Sr ra-
tios. Blanks of Sr preparations were lower than 0.05 ng mL ™.

Thirteen samples of dolostones constituting the host MVT minerali-
zation were crushed and only dolomite crystals were powdered in an
agate mortar and sieved in order to obtain their whole rock minor and
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Fig. 3. Geological map of the Ridpar area with the distribution and morphology of dolostones, the occurrence of Zn-(Fe-Pb) mineralization and sample location. Tr:
Keuper Fm. (Triassic clays and sandstones); Ji: Carretas to Contreras-Madrono Fm. (Lower Jurassic D1 dolostones and limestones); Jm: Chorro Fm. (Middle Jurassic
D2 dolostones); Jsy, Js3, Ciy: Sierra del Pozo Fm. (Kimmeridgian to Hauterivian limestones and marls); Ciy: Cerro Lobo Fm. (Hauterivian to Valanginian marls and
limestones); Ciz: Arroyo de los Anchos Fm. (Barremian to Aptian pisolitic and “callouix noire” limestones); Ci,: Utrillas facies (Aptian to Albian sandstones and clays
with dolomitized limestone levels); Cs;, Csy, Cs3: Dolomitica Fm. (Cenomanian-Turonian D4 dolostones); Cs,: Sierra de la Solana Fm. (Coniacian-Santonian lime-
stones); Mc: Miocene polymictic conglomerate; Q;: undifferentiated colluvium; Q,: alluvial fans; Qs: debris on alluvial funs; Q4: recent colluvial; SF: Socovos fault;
SJF: San Jorge fault; Sg1, Sg2: San Agustin ore deposits; Sjl, Sj2, Sj3: San Jorge ore deposits.

Al N-S (A-A) cs,~4£] [B] San Jorge Mine (Sj3 N
A

Zn-(Fe-Pb) ore

Fig. 4. Cross section (A) and detailed map (B) of the San Jorge Zn-(Fe-Pb) mineralized zone (Sj3). See Fig. 3 for location of cross section, detailed map, and legend.
D3a;: stratabound hydrothermal dolostone affecting Js, limestones (Lower Mb. of Sierra del Pozo Fm.); D3ay: stratabound hydrothermal dolostone affecting Ci;
limestones (Upper Mb. of Sierra del Pozo Fm.); D3b: patchy hydrothermal dolostone; SF: Socovos fault; SJF: San Jorge fault.

trace element composition. Minor and trace elements (including REE) of The melt produced by this process was completely dissolved with 5%
the samples were determined at ActLabs Laboratories, Ontario, Canada. HNOs. Zn, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and
Each sample was fused using a lithium metaborate-tetraborate mixture. Pb were analyzed by fusion-inductively mass spectrometer (FUS-MS).
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f Porosit

Fig. 5. A) Massive irregular hypogene and supergene Zn-(Fe-Pb) ore lenses hosted in partially stratified (St) dolostones (Hd). B) Transmitted light with parallel
polarizer (TL-PP) microphotograph of sphalerite (Sph) vein with marcasite (Mcs) and galena (Gn) hosted in dolomite (Hd). C) Ore-cemented breccia hand sample. D)
TL-PP microphotograph of sphalerite vein associated with porosity. E) TL-PP photomicrograph showing fracture filling by early non-planar saddle dolomite (SaD-I),
sphalerite and late non-planar saddle dolomite (SaD-II) hosted in planar-s (subhedral) replacive to planar-e (euhedral) sucrosic dolomite transition (ReD-SuD). F)

Porphyrotopic dolomite (PoD) replacing sphalerite crystals.

Detection limits for REE ranged from limits ranged from 0.02 to 0.05 mg
kg1, whereas the rest of the elements ranged from 0.1 to 30 mg kg ..
More information on the procedure, precision and accuracy of ACTLABS
ICP-MS analyses can be found at https://www.actlabs.com.

1.4. Dolostone geobodies occurrences

In the Ridpar area a large number of Mesozoic sedimentary units can
be observed (Fig. 2). Triassic sandstones with clays and gypsum, and
Lower to Middle Jurassic carbonates crop out in the northern block of

the Socovos fault, whereas carbonates of Upper Cretaceous age appear in
the southern block of the San Jorge fault. Upper Jurassic to Lower
Cretaceous carbonates crop out between the two abovementioned tec-
tonic structures. Furthermore, several dolomitized carbonates are also
identified in the Ridpar area (Fig. 3). Their distribution along the
stratigraphic section are (Fig. 2): i) Lower Jurassic stratabound dolo-
stones (D1); ii) Middle Jurassic stratabound dolostones (D2); iii) Upper
Jurassic to Lower Cretaceous stratabound and patchy dolomitized car-
bonates (D3); and iv) Upper Cretaceous stratabound dolostones (D4).
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Table 1

Carbon, oxygen and strontium isotope data from limestones (Lim), stratabound dolostones (St. Dol) and patchy dolomites (Pa. Dol), including descriptions of sample

type, dolomite crystal types and mineralization types.
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Sample- Formation Rock Sampling Dolomite type Relationship with 5 13C (%0) 5150 (%o) 5180 (%o0) 8751 /865r
(analysis) type type mineralization VPDB VPDB VSMOW
TO02-(01) Carretas St. Dol. Handpicked Planar-e (replacive) Unmineralized +3.8 -1.9 +29.0 0.70749
T0O02-(02) Carretas St. Dol.  Handpicked Planar-s (replacive) Unmineralized +3.8 -1.9 +29.0
TO10-(01) Contreras-Madrono Lim. Whole rock +2.6 -3.1 +27.7 0.70731
TO10-(02) Contreras-Madrano Lim. Whole rock +2.5 -3.2 +27.6
POD3b-(01) Contreras-Madrono Lim. Whole rock +2.7 —2.6 +28.2
RND11-(01) Chorro St. Dol. Handpicked Planar-e (sucrose) Unmineralized +3.2 -1.6 +29.3 0.70745
RND11-(02) Chorro St. Dol. Handpicked Planar-e (sucrose) Unmineralized +3.4 -1.1 +29.8
RND12-(01) Chorro Lim. Whole rock +2.4 —2.8 +28.0
RND12-(02) Chorro Lim. Whole rock +2.1 -3.0 +27.8 0.70737
CMC10-(01) Lower Mb Sierra del Lim. Whole rock +0.5 0.0 +30.9
Pozo
CMC04-(01) Lower Mb Sierradel ~ St. Dol.  Handpicked Planar-s (replacive) Unmineralized +0.4 -4.0 +26.7 0.70773
Pozo
Z01-(01) Lower Mb Sierra del Pa. Drilled Planar-e (sucrose) Unmineralized +0.4 —-4.1 +26.7
Pozo Dol.
701-(02) Lower Mb Sierra del ~ Pa. Drilled Planar-e (sucrose) Unmineralized +0.5 —4.4 +26.4
Pozo Dol.
Z01-(03) Lower Mb Sierradel ~ Pa. Whole rock Planar-e sucrose and Unmineralized +0.6 -3.8 +27.0 0.70753
Pozo Dol. non-planar saddle
Z01-(04) Lower Mb Sierra del Pa. Whole rock Planar-e sucrose and Unmineralized +0.8 —-4.0 +26.8 0.70747
Pozo Dol. non-planar saddle
701-(05) Lower Mb Sierra del ~ Pa. Whole rock Planar-e sucrose and Unmineralized +0.9 -3.7 +27.1 0.70745
Pozo Dol. non-planar saddle
Z01-(06) Lower Mb Sierra del Pa. Whole rock Planar-e sucrose and Unmineralized +0.8 —4.2 +26.6 0.70744
Pozo Dol. non-planar saddle
Z06-(01) Middle Mb Sierra Lim. Whole rock +2.3 -3.0 +27.8 0.70723
del Pozo
706-(02) Middle Mb Sierra Lim. Whole rock +2.3 -2.9 +27.9
del Pozo
Z06-(03) Middle Mb Sierra Lim. Whole rock +3.2 -3.0 +27.8
del Pozo
706-(04) Middle Mb Sierra Lim. Whole rock +3.0 -3.1 +27.7
del Pozo
S$G02a-(01) Upper Mb Sierradel ~ St. Dol. ~ Whole rock Planar-s and planar-e Weakly mineralized +0.1 —4.8 +26.0 0.70748
Pozo replacive) (veinlets)
S$G02a-(02) Upper Mb Sierradel ~ St. Dol.  Drilled Planar-e (replacive) Weakly mineralized 0.0 —4.8 +26.0
Pozo (veinlets)
SG02b-(01) Upper Mb Sierra del ~ St. Dol. Drilled Planar-e (replacive) Weakly mineralized +0.6 —4.4 +26.3
Pozo (dissemination)
$G02b-(02) Upper Mb Sierradel ~ St. Dol.  Drilled Planar-e (replacive) Weakly mineralized +0.4 —4.9 +25.9
Pozo (dissemination)
SG02b-(03) Upper Mb Sierra del ~ St. Dol. Drilled Planar-s (replacive) Weakly mineralized +0.3 —-4.7 +26.0
Pozo (dissemination)
SG05-(01) Upper Mb Sierradel ~ St. Dol. ~ Whole rock Planar-s and planar-e Weakly mineralized +0.1 -3.8 +27.0 0.70773
Pozo (replacive) (dissemination)
CMO04-(01) Upper Mb Sierradel ~ St. Dol.  Drilled Planar-s (replacive) Weakly mineralized +0.6 —4.0 +26.8 0.70743
Pozo (veinlets)
CM04-(02) Upper Mb Sierra del ~ St. Dol. Drilled Planar-e (replacive) Host-rock of ore +0.4 —4.5 +26.3
Pozo geobody lens
CMO04-(03) Upper Mb Sierra del St. Dol. Drilled Planar-e (replacive) Host-rock of ore +0.6 -39 +26.9
Pozo geobody lens
CMO04-(04) Upper Mb Sierradel ~ St. Dol.  Drilled Planar-s (replacive) Host-rock of ore +0.6 —4.3 +26.5
Pozo geobody lens
SJ40-(01) Upper Mb Sierra del ~ St. Dol. Whole rock Planar-s and planar-e Host-rock of ore +0.1 -3.7 +27.1 0.70750
Pozo (replacive) geobody lens
JO01-(01) Upper Mb Sierra del ~ St. Dol. Drilled Planar-e (replacive) Host-rock of ore +0.4 -5.3 +25.4
Pozo geobody lens
JO01-(02) Upper Mb Sierra del ~ St. Dol. Drilled Planar-s (replacive) Host-rock of ore +0.2 -5.0 +25.8
Pozo geobody lens
JO01-(03) Upper Mb Sierra del St. Dol. Drilled Planar-s (replacive) Host-rock of ore +0.4 -5.3 +25.4
Pozo geobody lens
SG02a-(02) Upper Mb Sierra del  Pa. Drilled Non-planar (saddle) Weakly mineralized +0.1 —4.4 +26.4
Pozo Dol. (veinlets)
S$G02a-(03) Upper Mb Sierra del ~ Pa. Drilled Non-planar (saddle) Weakly mineralized -0.1 —4.8 +26.0
Pozo Dol. (veinlets)
SG02a-(04) Upper Mb Sierra del Pa. Drilled Non-planar (saddle) Weakly mineralized -0.1 —-4.7 +26.1
Pozo Dol. (veinlets)
S$G02a-(05) Upper Mb Sierra del ~ Pa. Drilled Non-planar (saddle) Weakly mineralized —0.4 —4.3 +26.5
Pozo Dol. (veinlets)
S$G02a-(06) Upper Mb Sierra del ~ Pa. Drilled Non-planar (saddle) Weakly mineralized -0.1 —5.2 +25.6
Pozo Dol. (veinlets)

(continued on next page)
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Sample- Formation Rock Sampling Dolomite type Relationship with 513C (%)  8'%0 (%) %0 (%0) 875r,/86sr
(analysis) type type mineralization VPDB VPDB VSMOW
$G02a-(07) Upper Mb Sierra del ~ Pa. Drilled Non-planar (saddle) Weakly mineralized -0.3 —4.6 +26.1
Pozo Dol. (veinlets)
SG02a-(08) Upper Mb Sierra del Pa. Drilled Non-planar (saddle) Weakly mineralized -0.1 —4.3 +26.5 0.70799
Pozo Dol. (veinlets)
SG02b-(04) Upper Mb Sierra del ~ Pa. Drilled Non-planar (saddle) Weakly mineralized +0.4 -5.0 +25.8
Pozo Dol. (dissemination)
SG02b-(05) Upper Mb Sierra del ~ Pa. Drilled Non-planar (saddle) Weakly mineralized +0.2 —4.8 +26.0
Pozo Dol. (dissemination)
SG02b-(06) Upper Mb Sierra del  Pa. Drilled Non-planar (saddle) Weakly mineralized +0.4 —-4.7 +26.0
Pozo Dol. (dissemination)
SG02b-(07) Upper Mb Sierra del ~ Pa. Whole rock Non-planar (saddle) Weakly mineralized +0.5 —4.7 +26.1
Pozo Dol. (dissemination)
SG02b-(08) Upper Mb Sierra del  Pa. Drilled Non-planar (saddle) Weakly mineralized +0.6 —4.4 +26.3
Pozo Dol. (dissemination)
SG02b-(09) Upper Mb Sierra del ~ Pa. Drilled Non-planar (saddle) Weakly mineralized -0.2 -5.6 +25.2
Pozo Dol. (dissemination)
SG02b-(10) Upper Mb Sierra del ~ Pa. Drilled Non-planar (saddle) Weakly mineralized 0.0 -3.8 +27.0
Pozo Dol. (dissemination)
SG02b-(11) Upper Mb Sierra del ~ Pa. Drilled Non-planar (saddle) Weakly mineralized +0.3 —4.6 +26.2
Pozo Dol. (dissemination)
SG02b-(12) Upper Mb Sierra del ~ Pa. Drilled Non-planar (saddle) Weakly mineralized -0.2 -5.3 +25.4
Pozo Dol. (dissemination)
SG02b-(13) Upper Mb Sierra del  Pa. Drilled Non-planar (saddle) Weakly mineralized +0.1 —4.2 +26.6 0.70766
Pozo Dol. (dissemination)
SG02b-(14) Upper Mb Sierra del Pa. Whole rock ‘Whole rock (non- Weakly mineralized +0.2 —4.8 +26.0 0.70803
Pozo Dol. planar saddle) (dissemination)
SG04c-(01) Upper Mb Sierra del  Pa. Whole rock Whole rock (non- Weakly mineralized -0.2 —4.2 +26.6 0.70782
Pozo Dol. planar saddle) (veinlets)
SG05-(02) Upper Mb Sierra del ~ Pa. Whole rock Whole rock (non- Weakly mineralized +0.2 -3.9 +26.9 0.70770
Pozo Dol. planar saddle) (veinlets)
JO15-(01) Upper Mb Sierra del Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.6 —4.7 +26.0
Pozo Dol. geobody lens
JO15-(02) Upper Mb Sierra del ~ Pa. Drilled Planar-e (sucrose) Host-rock of ore —0.6 —4.5 +26.3
Pozo Dol. geobody lens
JO15-(03) Upper Mb Sierra del Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.7 —4.8 +25.9
Pozo Dol. geobody lens
JO15-(04) Upper Mb Sierra del ~ Pa. Drilled Planar-e (sucrose) Host-rock of ore —0.7 —4.8 +26.0
Pozo Dol. geobody lens
JO15-(05) Upper Mb Sierra del ~ Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.5 —4.8 +26.0
Pozo Dol. geobody lens
JO15-(06) Upper Mb Sierra del Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.5 —4.7 +26.0
Pozo Dol. geobody lens
JO15-(07) Upper Mb Sierra del ~ Pa. Drilled Planar-e (sucrose) Host-rock of ore —0.6 —4.8 +25.9
Pozo Dol. geobody lens
JO15-(08) Upper Mb Sierra del Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.6 —-4.7 +26.0 0.70745
Pozo Dol. geobody lens
JO16-(01) Upper Mb Sierra del Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.2 —-4.9 +25.9
Pozo Dol. geobody lens
JO16-(02) Upper Mb Sierra del ~ Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.1 —-4.9 +25.9
Pozo Dol. geobody lens
JO16-(03) Upper Mb Sierra del Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.2 —4.7 +26.0
Pozo Dol. geobody lens
JO16-(04) Upper Mb Sierra del ~ Pa. Drilled Planar-e (sucrose) Host-rock of ore -2.0 -4.9 +25.9
Pozo Dol. geobody lens
JO17-(01) Upper Mb Sierra del Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.3 —-5.1 +25.6
Pozo Dol. geobody lens
JO17-(02) Upper Mb Sierra del Pa. Drilled Planar-e (sucrose) Host-rock of ore —-0.4 —5.5 +25.2
Pozo Dol. geobody lens
JO17-(03) Upper Mb Sierra del ~ Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.4 -5.6 +25.2
Pozo Dol. geobody lens
JO17-(04) Upper Mb Sierra del Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.2 —5.2 +25.6
Pozo Dol. geobody lens
JO17-(05) Upper Mb Sierra del ~ Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.3 -5.3 +25.4
Pozo Dol. geobody lens
JO17-(06) Upper Mb Sierra del ~ Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.7 -5.6 +25.2
Pozo Dol. geobody lens
JO17-(07) Upper Mb Sierra del ~ Pa. Drilled Planar-e (sucrose) Host-rock of ore —0.2 —5.1 +25.7 0.70738
Pozo Dol. geobody lens
JO18-(01) Upper Mb Sierra del ~ Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.4 -5.4 +25.4 0.70739
Pozo Dol. geobody lens
JO02-(01) Upper Mb Sierra del Pa. Drilled Planar-e (sucrose) Host-rock of ore —-0.4 -5.5 +25.2
Pozo Dol. geobody lens
JO02-(02) Upper Mb Sierra del  Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.5 —5.6 +25.1
Pozo Dol. geobody lens

(continued on next page)
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Sample- Formation Rock Sampling Dolomite type Relationship with 513C (%)  8'%0 (%) %0 (%0) 875r,/86sr
(analysis) type type mineralization VPDB VPDB VSMOW
JO02-(03) Upper Mb Sierra del Pa. Drilled Planar-e (sucrose) Host-rock of ore —-0.4 —5.7 +25.1
Pozo Dol. geobody lens
JO02-(04) Upper Mb Sierra del  Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.3 —5.6 +25.1
Pozo Dol. geobody lens
JO02-(05) Upper Mb Sierra del Pa. Drilled Planar-e (sucrose) Host-rock of ore —-0.6 —5.6 +25.1
Pozo Dol. geobody lens
JO02-(06) Upper Mb Sierra del ~ Pa. Drilled Planar-e (sucrose) Host-rock of ore —0.4 -5.2 +25.1 0.70736
Pozo Dol. geobody lens
JO01-(04) Upper Mb Sierra del  Pa. Drilled Planar-e (sucrose) Host-rock of ore +0.4 -5.1 +25.6
Pozo Dol. geobody lens
JO01-(05) Upper Mb Sierra del Pa. Drilled Planar-e (sucrose) Host-rock of ore +0.4 —5.4 +25.4
Pozo Dol. geobody lens
JO01-(06) Upper Mb Sierra del  Pa. Drilled Planar-e (sucrose) Host-rock of ore +0.4 -5.0 +25.8
Pozo Dol. geobody lens
JO01-(07) Upper Mb Sierra del Pa. Whole rock Planar-e sucrose and Host-rock of ore +0.3 —-4.7 +26.1 0.70830
Pozo Dol. non-planar saddle geobody lens
JOO01-(08) Upper Mb Sierra del ~ Pa. Whole rock Planar-e sucrose and Host-rock of ore 0.0 —4.2 +26.6
Pozo Dol. non-planar saddle geobody lens
JO01-(09) Upper Mb Sierra del ~ Pa. Drilled Non-planar (saddle) Host-rock of ore 0.0 —4.1 +26.7
Pozo Dol. geobody lens
JO01-(10) Upper Mb Sierra del Pa. Drilled Non-planar (saddle) Host-rock of ore +0.1 —4.3 +26.5 0.70830
Pozo Dol. geobody lens
JO04-(01) Upper Mb Sierra del  Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.4 —4.8 +26.0
Pozo Dol. geobody lens
JO04-(02) Upper Mb Sierra del Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.5 —-4.7 +26.1
Pozo Dol. geobody lens
JO04-(03) Upper Mb Sierra del  Pa. Drilled Planar-e (sucrose) Host-rock of ore -0.1 —-4.7 +26.1
Pozo Dol. geobody lens
JO04-(04) Upper Mb Sierra del ~ Pa. Drilled Planar-e (sucrose) Host-rock of ore -2.3 —4.4 +26.4
Pozo Dol. geobody lens
CMCO08-(01) Lower Mb Arroyo de Lim. Whole rock +2.8 -3.2 +27.6
los Anchos
CMO02-(01) Lower Mb St. Dol. Handpicked Planar-e (replacive) Unmineralized +2.7 -1.3 +29.5 0.70764
Dolomitica
CMO02-(02) Lower Mb St. Dol. Handpicked Planar-s (replacive) Unmineralized +2.6 -1.7 +29.2
Dolomitica
PA07-(01) Lower Mb St. Dol. Handpicked Planar-s (replacive) Unmineralized +2.5 -3.2 +27.6
Dolomitica
PA07-(02) Lower Mb St. Dol. Handpicked Planar-e (replacive) Unmineralized +2.5 -3.2 +27.6
Dolomitica
PO09-(01) Middle Mb St. Dol. Handpicked Planar-e (replacive) Unmineralized +2.6 -3.1 +27.7 0.70746
Dolomitica
PA05-(01) Upper Mb St. Dol.  Handpicked Planar-e (replacive) Unmineralized +2.1 —2.4 +28.4 0.70736
Dolomitica
PA06-(01) Sierra de la Solana Lim. Whole rock +3.0 —2.2 +28.7 0.70746
PA06-(02) Sierra de la Solana Lim. Whole rock +2.8 -1.3 +29.6

1.5. Lower Jurassic stratabound dolostones (D1)

The Lower Jurassic stratabound dolostones (D1) are part of the
Carretas Fm., and the Contreras-Madrono Fm. (Hettangian-Pleinsba-
chian; Figs. 2 and 3), and characterized by a reddish to grayish color
(Fig. 6a). In the Ridpar area, the D1 stratabound dolostone thickness
exceeds 150 m. It is constituted by two types of replacive dolomite
crystals (Fig. 6b): i) dolomites with anhedral to subhedral morphologies
of sizes less than 100 um (planar-s); and ii) zoned rhombohedral euhe-
dral dolomites smaller than 1.5 mm (planar-e). Although these dolo-
stones do not commonly present a well-developed porosity, some
samples display isolated intercrystalline pores with diameters of less
than 0.5 mm (Fig. 6b). The dolomitization is mainly fabric-retentive, as
oolitic allochems and porosity of the precursor limestones are recog-
nized, preserving the original depositional fabrics (i.e., stratification). At
the top of the dolomitization front (Fig. 6a), non-dolomitized fossilif-
erous intra-pelsparitic and intra-oosparitic grainstones to packstones,
and intra-pelmicritic wackstones to mudstones of the Contreras-
Madrono Fm. occur (Fig. 6d). The dolomitization front is observed
mainly along stylolites and millimeter-size fractures (Fig. 6¢). The lith-
ological components recognized in the Contreras-Madrono Fm. lime-
stones included gastropods, bivalves, foraminifera (genus:
Ammomarginulina; Verneuilinoides, Textularia, Redmondina, Spirillina,

Lenticulina, Triloculina, Quinqueloculina and Epistomina), dasycladaceae
green algae and sponge spicules (Fig. 6d).

1.6. Middle Jurassic stratabound dolostones (D2)

The Middle Jurassic stratabound dolomitized limestones, which are
located within the Chorro carbonate Fm. (Aalenian-Callovian: Figs. 2
and 3), are characterized by a whiteish color developed in greater than
250 m of the sedimentary sequence (Fig. 7a). D2 dolostones are
constituted by fine to coarse planar-e sucrosic dolomite crystals with less
than 1 mm in size (Fig. 7b) with common intercrystalline millimetric to
centimetric pores. Occasionally, this porosity reaches 10% of the volume
(Fig. 7b). The replacement is fabric-retentive as oolitic ghosts can be
identified, although original sedimentary structures, such as stratifica-
tion, are rarely preserved. At the top of the D2 stratabound dolostone,
non-dolomitized fossiliferous intra-oosparitic grainstones to packstones,
and to a lesser extend mudstones, occur mainly along a penetrative
dolomitization front that is parallel to stratification, as well as along
stylolites and millimeter-size fractures. The main recognized macro-
fauna of upper limestones included gastropods, bivalves (predominantly
ostreids), corals, sponge spicules and echinoids (Fig. 7c and d). Usually,
the ooids, with supported grain and concentric and elongated mor-
phologies, are micritized (bahmitic peloids: Fig. 7c¢).
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Fig. 6. Characteristics of the Lower Jurassic stratabound dolostones (D1: Carretas Fm.). A) Photograph of the dolomitization front that delimits the Carretas Fm.
dolostones (bottom) and the Contreras-Madrono Fm. limestones (top). B) Transmitted light with parallel polarizer (TL-PP) microphotograph of the D1 dolostones. C)
TL-PP microphotograph of the dolomitization front. In this case, the dolomitization affects mudstones of the Contreras-Madrono Fm. D) Petrographic characteristic of
a representative intra-pelmicritic wackstone of the Contreras-Madrono Fm. (TL-PP). Bi: bivalve; Da: dasicladaceae green algae; Fo: foraminifera; Ga: gastropod; Mc:
microcrystalline matrix of calcite; Po: oxidized pyrite; Spi: sponge spicule; St: stylolite.

Upper Jurassic to Lower Cretaceous stratabound and patchy dolo-
mitized carbonates (D3).

Two types of dolostone geobodies have been identified in the Upper
Jurassic to Lower Cretaceous carbonate succession (Fig. 2; Navarro-
Ciurana et al., 2016a): one characterized by grey to brown color and
stratabound morphology (D3a), which evolves into a second type of
white patchy dolostone (D3b) (Fig. 8a). The resulting dolostone
morphology may be conceived as a Christmas-tree like morphology
(Fig. 4), with stratabound branches joined by patchy vertical trunks
(Fig. 8a). These types of dolostones crop out over an area of 4.6 km?
between San Jorge and Socovos faults (Fig. 3).

Two D3a stratabound dolostones preserving the original depositional
fabrics (e.g., stratification, lamination) were observed in the Lower and
the Upper Mb. of Sierra del Pozo Fm. intra-oosparitic grainstones to
packstones and mudstones (Figs. 2 and 3). They are constituted by
microcrystalline planar-s to planar-e replacive dolomite crystals (Fig. 8b
and c). The Lower Mb. of Sierra del Pozo Fm. is partially dolomitized
(D3ay) as it preserves oolitic limestone lenses, which are constituted by
grainstones, oosparitic packstones and mudstones (Fig. 8d). Also, this
stratabound dolostone type contains oolitic moldic porosity and oolitic
ghosts (Fig. 8b and c). On the other hand, the Upper Mb. has been
completely dolomitized (D3ay), extensively replacing intra-oosparitic
grainstones and packstones, and occasionally with abundant orbitoli-
nid moldic porosity, but preserving the stratification (Fig. 8e). The
stratabound dolomitization fronts are locally wavy but commonly
follow the bedding (Fig. 8f). The Middle Mb. of the Sierra del Pozo Fm.
(nodular gray limestones and highly stylolithized marly limestones) is
not affected by stratabound dolomitization and shows an incipient
dolomitization across stylolites and bedding (Fig. 8g).

Different D3b patchy dolostones have been identified affecting the
Lower Mb. of the Sierra del Pozo to the Arroyo de los Anchos Fms.
(Figs. 2 and 3). The latter is easily recognized in the field by the
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abundant black pebbles (Fig. 9¢). As both formations are hosted in the
same Upper Jurassic to Lower Cretaceous carbonate sequence, the
different patches can be considered as parts of a single dolostone body.
They are constituted by planar-e sucrosic dolomite crystals and fine to
coarse non-planar saddle dolomites, with highly developed porosity
(Fig. 9a). Besides the larger bodies, saddle dolomite is also found
forming rhythmic (‘zebra’) textures (Fig. 9b), cementing breccias
around small fractures (Fig. 9¢) and along stratification surfaces within
the stratabound dolostones (Fig. 9d). The patchy dolomitized bodies
gradually fuse with the two stratabound dolostone units (D3a; and
D3ay), commonly obliterating the sedimentary fabrics (Fig. 8a).
Nevertheless, the contact front with the undolomitized carbonates is
sharp, cross-cutting bedding and stratification and occur cementing
fractures. Moreover, patchy dolostone crop out closer to the WE-
trending and S-dipping San Jorge fault rather than the NW-trending
Socovos dextral strike-slip fault (Figs. 3 and 4), suggesting a structural
control for these geobodies. Dolomitization is more pervasive near the
San Jorge fault, where the processes of replacement of carbonate units
by dolomites are highly penetrative, completely obliterating sedimen-
tary structures such as stratification and laminations (Fig. 9d). Tradi-
tionally, these dolomites were assigned to Middle Jurassic age (e.g.,
Fernandez-Gianotti et al., 2001), probably due to their similar appear-
ance with the D2 dolostones. Nevertheless, the presence of orbitolinid
moldic porosity (Fig. 9e) and the stratigraphic correlation with nearby
lithostratigraphic units, confirm that the undolomitized carbonates were
deposited during the Upper Jurassic - Lower Cretaceous. Additionally,
the Upper Mb. of Sierra del Pozo Fm. D3 dolostones constitute the host
rocks of the Riopar MVT Zn-(Fe-Pb) deposit, and associated supergene
ores (see Navarro-Ciurana et al., 2016b, 2017).
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Fig. 7. Characteristics of the Middle Jurassic stratabound dolostones (D2: Chorro Fm.). A) Outcrop photograph of the D2 dolostones. B) TL-PP microphotograph of
the D2 dolostones showing fine to coarse planar-e sucrosic dolomite crystals and pronounced intercrystalline porosity. C) TL-PP microphotograph of a non-
dolomitized intra-oosparitic grainstone sample of the Chorro Fm. D) TL-PP microphotograph of a non-dolomitized intrapelmicritic packstone of the Chorro Fm.
Bi: bivalve; Co: cortoid (micritic envelope); In: intraclast; Fo: foraminifera; Oo: oolith; Os: ostreido; Pb: bahmitic peloid (micritized ooid); Pf: fecal peloid (pellet);

Sp: sparite.
1.7. Upper Cretaceous stratabound dolostones (D4)

The Upper Cretaceous sedimentary sequence (around 600 m thick) is
represented by the Dolomitica and the Sierra de la Solana Fms. (D4:
Figs. 2 and 3). The Upper Cretaceous stratabound dolomitized Cen-
omanian to Turonian limestones (Fig. 10a) are formed by fine planar-s to
planar-e dolomite crystals (Fig. 10b and c). They are characterized by
three different members: i) the Lower Mb. (D4a; Lower Cenomanian),
which is constituted by ochre microcrystalline dolostones with orbito-
linid ghosts; ii) the Middle Mb. (D4b; Upper Cenomanian), formed by
white dolostones with oolitic ghosts and interbedded thin dolomitic
marls; and iii) the Upper Mb. (D4c: Turonian), which is constituted by
grey massive dolostones.

The D4a dolostones, which appears discordantly over the Utrillas
Fm., are constituted by anhedral to subhedral dolomite crystals of less
than 200 um (Fig. 10b). In addition, these dolostones show a certain
content of detrital quartz (Fig. 10b), suggesting a continental influence
during the formation of the precursor limestone. On the other hand,
fossil ‘ghosts’ (contours) and intraclasts have been observed (Fig. 10b),
indicating that these dolostones were formed by the replacement of a
pre-existing limestone. Petrographically, the D4b and D4c dolostones do
not show substantial differences. These two dolostone units are char-
acterized by the absence of detrital components and by the presence of
fossil molds (‘ghosts’), mainly orbitolinids (Fig. 10c). Two dolomite
types have been recognized (Fig. 10c): i) anhedral to subhedral (planar-s
replacive) dark dolomite crystals with less than 50 um in size; and ii)
euhedral (planar-e replacive) whitish dolomite crystals with less than
100 pm in size that replace fossil remnants. The D4 dolostone unit is
discordantly overlaid by whitish limestones of the Sierra de la Solana
Fm. (Fig. 10a), which are constituted by bioplemicritic and bio-
intramicritic wackstones and packstones with gastropods, rudists, corals
and echinoderm spicules (Fig. 10d).
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1.8. Carbon, oxygen and strontium isotope characterization

The & 3Cyppg, 6!%0vsmow and 87Sr/%0sr analytical results of Jurassic
to Cretaceous limestone and dolostone (D1, D2, D3 and D4) samples are
shown in Table 1. All limestones from Lower Jurassic to Upper Creta-
ceous (Fig. 11) show a narrow range of 5'3Cyppp and 8'%0ysymow values
between +0.5 to +3.2%0 and from +27.6 to +30.9%o, respectively
(Table 1). Furthermore, the analyzed limestones exhibit 878r/%0Sr ratios
of 0.70723 to 0.70746 (Table 1). These values are compatible with
carbonates precipitated from Jurassic to Cretaceous seawater (Veizer
et al., 1999; Figs. 12 and 13).

D1 and D2 stratabound dolostones (Fig. 11) have 613CvaB values
ranging from +3.2 to +3.8%o, 5'80vsmow from +29.0 to +29.8%o and
8751 /855y ratios from 0.70745 to 0.70749 (Table 1). On the other hand,
the isotopic signature of D4 stratabound dolostones (Fig. 11) ranges
from +2.1 to +2.7%o for 5'°Cypps, from +27.6 to +29.5%o for 5'%0ys.
mow, and from 0.70736 to 0.70764 for 8Sr/®sr (Table 1). Similar to
marine limestones, these stratabound dolostone geobodies are close to
the reported Jurassic to Cretaceous seawater values (Veizer et al., 1999);
Figs. 12 and 13).

The D3a stratabound dolostones (Fig. 11) have 813CvaB values from
+0.0 to +0.6%o, 5'80ysmow from +25.4 to +27.0%0 and 87Sr/%Sr ratios
from 0.70743 to 0.70773 (Figs. 12 and 13). Carbon and oxygen isotope
values of this type of D3a stratabound dolostones are lower (Figs. 11 and
12), and 85r/®0r signature generally higher (Figs. 11 and 13), than the
D1, D2 and D4 stratabound dolostones, suggesting a different origin
than the carbonates precipitated from Jurassic to Cretaceous seawater.

The D3b patchy dolostones show similar C and O isotope values
(6"3Cyppp: —2.3 to +0.9%q; 5'80ysmow: +25.1 to +27.1%o) than the D3a
stratabound dolostones (Fig. 11), although D3a shows more restricted
513C values than the D3b (Fig. 12). Furthermore, D3b patchy dolostones
have 87Sr/%%sr values of 0.70736 to 0.70830, mostly higher than D3a
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Fig. 8. Characteristics of the Upper Jurassic to Lower Cretaceous stratabound (D3a) dolomitized carbonates. A) Fine microcrystalline D3a; stratabound dolostone
(SD-D3a;: grey to brown color) of the Lower Mb. of the Sierra del Pozo Fm., preserving the original stratification and associated with D3b patchy dolostones (PD-D3b:
whitish to greyish color), which are fabric destructive. B) Transmitted light with parallel polarizer (TL-PP) microphotograph of planar-s dolomite from D3a dolostone,
oolitic ghosts (Og) and moldic porosity (Mp) derived from dissolution of ooids. C) TL-PP photomicrograph of planar-e dolomite from D3a; dolostone showing cloudy
centers and light borders with intercrystalline porosity (yellow color). D) TL-PP photomicrograph of oolitic limestone lenses from the Lower Mb. of the Sierra del
Pozo Fm. E) Orbitolinid moldic porosity (Orb-p) from the D3a, Upper Mb. of the Sierra del Pozo D3a stratabound dolostone. F) Contact between the Middle and the
Upper Mbs. of the Sierra del Pozo Fm. constituted by limestones and marls, and dolostones (D3a,), respectively. G) TL-PP photomicrograph of stylolithized marly
limestones from Middle Mb. of Sierra del Pozo Fm., with planar-e dolomites along stylolites (red color is calcite stained by K-ferricyanide).

12



D. Navarro-Ciurana et al.

-4

ks
| Saddle

Ore Geology Reviews 156 (2023) 105405

e

‘:;Zepra dolomite

Fig. 9. Characteristics of Upper Jurassic to Lower Cretaceous patchy dolostones (D3b). A) Transmitted light with parallel polarizer (TL-PP) microphotograph of
saddle dolomite showing cloudy centers that consists of planar-e crystals with well-developed intercrystalline porosity (Ip: yellow zones). B) Hand specimen of D3b
patchy dolostone with rhythmic or zebra-like dolomite texture. C) Limestone with black pebbles (“cailloux noire™) from the Lower Mb. of the Arroyo de los Anchos
Fm. with saddle dolomite cementing breccias around small fractures. D) Saddle dolomite along stratigraphic planes of D3a, stratabound dolostone (SD-D3a;) from

the Upper Mb. of the Sierra del Pozo Fm.

stratabound dolostones (Fig. 13). On the other hand, the D3a, strata-
bound and D3b patchy dolostones hosting Zn-(Fe-Pb) mineralization
(fertile dolostones: Upper Mb. of the Sierra del Pozo Fm.; Fig. 11) have a
wider range of C, O and Sr isotope values (613CVpDB: —2.3 to +0.6%;
5180ysmow: +25.1 to +27.0%o0; 87Sr/%0Sr: 0.70736 to 0.70830: Fig. 12a
and 13a) than D3a; stratabound and D3b patchy barren dolostones
hosted in the Lower Mb. of the Sierra del Pozo Fm. (613CVPDB: +0.4 to
+0.9%0; 5'80ysmow: +26.4 to +27.1%q; &Sr/%Sr: 0.70774 to 0.70753:
Figs. 11, 12b and 13Db).

1.9. REE geochemistry

Rare Earth Element (REE) concentrations were analyzed in D3 stra-
tabound and patchy HTDs, with the objective to search geochemical
differences between mineralized (fertile) and barren dolostones. REE
contents of the studied dolomites are summarized in Table 2.

The analyzed dolomite samples exhibit highly variable REE contents,
with > REE in the range of 4.56 to 53.79 mg kg~! (avg. = 19.15 mg
kg™ !). REE contents of D3 stratabound and patchy dolostones are
comparable with those studied in similar rocks in other localities, such
as China (Wang et al., 2014; Li et al., 2016; Huang et al., 2022; Xuefeng
etal., 2008; Chang et al., 2020), Italy (Hou et al., 2016), Canada (Tortola
et al., 2020; Azomani et al., 2013), among others. Light REE (LREE),
from lanthanum to europium, are enriched () LREE = 4.08-46.76 mg
kg™, avg. = 17.24 mg kg™ 1) compared to heavy REEs (HREE), from
gadolinium to lutetium (S_HREE = 0.48-7.03 mg kg1, avg. = 1.92 mg
kg~!; Table 2). The LREE/HREE ratios of hydrothermal dolostones vary
from 6.65 to 25.85 (avg. = 10.68; Table 2). The lowest total REE con-
centrations are found in the barren patchy dolostones (4.56 to 7.38 mg
kg~!, avg. = 6.15 mg kg™1), whereas the highest REE contents are found
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in mineralized patchy (3 _"HREE = 14.10 — 29.69 mg kg~ !, avg. = 20.20
mg kg™!) and stratabound dolostones (S"HREE = 14.36 — 53.79 mg
kg~!, avg. = 34.39 mg kg~!). This geochemical differentiation is also
reflected in Pb and Zn contents (Table 2): barren dolomites contain the
lowest Zn and Pb concentrations whereas weakly and highly mineral-
ized dolostones (HTDs hosting to ore body lenses; Table 1) show the
highest Zn and Pb content.

The chondrite-normalized (CN) REE plot (Fig. 14) reveals broadly
similar distribution patterns for all samples, with negative slopes for
LREE and fairly horizontal HREE segments. This geometry results from
the relative enrichment of LREE to Middle REE (3.03 < Lacn/Smcy <
7.55) and HREE (7.88 < Lacn/Ybey < 48.94), and of Middle REE to
HREE (1.84 < Smcyn/Ybey < 12.12; Table 2). (Ce/Ce*)cy values of 0.61
to 0.84 and (Eu/Eu*)cy values of 0.66 to 0.89 indicate a negative Ce and
Eu anomalies (Table 2 and Fig. 14). Furthermore, D3 stratabound and
patchy hydrothermal dolomite geobodies are characterized by a MREE
bulge in the Post Archean Australian Shale-normalized (PAASN) REE
plot (Fig. 15). The (Ce/Ce*)paasn ratio ranges from 0.64 to 0.97, (Pr/
Pr*)paasn varies between 0.96 and 1.11, and (Eu/Eu*)paasn falls be-
tween 1.04 and 1.46 (Table 2). Unlike to chondrite normalization, REE
values normalized to PAAS differentiate a positive Eu and a negative Ce
anomaly of dolomites, and in consequence discriminate with more
precision the character of the dolomitizing fluids (e.g., Piper and Bau,
2013).

2. Discussion
2.1. Origin of dolomite geobodies: marine vs hydrothermal

Sparse remnants of fauna (e.g., orbitolinids) and oolitic and peloidal
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Fig. 10. Characteristics of the Upper Cretaceous stratabound dolomites (D4). A) Overview of the of discordant contact between the Sierra de la Solana limestone Fm.
and the D4a, D4b and D4c stratabound dolostones of the Dolomitica Fm. B) Transmitted light with parallel polarizer (TL-PP) microphotograph of planar-s and planar-
e dolomites from Lower Mb. of the Dolomitica Fm. (D4a) with intraclasts and detrital quartz. C) TL-PP microphotograph of planar-s and planar-e dolomites from
Lower Mb. of the Dolomitica Fm. (D4a) with orbitolinid ghosts. D) TL-PP microphotograph of intramicritic packstone. Dol-s: anhedral to subhedral dolomite; Dol-e:
euhedral dolomite; In: intraclast; F. orb: orbitolinid ghost; Ga: gastropod; Co: coral; Sp: sparite; Spi: echinoderm spicule; Mc: calcite microcrystalline matrix (micrite).

ghosts observed in thin section indicate that the Riépar dolostones
replace original marine limestones (Figs. 6 to 10). The relatively high
values of carbon and oxygen isotopes, as well as the relatively low ratios
of strontium isotopic data, support a seawater dolomitization model for
the large D1, D2 and D4 stratabound dolostone bodies (Figs. 11 to 13).
However, this differs from the D3 stratabound dolostones connected by
patchy geobodies hosted in the Upper Jurassic to Lower Cretaceous
carbonate succession. A hydrothermal dolomitization model is favored
for these D3 rocks (Figs. 11 to 13) based on their lower isotopic signature
for C and O and the higher radiogenic ratios for Sr and is also supported
by the isotopic modeling of water-rock interaction (Fig. 12).

The C and O isotopic values of the D1, D2 and D4 dolostones are
similar to data of the Ridpar Jurassic to Cretaceous host limestones
(Figs. 11 and 12). Furthermore, 873r/86Sr ratios of these stratabound
dolostones is also close to the Ridpar regional limestones Sr isotopic
composition (Figs. 11 and 13). Nevertheless, D4a dolostones show a
slightly more radiogenic Sr isotopic values (Fig. 11), which may be due
to the presence of terrigenous detritus components identified under a
microscope (Fig. 10). This supports a seawater dolomitization (SWD)
model, which typically involve low precipitation temperatures (Warren,
2000). Furthermore, this low temperature is consistent with the absence
of Zn-(Fe-Pb) MVT mineralization and saddle dolomite formation. The
three barren stratabound dolostone geobodies (D1, D2 and D4; Fig. 2)
formed under seawater influence, were probably generated just after the
diagenesis of host limestones, as stylolite formation (Fig. 6) occurred
prior to dolomitization.

The C and O isotope distribution of D3 stratabound and patchy
dolomitized limestones depicts a horizontal trend with a small shift in
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s'3¢ (=~ 2%o) and 5'%0 (= 3.5%o; Fig. 12). Compared to the host lime-
stone and marine stratabound dolostones, these dolomites show rela-
tively depleted §'°C and 8'%0 values (Figs. 11 and 12). This distribution
can be modeled from an interaction of regional carbonates (613CVPDB:
+2.3%o; GISOVSMowi +28.3%0) with a hydrothermal fluid (613CVPDB:
—8%0; 5'80vsmow: +17%o). Assuming an open system and using the
equations of Zheng and Hoefs (1993), dolomite isotope data is consistent
with the interaction between fluids with a CO, content of 0.1 M at a
temperature range between 190 and 230 °C (Fig. 12). The carbon
dominant species in the fluid was assumed to be HoCO3 and the frac-
tionation equation of the isotopes between water and dolomite was
taken from Land (1983) and between H,CO3 and dolomite from Chacko
et al. (1991). 8'3C and 5'%0 values of D3 dolostones indicate that low
volumes of the hydrothermal fluid interacted with the limestones (be-
tween 3 and 10%; Fig. 12). Microthermometrical data from D3 strata-
bound and patchy dolostones (homogenization temperature:
150-250 °C; salinity: 5-25 wt% eq. NaCl; Navarro-Ciurana et al., 2016a)
supports the presence of warm dolomitizing and mineralizing brines.
Consequently, C and O isotope values can be used to differentiate be-
tween marine dolostones and HTDs, which may be fertile or barren
(Fig. 12). 8sr/36sr isotopic ratios of HTDs range between values close to
Jurassic to Cretaceous limestones and more radiogenic values (Figs. 11
and 12). Although the 87Sr/®Sr signature of HTDs are similar of host
limestones, their combination with O isotopes allows again to distin-
guish the source of dolomitizing fluids (Figs. 12 and 13), although not
their fertile or barren character.

Commonly, modern hydrothermal fluids have positive (Eu/
Eu*)paasy and REEcy profiles that are enriched in LREE (Fig. 15d; Bao
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Fig. 11. Stratigraphic variation in oxygen and strontium isotopic compositions of carbonates from the Ridpar area. Box of seawater carbonates indicates the range of
Jurassic to Cretaceous marine carbonate according to Veizer et al. (1999). D1: Lower Jurassic stratabound dolostones (Carretas Fm.); D2: Middle Jurassic stratabound
dolostones (Chorro Fm.); D3a;: Upper Jurassic stratabound dolostones (Lower Mb. of Sierra del Pozo Fm.); D3a,: Lower Cretaceous stratabound dolostone (Upper
Mb. of Sierra del Pozo Fm.); D3b: Upper Jurassic patchy dolostones (Lower Mb. of Sierra del Pozo Fm.); D3b’: Lower Cretaceous patchy dolostones (Upper Mb. of
Sierra del Pozo Fm.); D4: Upper Cretaceous stratabound dolostones (Dolomitica Fm.).

et al., 2008; Craddock et al., 2010). These REE characteristics has been
interpreted as a result of plagioclase dissolution during interaction of
fluids with crustal rocks (e.g., Klinkhammer et al. 1994; Douville et al.
1999). Thus, the LREE enriched pattern of a chondrite-normalized REE
plot (Fig. 14) and the positive (Eu/Eu*)paasy anomalies (Table 2 and
Fig. 15) of the D3 stratabound and patchy dolostones suggest a hydro-
thermal origin for these dolomites. Moreover, the observed MREE
enrichment pattern in PAAS-normalized REE pattern of the studied D3

dolostones (Fig. 15) suggests the involvement of acidic hydrothermal
fluids during dolostone formation (Bau and Dulski, 1999). Eu®" is more
soluble than Eu®t in CI" rich fluids under relatively high fO,, acidic
conditions and temperatures above 200-250 °C (Bau and Moller, 1992;
Sverjensky, 1984; Bau, 1991; Migdisov et al. 2009; Craddock et al. 2010;
Williams-Jones et al., 2012). This temperature range is consistent with
the homogenization temperatures obtained in fluid inclusions
(150-250 °C) of the Ridpar D3 stratabound and patchy dolostones
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Fig. 12. 8'3C vs 8'®0 cross-plot of host
limestones, D1, D2 and D4 barren strata-
bound dolostones and D3 hydrothermal
fertile (A) and barren (B) dolostones (HTD:
hydrothermal dolomites; SWD: seawater
dolomite). The upper corner box indicates
the range of Jurassic to Cretaceous marine
carbonate according to Veizer et al. (1999).
C-O isotope model curves were calculated
in terms of fluid-rock interaction for dolo-
mite (continuous dark coarse lines) at tem-
peratures of 230 °C, 210 °C and 190 °C (see
Zheng and Hoefs, 1993). D1: Lower Jurassic
stratabound dolostones (Carretas Fm.); D2:
Middle Jurassic stratabound dolostones
(Chorro Fm.); D3al: Upper Jurassic strata-
bound dolostones (Lower Mb. of Sierra del
Pozo Fm.); D3a2: Lower Cretaceous strata-
bound dolostone (Upper Mb. of Sierra del
Pozo Fm.); D3b: Upper Jurassic patchy
dolostones (Lower Mb. of Sierra del Pozo
Fm.); D3b’: Lower Cretaceous patchy dolo-
stones (Upper Mb. of Sierra del Pozo Fm.);
D4: Upper Cretaceous stratabound dolo-
stones (Dolomitica Fm.).
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(Navarro-Ciurana et al., 2016a).

On the other hand, all HTDs show (Ce/Ce*)paasn values comprised
between 0.64 and 0.97, indicating a slightly negative Ce anomaly, and
(Pr/Pr*)paasn values from 0.96 and 1.11, which are characteristic of no
anomaly of Pr (Table 2 and Fig. 15). Ce is very sensitive to redox con-
ditions, and soluble Ce®" can be oxidized to Ce*" that is less soluble but
more diffusive in seawater (De Baar et al.,1991; Alibo and Nozaki,
1999), and consequently Ce* can be adsorbed on the sedimentary
particle surface or precipitated as Ce-bearing minerals (Fe-hydroxides; e.
g., Wang et al., 2014). This process reflects a cerium fractionation in
seawater environment: the well-oxygenated seawater achieves a nega-
tive Ce anomaly (Alibo and Nozaki, 1999; Frimmel, 2009). Therefore,

29

30 31 32

negative Ce anomalies in carbonate sediments and rocks (0.2-0.5)
formed by diagenetic fluids are a robust indication that they were
formed by cold seawater (Elderfield and Greaves, 1982; Piepgras and
Jacobsen, 1992; Alibo and Nozaki, 1999; Osborne et al., 2014). On the
other hand, hydrothermal fluids show near non-Ce (0.6 to 1.2) and non-
Pr (0.8 to 1.2) anomalies (Alibo and Nozaki, 1999; Osborne et al., 2014).
Consequently, if the dolomitizing fluid had originally been seawater, as
is the most plausible explanation according to several models (e.g.,
Gomez-Rivas et al., 2014; Benjakul et al., 2020), it would have lost its
REE signature during previous heating and interaction with other
deeper rocks, acquiring the new ones of a hydrothermal fluid.
Although (Ce/Ce*)paasn and (Pr/Pr*)paasn values in carbonates (e.
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g., dolomite, calcite) have been used to discriminate their hydrothermal
or low temperature seawater origin, the compositional fields of HTDs
and low temperature dolomites have never before been defined in a (Ce/
Ce*)paasn Vs. (Pr/Pr¥)paasn plot. This is what is presented in Fig. 16 with
more than 1,500 values of (Pr/Pr*)paasn and (Ce/Ce*)paasn data being
plotted from worldwide HTDs and low temperature seawater dolomites
(Xuefeng et al., 2008; Azomani et al., 2013; Zhao and Jones, 2013; Wang
et al., 2014; Hou et al., 2016; Li et al., 2016; Tortola et al., 2020; Chang
et al., 2020; Xiang et al., 2020; Huang et al., 2022), as well as the
compositional fields of present day hydrothermal fluids and seawater
(Alibo and Nozaki, 1999; Bao et al., 2008; Craddock et al., 2010;
Osborne et al., 2014). All data fit into a decreasing exponential function:
(Ce/Ce*) = 40.93°P/Pr) with a relatively good correlation of 0.82
(Fig. 16). For instance, dolostones of Cayman Brac (British West Indies;
Zhao and Jones, 2013) show (Pr/Pr*)paasy and (Ce/Ce*)paasn values
that plot in the field of present day seawater, indicating that they were
formed by low-temperature marine fluids. On the other hand, (Pr/

Pr*)paasny and (Ce/Ce*)paasny data of Panlongdong and Tarim basin
dolostones (China: Xuefeng et al., 2008; Wang et al., 2014) plot between
the defined fields of present day seawater and hydrothermal fluids
(Fig. 16), demonstrating that they were either formed by a mixing of
both fluid types or were originally seawater that acquired the charac-
teristics of a hydrothermal fluid. The studied D3 Riépar dolostones have
(Pr/Pr*)paasn and (Ce/Ce*)paasn values plotting with present day hy-
drothermal fluids, as occurs with a large variety of dolostones studied in
other sites, such as Breno and Esino dolostones (Italy: Hou et al., 2016),
Huron Domain, Newfoundland and Labrador dolostones (Canada: Azo-
mani et al., 2013; Tortola et al., 2020), and Geshan, Jizhong and Yangtze
Platform dolostones (China: Wang et al., 2014; Huang et al., 2022; Xiang
et al., 2020; Chang et al., 2020).

Although, the Ridpar D3 dolostones have (Ce/Ce*)ppasy and (Pr/
Pr*)paasn values typical of dolostones formed under hydrothermal
conditions, in Fig. 16 they trend towards the seawater dolomite
compositional field. This pattern can reflect several possibilities: i) a
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Table 2
Minor and rare earth elements (REE) concentration of hydrothermal dolostones, including barren patchy and fertile stratabound and patchy types.
Z01- Z01- Z01- Z01- SG02b- SG02b- SGO4c- SGO5- JO17- JO18- SGO02a- SGO05- SJ40-
(03) 04) (05) (06) 07) (14 (01) (02) 07) (01) (01) (01) (01)
Barren patchy dolomite (Lower Mb., Fertile patchy dolomite (Upper Mb., Sierra del Pozo Fm.) Fertile stratabound dolomite
Sierra del Pozo Fm.) (Upper Mb., Sierra del Pozo Fm.)
Pb (mg <5 <5 <5 <5 15 13 15 37 12 11 15 13 16
kg™
Y 1.9 1.5 1.7 1.3 6.4 3.1 5.8 3.7 1.6 1.1 12.6 3.1 6.1
Zn 80 150 80 80 >10000 1970 >10000 >10000 500 160 4580 2000 >10000
La 1.68 1.9 1.44 1.37 6.79 3.28 4.9 5.29 3.8 5.07 11.8 3.3 9.03
Ce 2.68 2.92 1.56 2.11 11 5.42 5.68 8.17 8.13 9.05 19.1 5.5 14
Pr 0.34 0.35 0.18 0.25 1.4 0.61 0.85 0.96 1.01 0.9 2.59 0.64 1.49
Nd 1.35 1.31 0.75 0.98 5.81 2.54 3.48 3.68 4.07 3.11 10.5 2.56 5.99
Sm 0.28 0.25 0.12 0.15 1.18 0.53 0.7 0.73 0.79 0.47 2.29 0.56 1.15
Eu 0.077 0.061 0.03 0.037 0.29 0.143 0.175 0.197 0.177 0.116 0.48 0.149 0.293
Gd 0.29 0.19 0.12 0.14 1.13 0.54 0.78 0.73 0.45 0.29 2.07 0.58 1.11
Tb 0.04 0.03 0.02 0.03 0.16 0.08 0.1 0.09 0.06 0.04 0.32 0.08 0.16
Dy 0.23 0.17 0.13 0.15 0.84 0.44 0.55 0.48 0.25 0.19 1.9 0.43 0.82
Ho 0.04 0.03 0.03 0.03 0.16 0.08 0.13 0.09 0.04 0.03 0.36 0.08 0.15
Er 0.12 0.09 0.09 0.08 0.45 0.22 0.39 0.24 0.1 0.08 1.06 0.23 0.41
Tm 0.016 0.012 0.013 0.011 0.062 0.028 0.054 0.03 0.013 0.012 0.161 0.031 0.056
Yb 0.1 0.06 0.07 0.06 0.36 0.16 0.31 0.17 0.07 0.07 1.01 0.19 0.32
Lu 0.016 0.008 0.011 0.008 0.053 0.024 0.048 0.028 0.011 0.012 0.146 0.03 0.046
E:REE1 7.26 7.38 4.56 5.41 29.69 14.10 18.15 20.89 18.97 19.44 53.79 14.36 35.03
ZLREE2 6.41 6.79 4.08 4.90 26.47 12.52 15.79 19.03 17.98 18.72 46.76 12.71 31.95
ZHREE3 0.85 0.59 0.48 0.51 3.22 1.57 2.36 1.86 0.99 0.72 7.03 1.65 3.07
LacN/SméN 3.78 4.78 7.55 5.75 3.62 3.90 4.41 4.56 3.03 6.79 3.24 3.71 4.94
Lacn/Ybe 11.35 21.40 13.90 15.43 12.75 13.85 10.68 21.03 36.68 48.94 7.89 11.74 19.07
Smen/Ybey 3.01 4.47 1.84 2.68 3.52 3.56 2.42 4.61 12.12 7.21 2.43 3.16 3.86
(Ce/Ce*)on 0.79 0.79 0.62 0.79 0.80 0.85 0.61 0.80 0.96 0.93 0.78 0.84 0.82
(Eu/Eu”‘)gN 0.82 0.82 0.76 0.77 0.76 0.81 0.72 0.82 0.83 0.89 0.66 0.79 0.78
(Ce/ 0.82 0.82 0.67 0.83 0.82 0.88 0.64 0.83 0.96 0.97 0.80 0.87 0.87
Ce*)paasn
(Pr/ 1.05 1.05 0.98 1.02 1.02 0.97 1.11 1.03 1.03 0.99 1.07 1.00 0.96
Pro)bAasn
(Eu/ 1.27 1.32 1.17 1.20 1.18 1.25 1.10 1.27 1.37 1.46 1.04 1.22 1.22
Eu*)bhasn
A) 1000 D3a, stratabound —0-5G-02a-01 B) 1900 15y patchy ——5G-2a-07 C) 1000 o patchy ——201-(03)
dolostone 0-SG-05-02 dolostone _:_gggig'af dolostone _g_%g”gg;
—0-8J-40-01 ——5G-05-01 —0-201-(06)
@ JO-17-08
3 ——JO-18-01
[
$ 10.0 1

Patchy dolostones / Chondrite

Fertile HTD

Fertile HTD
0.1 —

Patchy dolostones / Chondrite

Barren HTD

0.1

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

0.1

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 14. Chondrite-normalized REE distributions of D3 hydrothermal dolostones (HTD: Upper Jurassic-Lower Cretaceous). A) Mineralized D3a, stratabound
dolostones (fertile) hosted in Upper Mb. of the Sierra del Pozo Fm. B) Mineralized D3b’ patchy dolostones (fertile) hosted in Upper Mb. of the Sierra del Pozo Fm. C)
Barren D3b patchy dolostones hosted in Lower Mb. of the Sierra del Pozo Fm. See Fig. 3 for sample location. Normalization values after McDonough and Sun (1995).

mixing of the hydrothermal fluid with some contribution of cold
seawater fluids (maybe preserved in the porosity of the limestone)
during the formation of hydrothermal dolostones, which is consistent
with fluid inclusion microthermometric data suggesting fluid mixing
(Navarro-Ciurana et al., 2016a); ii) a partial preservation of negative Ce
anomaly from the precursor marine host limestones, due to the low
volume of hydrothermal fluid interaction with marine carbonates,
which is consistent with the obtained 8'3C and 6!80 values in the studied
HTDs; and/or iii) a preservation of the original seawater REE signature
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(negative Ce anomaly) by the hydrothermal fluid (positive Eu anomaly;
Fig. 15). In any case, (Ce/Ce*)paasn and (Pr/Pr*)paasn values, as well as
(Eu/Eu®)paasn, 8°°C and 5'80 data, allow to differentiate unmineralized
SWDs from HTDs, which can be unmineralized (barren) or mineralized
(fertile) (Figs. 11, 12 and 16). From all the data gathered, it is observed
that dolomite values of (Ce/Ce*)paasn larger than 0.55 imply that they
are HTDs, whereas values lower than 0.50 indicate that they are SWDs.
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Fig. 15. Post Archean Australian Shale (PAAS)-normalized REE distributions of D3 hydrothermal dolostones (HTD: Upper Jurassic-Lower Cretaceous). A) Miner-
alized D3a2 stratabound dolostones (fertile) hosted in the Upper Mb. of the Sierra del Pozo Fm. B) Mineralized D3b’ patchy dolostones (fertile) hosted in the Upper
Mb. of the Sierra del Pozo Fm. C) Barren D3b patchy dolostones hosted in the Lower Mb. of the Sierra del Pozo Fm. D) Present day seawater and hydrothermal fluids
(data from: Alibo and Nozaki, 1999; Bao et al., 2008; Craddock et al., 2010; Osborne et al., 2014). See Fig. 3 for sample location. Normalization values after Taylor

and McLennan (1985).

2.2. Discriminating barren from mineralized HTDs

Whereas strontium isotopes may be similar in limestones and dolo-
stones of different origins, it has been demonstrated that carbon and
oxygen, as well as (Ce/Ce*)paasn, (Pr/Pr¥)paasn and (Eu/Eu*)paasn
values, discriminate between SWDs, formed from cold seawater that do
not host MVT mineralization, from HTDs, which can host Zn-Pb MVT
mineralization. Nevertheless, one of the major challenges when inves-
tigating and exploring for economic MVT deposits in carbonate-rich
systems is to quickly discriminate between barren and fertile dolo-
mites both formed under hydrothermal conditions. In the Ridpar case,
where D3 HTDs extensively replace the Upper Jurassic to Lower
Cretaceous carbonate sequence (Fig. 11), Zn-(Fe-Pb) mineralization is
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only hosted in hydrothermal patchy (D3b) and stratabound dolostones
of the Lower Cretaceous carbonates (D3ay, Fig. 11). Although barren
HTDs show more restricted C, O and Sr isotope values than mineralized
HTDs (Figs. 12 to 14), possibly due to lower fluid/rock interaction (2 to
3% of fluid, Fig. 13b), there is an isotopic overlap between both HTD
types. In the Ridpar area, barren HTDs show lower total REE concen-
trations (4.56 to 7.38 mg kg’l) and higher 513C values (+0.4 to + 0.9%0)
than fertile dolostones (>_HREE = 14.36 — 53.79 mg kg1, 13C = -2.3 to
+ 0.6%o). Plots between REE total content and 8'3C values of HTDs seem
to be a promising tool for discriminating mineralized from barren HTDs
(Fig. 17). The abovementioned overlap in the C isotopic signature of
unmineralized and mineralized HTDs is not reflected in Fig. 17 as only a
subset of representative samples was analyzed (for both 5'3C and REE)
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Fig. 16. Cross plot of Post Archean Australian Shale (PAAS)-normalized (Pr/Pr*)paasn versus (Ce/Ce*)paasn values (modified after Bau and Dulski, 1996) of the
Ridpar D3 stratabound and patchy dolostones (this study). Present day seawater and hydrothermal data (Alibo and Nozaki, 1999; Bao et al., 2008; Craddock et al.,
2010; Osborne et al., 2014), as well as worldwide dolostones (Xuefeng et al., 2008; Azomani et al., 2013; Zhao and Jones, 2013; Wang et al., 2014; Hou et al., 2016;
Li et al., 2016; Tortola et al., 2020; Chang et al., 2020; Xiang et al., 2020; Huang et al., 2022), are represented. Blue and red color areas correspond to present day
seawater and hydrothermal fluids, respectively. Global dolostones are distributed according the (Ce/Ce*) = 40.9-3.9(Pr/Pr*) function (dashed line).
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Fig. 17. Plot of > REE (mg kg ™) vs. '3C (%) for the Riépar D3 hydrothermal
dolostones. The barren hydrothermal dolomites show lower concentrations of
REE and higher 8'3C values than the mineralization fertile hydrothermal do-
lomites. The blurred gray lines tentatively indicate the boundary between
fertile and barren dolostones.

and subsequently plotted. This is the main limitation of the tentatively
proposed fertile/barren fields of the §'C vs. total REE plot which would
be better constrained with a larger dataset.

The different REE concentration between mineralized and unmin-
eralized hydrothermal host carbonates is similarly recorded in other
MVT deposits. For example, Nejadhadad et al. (2016) identified that
unmineralized and mineralized carbonates of the MVT Ravanj deposit
(Iran) are characterized by positive Eu anomalies, suggesting that both
are formed under hydrothermal conditions, but the obtained ) "HREE
values of the unmineralized carbonates are lower (2.49 to 2.95 mg kg-1)
than the ones mineralized (13.03 to 29.68 mg kg~!), which are in the
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range of the results presented here. The discrimination between
mineralized and unmineralized HTDs by means of REE concentration is
also reflected in the Zn and Pb contents of dolostones: barren HTDs,
which are located proximal to the Socovos fault (Fig. 3), have Pb con-
centration below the detection limit and very low Zn content (80-150
mg kg™!), whereas weakly mineralized HTDs, as well as the HTDs
hosting the ore body lenses, have higher Pb (11-16 mg kg™!) and Zn (up
to 10,000 mg kg’1 ; Table 2) contents. The fertile dolostones and Zn-(Fe-
Pb) deposits appear nearer the San Jorge fault (Fig. 3); so that the hy-
drothermal dolomitizing fluid flowed from the San Jorge fault towards
the Socovos fault, interacting more intensely with the rocks nearer the
former. In the vicinity of the San Jorge fault the hydrothermal fluid,
enriched in metals (e.g., Zn, Fe, Pb), interacted with the host limestones
at higher temperatures (190 to 230 °C) and higher fluid/rock ratios (F/
R: 2-10%) than further away (190 to 210 °C; F/R: 2-3%).

2.3. Applicability of the new geochemical tool for MVT exploration

Field observations and petrographic characterization do not stand
alone as a discrimination tool for dolostone’s origin, nor their fertility as
shown in the Ridpar area. Microthermometry of fluid inclusions in all
dolostone geobodies would differentiate their origin (cold seawater from
warm brine) by determining the minimum formation temperature and
the salinity of the dolomitizing fluids. However, such a work first re-
quires good samples (with large fluid inclusions) and then long periods
of time to carry out sample preparation (double-polished thin section)
and the microthermometric study. Instead, stable (C, O) isotope
geochemistry turned out to be a useful technique to discriminate the
dolomitic unit’s origin (cold seawater/hydrothermal; Fig. 12). Similarly,
for the geochemical study (REE) only a small volume of sample is needed
with a short preparation time. Its outcome coupled with stable isotope
results (C, O) is effective discriminating between fertile and barren HTDs
in a relatively shorter periods of time, resulting in a time-efficient
exploration tool.

In order to apply this geochemical tool, it is necessary to sample the
precursor non-dolomitized limestones and the different types of existing
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dolomites to determine the C and O isotope composition. These values
would then be compared with the theoretical 8'3C and §'%0 composi-
tions for seawater at the corresponding formation age (see Veizer, 1999
for Phanerozoic seawater C and O isotope compositions): if the dolomite
5'3C and 5'%0 values are in the range of precursor non-dolomitized
limestones and the assumed theoretical C and O isotope values of
ancient seawater, the geobody dolomite will be classified as unminer-
alized (barren) seawater dolomite (SWD). This approach will be com-
plemented with dolomite Y REE concentrations, and specifically with
Eu/Eu*, Ce/Ce* and Pr/Pr* values normalized to PAAS. HTDs will be
characterized by positive (Eu/Eu*)paagy anomalies, whereas barren
SWDs by negative (Ce/Ce*)paasy anomalies. Afterwards, coupling the
HTDs 8'3C data with their STREE data will allow to effectively
discriminate between fertile and barren HTDs (Fig. 17). Fields of fertile/
barren HTDs have been tentatively constrained considering that fertile
HTDs contain higher > REE concentration (>10-13 mg kg’l) than
barren HTDs (<8-10 mg kg™1). Finally, as double-check procedure,
>"REE concentration of HTDs can be compared with whole-rock
geochemical data as fertile HTDs systematically show much higher
concentration of Zn and Pb than barren HTDs.

3. Conclusions

A new geochemical tool for MVT has been developed in the Riépar
area (SE Spain), a district that contains some of the oldest Zn-Pb MVT
mines of Europe. A large section of Mesozoic carbonates with different
types of dolostones outcrops in the zone, where mineralization is hosted
in hydrothermal dolomites that are petrographically indistinguishable
from non-mineralized dolomites. However, they show significant
geochemical differences as follows:

Low temperature dolostones which are not associated with MVT
mineralization (barren) present 813C values comprised between +2.1
and +3.8%. VPDB and §'%0 from +27.6 to +29.8%c VSMOW. The iso-
topic composition is similar to marine host limestones and therefore
formed by cold seawater. In comparison, hydrothermal dolostones show
depleted 5'3C and 580 values with high 8Sr/%Sr compositions, that
can be explained by the interaction of hydrothermal fluids (190-230 °C)
with limestones.

Although hydrothermal dolostones preferentially replace limestones
of Upper Jurassic to Lower Cretaceous age, not all this dolostone bodies
host Zn-Pb mineralization. Barren hydrothermal dolostones are char-
acterized by low S_REE (5.41 to 7.38 mg kg 1), Pb (<5 mg kg 1) and Zn
(80 to 150 mg kg™!) content, and heavy §'C (+0.4 to +0.9 %o VPDB)
and 5'80 values (126.4 to +27.1 %o VSMOW).

Mineralized hydrothermal dolostones (fertile) show lighter s'3¢
(~2.3 to +0.6 %o VPDB) and 8'0 values (+25.1 to +27.1 % VSMOW),
as well as higher concentration of S_REE (14.10 to 54.79 mg kg 1), Pb
(11 to 37 mg kg™1) and Zn (160 to up 10.000 mg kg™ 1).

The newly proposed geochemical tool for Zn-Pb MVT mineral
exploration couples 613C, 6180, (Ce/Ce*)PAASN and (Pr/Pr*)PAASN
ratios, as well as dolomite > REE, to discriminate between mineralized
(fertile) hydrothermal dolostones, unmineralized (barren) hydrothermal
dolostones and barren cold seawater dolostones.
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