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ABSTRACT

The Geode of Pulpi (Almeria, Spain) is an ~11 m? ovoid cavity, the walls of which are cov-
ered with meter-sized idiomorphic and highly transparent gypsum (CaSO,e2H,0) crystals.
We performed a thorough study based on field work, and petrographic and geochemical
data collection, which aimed to reconstruct the geological history leading to the formation of
this geode. The geode is hosted in mineralized Triassic carbonate rocks with a discontinuous
mineral sequence from iron-carbonates and barite to celestine and finally gypsum (microcrys-
talline and selenite). Data from fluid inclusions show that barite precipitated above 100 °C,
celestine at ~70 °C, and gypsum below 25 °C. All §*S sulfate phases fall between Triassic
and Tertiary evaporite values. Barite and gypsum, either microcrystalline or large selenite
crystals, show variable §*S and §'*0 compositions, whereas celestine and centimetric selenite
gypsum have homogeneous values. We propose that the growth of the large selenite crystals
in the Geode of Pulpi was the result of a self-feeding mechanism consisting of isovolumetric
anhydrite replacement by gypsum at a temperature of 20 + 5 °C, episodically contributed

by a ripening process enhanced by temperature oscillations due to climatic change.

INTRODUCTION

One of the milestones of recent mineralogy
has been the discovery of large gypsum crystals
in different locations around the planet (Garcia-
Ruiz et al., 2008). Among them, the most spec-
tacular is the Cave of Crystals in Naica (Mexi-
co). However, there are other places with large
selenite crystals that are interesting because of
their beauty, such as the cave of crystals in the
El Teniente mine (Chile) and the Geode of Pulpi
(Spain), or due to their historical and archaeolog-
ical interest, such as the mines of Lapis Specu-
laris in Segdbriga (Spain; Bernardez-Gémez and
Guisado di Monti, 2007). Explaining the forma-
tion of these crystals is a challenge because they
are the result of a process of crystal growth under
conditions extremely close to equilibrium, i.e., in
which time plays a key role, and therefore labora-
tory analogues are inefficient. Furthermore, with
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the exception of the natural laboratory of Naica,
where the hydrothermal system is still active and
some of the crystal growth conditions are still
measurable (e.g., Garcia-Ruiz et al., 2008; Van
Driessche et al., 2019), most of the known lo-
cations where giant crystals of gypsum can be
found are today hydrologically inactive.

In this paper, we focus on the Geode of Pulpi
(Almeria, Spain), an ~11 m® ovoidal geode dis-
covered in 1999 C.E. within the abandoned
Mina Rica (“the Rich Mine”), in southeast Spain
(Fig. 1; Palero et al., 2001). The walls are cov-
ered with large (~0.5 m), blocky selenite crys-
tals of great transparency (Fig. 2). Garcia-Guinea
et al. (2002, p. 349) proposed that the crystals
formed by the infiltration of an aqueous solution
that “varied with time from freshwater in the ear-
lier stages to seawater-like in later stages, most
likely as a result of dissolution-recrystallization
of earlier marine evaporites.” Here, we pres-
ent the results of detailed geological mapping

of underground mining works together with a
mineralogical and geochemical study of Mina
Rica, with the aim to decipher the geological his-
tory leading to the formation of the large crystals
in the geode.

GEOLOGICAL SETTING

The Mina Rica is located in the eastern part
of the Betic Cordillera, the westernmost seg-
ment of the European Alpine belt, resulting from
the early Cenozoic collision between the Afri-
can and Eurasian plates. The mining complex
is located in the east boundary of the Eastern
Betic shear zone, which is still active and con-
tributes to the deformation of this part of the
Iberian Peninsula (Ortuiio et al., 2012, and ref-
erences therein). Specifically, the mine area is
enclosed in a northeast-southwest dextral shear
band overprinted by sinistral NNE-SSW faults,
which are related to the Cocén-Terreros fault
zone. This shear corridor extends beyond the
domain of the mine toward the north and south,
and it is partially covered by slope deposits (col-
luvial) from the Sierra del Aguilén (Fig. 1).

The complex structure of the Mina Rica
can be described as a kilometer-scale lenticular
bedding—carbonate competent body, bounded
by two main subvertical northeast-southwest
dextral faults and surrounded by less compe-
tent barren phyllites. Both lithologies are cut by
dextral east-west and sinistral NNE-SSW and
northwest-southeast faults (Fig. 1). The carbon-
ate beds within the lens are arranged as steeply
west-dipping NNE-SSW and northeast-south-
west isoclinal folded sequences, forming wide
bands bounded by NNE-SSW faults (Fig. DR1
in the GSA Data Repository'). These fractures

!GSA Data Repository item 2019396, supplementary information, including a geological sketch of the first level of the Mina Rica mine; isotope data; supplemen-
tary figures; fluid inclusions including methodological details and data; a table of isotopic composition; and U-Th age of carbonate speleothem, including experimental
details, is available online at http://www.geosociety.org/datarepository/2019/, or on request from editing @ geosociety.org.
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Figure 1. (Upper panel) Location of Mina Rica on the structural schema of the Betic Cordillera
(Spain). (Lower panel) Zoom view showing main structures of the mine area; brown bodies cor-
respond to carbonate lenses. Blue arrow structures are compatible with the Serravallian shear
band, and red arrows correspond to Messinian reactivation and the Cocén-Terreros fault zone.

show evident signs of fragile reactivation, form-
ing breccias. Cutting all these structures, there
are two sets of open tension fractures, oriented
northeast-southwest and NNW-SSE, which dip
60° east and 40° west, respectively.
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Based upon their macroscopic appearance,
we differentiated the following materials: bar-
ren phyllites, five carbonate units (mainly do-
lostone), microcrystalline gypsum, two breccia
units, and Fe-carbonate ore bodies (Fig. DR1).

Barren phyllites and carbonate rocks belong
to the Triassic of the Alpujarride Complex de-
scribed by Martin-Rojas et al. (2014), although
their stratigraphic position and real thickness
were not possible to establish because band dis-
tribution is bounded by faults. The microcrystal-
line gypsum packages, up to 5 m in thickness,
are concordant with the bedded dolostones and
belong to the stratigraphic pile; other microcrys-
talline, less continuous gypsums are younger
in age, as they replace the ore carbonate (Fig.
DR2A). One breccia unit corresponds to a main-
ly dedomitizated homolithic carbonate breccia
with heterometric clasts up to meter size. An-
other gravitational collapse breccia filling a dis-
solution cavity is hosted in one of the micro-
gypsum packages. The lithology of the breccia
clasts corresponds to the surrounding rocks, both
mineralized and nonmineralized (Fig. DR2C).

GEOLOGICAL HISTORY

The Mina Rica is a polymetallic (Pb-Zn-
Fe-Ag) vein and manto deposit hosted in do-
lomitized Triassic rocks. This is a widespread
base-metal-type deposit in the southeast of
the Iberian Peninsula that is related to volca-
nic activity during the Miocene (Arribas and
Tosdal, 1994). In Mina Rica, the first and main
mineralization stage occurred after the Serra-
vallian deformation (Sanz de Galdeano, 1990)
and before 5.6 Ma. This upper time constraint,
corresponding to the sea-level fall of the Mes-
sinian crisis, is based on the limit found by Dyja
etal. (2015) for similar Fe-Ba mineralizations at
Almagrera-Herrerias (Fig. 1). Siderite and an-
kerite replaced deformed carbonate rock with
barite as a late phase. The multimodal distri-
bution of homogenization temperatures (7},) in
barite fluid inclusions does not allow us to de-
termine its growth temperature, although above
100 °C is plausible (see Fig. DR4). Barites have
8*S (20.3%0 = 0.6%0) and 80 (15.5%o + 0.8%0)
compositions falling inside, or close to, the Ter-
tiary marine box (Fig. 3A). In addition to the
Triassic pile, anhydrite was present along with
ore minerals.

A second mineralization stage is character-
ized by celestine (SrSO,) forming fibrous rib-
bons around iron carbonate ores, and cementing
breccias occurring in fragile structures produced
by the reactivation of fractures related to Messin-
ian compression described by Sanz de Galdeano
(1990). The Messinian compression induced
uplift of the area, leading to oxidation and dis-
solution of previous iron mineralization. The
temperature decreased, and the water flooding
the system induced dedolomitization and disso-
lution of anhydrite, both of which are known to
release strontium (Al-Hashimi, 1976; Kaufman
et al., 1990) and here triggered celestine pre-
cipitation. The few two-phase fluid inclusions
found in celestine provide 7}, data (from 63.0 °C
to 74.4 °C) consistent with a low-temperature
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formation environment. Celestine shows homo-
geneous &*S values (20.0%o0 + 0.2%o) close to
a Tertiary marine evaporite isotopic signature
(Playa et al., 2000), and 8'*0 values that vary
from 15.0%o to 17.6%o (Fig. 3A). The area was
located at that time in a marginal Messinian ba-
sin (Sissingh, 2008).

Once the strontium was exhausted, and the
temperature decreased, microcrystalline gyp-
sum was formed. Relics of anhydrite in the
microcrystalline gypsum Triassic packages
are still present (Fig. DR2B). While the ma-
jor outcrops of microcrystalline gypsum that
we mapped have homogeneous 8*S values
(+17.7%0 £ 0.2%0; gypsum A; Fig. 3A) and
match values of Triassic evaporites in the Alpu-
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Figure 2. Geode of Pulpi
(Almeria, Spain). Lower
inset is detailed view of
the wall; notice how it is
possible to see the wall
through the crystals.
Gray material is altered
sulfides, mainly pyrite and
marcasite. Gp—gypsum.

jarride Complex (Ort{ et al., 2014), microcrys-
talline gypsum from less continuous outcrops
shows higher and more scattered 3*S values
(+19.2%0 + 0.6%0, gypsum B; see Fig. 3A). This
last gypsum could have precipitated from the
excess of calcium and sulfate, resulting not only
from anhydrite dissolution, but isovolumetric
anhydrite replacement by gypsum. Both sets of
microcrystalline gypsum have a wider range of
8'%0 values (between +13.7%o and +17.3%o, and
between +15.4%o and 18.5%o; Fig. 3A).

As a result of the water flow along fragile
structures, related either to early Pliocene up-
lift (Aguirre, 1998) or to Pleistocene vertical
movements of the area (Boccaletti et al., 1987),
gypsum was precipitated as centimeter-sized

<

X Figure 3. (A) Sulfur and
~ 18- ) oxygen isotope values
N Barite obtained from sulfate
P8 ® (Celestine minerals (barite, celestine

and gypsum) retrieved
from Mina Rica, south-
east Spain (Table DR1
[see footnote 1]). Values
for Triassic and Tertiary

T ! evaporites are from Orti
20 22 et al. (2014) and Playa
et al. (2000), respec-
tively. Line corresponds
B to isotopic fractionation
between dissolved sul-
fate and gypsum at 20 °C
(Van Driessche et al.,
2016). (B) Temperature of
homogenization (T,) of
fluid inclusions in selenite
gypsum crystals; dots
correspond to centimeter-
size crystals.
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selenite crystals. All fluid inclusions in these
gypsums are monophase, and, after laser-in-
duced vapor phase treatment (Kriiger et al.,
2013), the measured 7}, displayed a mean value
of 17 £ 5.0 °C (Fig. 3B). The analyzed isoto-
pic compositions (8*S = +18.8%o + 0.3%0 and
80 = +18.0%0 * 0.4%0) are compatible with
a dissolved sulfate source from the Triassic
evaporite pile.

Inside the mine, scarce irregular decimeter
pods of disseminated sulfides (Pb-Zn-Ag-Cu-
Sn-Sb) are present. Some sulfides were formed
after celestine and show a variable isotope com-
position (8*S from —6.6%o to +9.9%0) compat-
ible with local bacteriogenic sulfate reduction
(Ehrlich et al., 2015). Moreover, evidence of
oxidation of sulfides (mainly marcasite) was
also observed. This could have acidified the
water, leading to dissolution of the more per-
meable and reactive lithologies (dedolostone,
homolithic breccias, and barren dolostone)
and forming cavities that were later filled
by heterolithic breccias. Barren carbonates,
iron carbonates, celestine, and microcrystal-
line gypsum-anhydrite were found as clasts in
these breccias (Fig. DR2C). Finally, at ca. 60 ka
(U-Th age), the percolation of meteoric waters
led to the formation of carbonated speleothems
coating selenite crystals in the shallower levels
of the mine. Thus, the selenite gypsum within
the big geode was formed after the celestine
stage and before the carbonate speleothems.
The next section is a description of some sin-
gularities that help to propose a mechanism for
their formation.

FORMATION OF THE GEODE

There are several characteristics that indi-
cate the Mina Rica selenite crystals formed
from a calcium sulfate-rich solution at low su-
persaturation values. First, the small number of
large crystals within the geode and their homo-
geneous size indicate an ultraslow nucleation
flow, derived from a low supersaturation value
maintained for a long time without large fluc-
tuations. The longer crystal lying in the floor
of the geode grew under the same conditions
as the blocky crystals. The {100} contact twin
indicates enhanced growth kinetics in the reen-
trance angle of the twin, demonstrating faster
growth along the c-axis (Otdlora and Garcia-
Ruiz, 2014). Second, the selenite crystals are
transparent and pure, containing small amounts
of impurities forming growth bands of solid in-
clusions at micrometer scales. Furthermore, we
found continuity in grain size, coarsening from
porphyroblastic to selenitic (Fig. DR3), and we
recognized ghosts of gypsum grain boundaries
in the selenitic crystals. Several mechanisms can
be envisaged for the formation of supersaturated
solutions of calcium sulfate, namely, thermal
difference, salinity variation, and solubility dif-
ferences among calcium sulfate phases.
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The T, values obtained from the analysis of
selenite fluid inclusions showed that the growth
temperature was much colder than the phase
transition temperature for anhydrite/gypsum
(~58 °C) and even colder than the temperature
of maximum solubility of gypsum (~45 °C).
This is also supported by the fact that, at room
temperature, all the inclusions found in selenite
crystals are monophase. Therefore, the forma-
tion of large crystals based on a slow cooling
rate across the anhydrite/gypsum transition tem-
perature, like the one accounting for the giant
crystals of Naica, is very unlikely (Fig. 4).

Cooling from the temperature of maximum
solubility of gypsum to the measured growth
temperature (~20 °C) results in a difference of
concentration that is too small (0.7 mmol/kg)
to account for the massive crystallization of
gypsum without a continuous external supply
of calcium sulfate. Considering the variation in
the solubility of calcium sulfate with NaCl, the
mixing of freshwater and marine water, even
if enriched in calcium and magnesium sulfate,
does not lead to the formation of a supersatu-
rated solution with respect to gypsum. Also, the
significant variations in the isotope composition
of selenite and microcrystalline gypsum suggest
alocal sulfate source rather than an external one
(Fig. 3A). Therefore, it seems unavoidable that
the crystals of the geode formed under a rather
constant temperature around 20 °C. This could
occur by the mechanism known as Ostwald
ripening (Kahlweit, 1975; Chernov, 1984), a
solution-mediated recrystallization under con-
stant temperature by which the smaller gypsum
crystallites in the mine will dissolve to feed
the larger ones. However, Ostwald ripening of
slightly soluble minerals like gypsum will yield,
in the best of the cases, just a coarsening of the
microcrystalline facies (Voorhees, 1985).

The efficiency of Ostwald ripening to ac-
count for the formation of large crystals is much
enhanced when the smaller solid particles in the
system are either amorphous or belong to an
unstable polymorphic or hydrate phase (Steefel
and Van Cappellen, 1990). This is the case at
Mina Rica, because the presence of anhydrite
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database phreeqc.dat)
from Parkhurst and
Appelo (2013).
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triggered a self-feeding process, driven by the
excess calcium and sulfate resulting from the
isovolumetric anhydrite replacement by gyp-
sum, and subsequent and concomitant gypsum
growth. This mechanism works at a constant
temperature within the range of temperature of
the gypsum stability field and, along with rip-
ening, would account for the slow growth rate
leading to large crystals of high optical qual-
ity. In addition, the natural growth conditions
at Pulpi provided another well-known mecha-
nism that enhances ripening, namely, the exis-
tence of temperature oscillations (Mills et al.,
2011), which, according to our measurements,
would be around 20 + 5 °C. These oscillations
would be a reflection of the fluctuations of atmo-
spheric temperature at a planetary scale (Hansen
et al., 2013) and would occur provided that the
growth environment remained underwater and
was located relatively close to the surface. The
low-temperature values of the fluid inclusions
indicate that, at the time of the formation of
the selenite crystals, the Mina Rica was located
relatively close to the surface, and therefore its
temperature was affected by climate changes.
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