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Abstract: Fracture-filling rose-like clusters of bladed calcite crystals are found in the northern sector
of the Cadi thrust sheet (SE Pyrenees). This unusual calcite crystal morphology has been characterized
by using optical and electron microscope, X-ray diffraction, Raman spectroscopy, 5180, §13C, 875y/86gy,
clumped isotopes, and major and rare earth elements + yttrium (REEs + Y) analysis. Petrographic
observations and powder X-ray diffraction measurements indicate that these bladed crystals are
mainly made of massive rhombic crystals with the conventional (104) faces, as well as of possibly
younger, less abundant, and smaller laminar crystals displaying (108) and/or (108) rhombic faces.
Raman analysis of liquid fluid inclusions indicates the presence of aromatic hydrocarbons and
occasionally alkanes. Clumped isotopes thermometry reflects that bladed calcite precipitated from
meteoric fluids at ~60-65 °C. The 8’Sr/%0Sr ratios and major elements and REEs content of calcite
indicate that these fluids interacted with Eocene marine carbonates. The presence of younger ‘nailhead’
calcite indicates later migration of shallow fresh groundwater. The results reveal that rose-like calcite
clusters precipitated, at least in the studied area, due to a CO; release by boiling of meteoric waters
that mixed with benzene and aromatic hydrocarbons. This mixing decreased the boiling temperature
at ~60-65 °C. The results also suggest that the high Sr content in calcite, and probably the presence
of proteins within hydrocarbons trapped in fluid inclusions, controlled the precipitation of bladed
crystals with (104) rhombohedral faces.

Keywords: crystal morphology; rose-like calcite clusters; fractures; fluid migration

1. Introduction

The geochemical composition of calcite cement provides information about the type, source,
temperature, and age of the fluids from which this mineral precipitated [1-5]. Furthermore,
the geochemical composition of adjacent host rocks also records the degree of fluid—rock interaction [6-9].
Physical parameters such as temperature, ion saturation, and pressure during mineral precipitation
have a strong influence on the morphology of calcite crystals [10-14], which is also controlled by pH
of fluids and the presence of organic compounds [15,16]. The study of these parameters allows us
to decipher processes such as boiling and effervescence during fluid migration, which also control
the precipitation of calcites with different morphologies [12,17-24]. However, fluid systems are
complex, and the conditions at which these processes take place can change due to the input of exotic
fluids [25-27]. To identify these changes, petrographic observations, coupled with crystallographic
and geochemical analyses, are needed.
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The Southern Pyrenees is a fold and thrust belt where fluid migration has been well-studied by
means of the geochemical and petrographic analysis of fracture-filling calcites [1,2,28-38]. However,
these previous works only focused on the type and origin of fluids from which calcites precipitated
during different stages of compressional deformation. A more detailed study integrating the analysis
of the morphology and geochemistry of fracture-filling calcite crystals will have strong implications on
identifying processes such as boiling and/or effervescence, and changes in fluid salinity.

In the present work, we present an example of fracture-filling rose-like calcite crystal clusters of
bladed calcites cropping out in the Southeastern Pyrenees. These uncommon calcite morphologies have
been characterized by using optical, cathodoluminescence and electron microscope, X-ray diffraction
(XRD), Raman spectroscopy, '80, §'3C, 87Sr/8Sr, and clumped isotopes, as well as major elements
and rare earth element + yttrium analysis (REEs + Y). The results provide information about what
parameters controlled the precipitation of these bladed calcite crystals in the Pyrenees area.

2. Geological Setting

The SE Pyrenees are located in the northeastern sector of the Iberian Peninsula and formed
due to the continental collision between Iberia and Eurasia plates, from the Late Cretaceous to the
Oligocene [39-45] (Figure 1a). This fold and thrust belt consist of the stacking of three superposed thrust
sheets, which from top-and-older to bottom-and-younger are the Upper Pedraforca, Lower Pedraforca,
and Cadji, and their related Ebro foreland basin [43] (Figure 1b).
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Figure 1. (a) Regional map of the Iberian Peninsula, showing the location of the Southeastern Pyrenees
(yellow box). (b) Geological map showing the main structural units forming the Southeastern Pyrenean
fold and thrustbelt, based on Reference [46—49]. The red star indicates the location of the studied outcrop.

The studied area is located in the northern margin of the Cadi thrust sheet (Figure 1b). This thrust
sheet is linked to the antiformal stack formed by the Orri and Rialp basement thrusted units in the
Axial Zone, which are unconformably overlain by a thin sequence of Mesozoic rocks and a thick
sequence of Paleogene rocks [41,50]. The southern boundary of the Cadi thrust sheet is the Vallfogona
thrust, which was active from the Middle Eocene under marine conditions to the Lower Oligocene,
under continental conditions, during the development of the Ebro foreland basin [51-54] (Figure 1b).
In detail, the studied samples were obtained from a fracture cutting the calcareous member of the
Lower Eocene Corones Formation [55-57] (Figure 2). In the study area, this member consists of
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a lower carbonate unit of miliolid-rich grainstones, a gray marlstone unit, laminated limestones
with ostracods and an upper carbonate unit with benthic foraminifera (discorbids and miliolids),
and, less frequently, ostracods [57-59]. Sporadically, the carbonate member of the Corones Formation
contains celestite concretions and show oil seeps [30,60]. The Corones Formation is overlain by the
Armancies Formation, which consists of limestones and marls and represents the petroleum source
rock in the SE Pyrenees [30,61,62]. The Armancies Formation also contains celestite concretions [60].

Vallfogona thrust

Lutetian S —————— Marine infill ©
#1.@ : -~ ___ Vallfogona oy
504 @[ —_—Armancies >
§ § cuser ~ e is
521w |5 -~__Corones o
S= . 7 > 2~
541" llerdian ., a
18 Foreland N\ Tremp
58- 2 | Thanetian : ; : Continental
S basin (Garumnian facies) infill

Cadi thrust sheet

Figure 2. N-S stratigraphic panel of the Cadi thrust sheet. The age of sedimentary units was stablished
according to [44]. The sedimentary record of the Cadi thrust sheet was separated into Paleocene
continental deposits and Eocene marine formations. The red box indicates the stratigraphic position of
the studied outcrop.

3. Methodology

Field work has consisted of fracture and bedding data acquisition, description of their crosscutting
relationships, and sampling of fracture-filling calcite cement and adjacent host rocks for petrographic
studies and geochemical analyses.

Petrographic analysis was made by using optical, scanning electron, and cathodoluminescence
microscopy. For scanning electron microscope, a FEI-Quanta 200 device (FEI Europe B.V., Eindhoven,
The Netherlands) with and EDS Spectrometer (EDAX-Genesis) was used. A CL Technosyn
cathodoluminescence device Model 8200 MKII (Technosyn Limited, Cambridge, UK) operating
at 15-18 kV and 350 pA gun current was used.

XRD measurements were performed on as-collected large crystalline fragments of the calcite
cement, in order to obtain information about the orientation of the crystals. The measurements were
acquired with a Bruker D8-A25 powder diffractometer (Bruker AXS, Karlsruhe, Germany), equipped
with a Cu X-ray source (Cu Ko radiation) and a LynxEye position sensitive detector (PSD). In order
to obtain information about the orientation of calcite crystals, XRD measurements were performed
on several as-collected crystalline fragments. The methodology employed here is similar to that
used in Reference [63], where platy calcite crystals were measured on a powder XRD mount with the
short-length axis perpendicular to the plate. In that case, such measurements are allowed to confirm
that the studied samples were oriented with the c-axis perpendicular to the XRD mount. In the present
case, we have mounted the calcite crystals with the largest, best-developed face perpendicular to
the XRD mount. The measurements were acquired with a Bruker D8-A25 powder diffractometer
(Bruker AXS), equipped with a Cu X-ray source (Cu K« radiation) and a LynxEye position sensitive
detector (PSD). Phase identification and X-ray reflection assignment were carried out by using the
DIFFRAC.EVA software and the Powder Diffraction File (PDF-2) database.

Room-temperature Raman microspectroscopy analyses were carried out on calcite cement and
fluid inclusions, using a LabRam HR800 Jobin-Yvon™ spectrometer (HORIBA France SAS, Longjumeau,
France). The measurements were performed with a 600 groove/mm grating, using a 532 nm (green)
laser as excitation source. Acquisition timespan was of 30 or 60 s, with a total of 10 accumulations to
improve the signal-to-noise ratios. The incident power density on the sample was carefully controlled,
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to avoid any damage on the studied areas. Fluid inclusions were analyzed to determine the presence
of hydrocarbons and/or volatile species (CO,, CHy, Ny, and HjS).

For carbon- and oxygen-isotope analysis, six microsamples were prepared by using a 500 pm
thick dental drill to extract 60 + 10 pg of powder from trims containing carbonate host rocks and calcite
cement. The carbonate powder was reacted with 100% phosphoric acid for two minutes at 70 °C for
calcite. The resultant CO, was analyzed by using an automated Kiel Carbonate Device attached to a
Thermal Ionization Mass Spectrometer Thermo Electron (Finnigan) MAT-252 (Thermo Fisher Scientific,
Bremen, Germany), following the method of Reference [64]. The obtained results were corrected by
using the standard technique from References [65,66], expressed in %o, with respect to the VPDB
(Vienna Pee Dee Belemnite) standard. Standard deviation is £0.01%o for §'C and =+ 0.05%. for 5'80.

Clumped isotopes thermometry was applied to the fracture-filling calcite cement in order to
calculate the temperature and §'80 of the former fluid from which it precipitated. To analyze this
calcite cement, 2-3 mg aliquots were measured with the Imperial Batch EXtraction system (IBEX),
an automated line developed at Imperial College of London. Each powdered sample was dropped in
105% phosphoric acid, at 90 °C, and reacted during 10 min. The reactant CO, was separated by using a
poropak-Q column and transferred into the bellows of a Thermo Scientific MAT 253 mass spectrometer
(Thermo Fisher GmbH, Bremen, Germany). The mass spectrometric analysis of a single replicate
consisted of 8 acquisitions in dual inlet mode, with 7 cycles per acquisition. Post-acquisition processing
was completed with the Easotope software [67]. A4y values were corrected for isotope fractionation
during phosphoric acid digestion, employing a phosphoric acid correction of 0.082%o, at 90 °C,
for calcite [68]. The data were corrected for non-linearity by applying the pressure baseline method
(PBL) [69,70] and projected into the absolute reference frame of [71]. Carbonate 5180 values were
calculated with the acid fractionation factors of Reference [72]. Samples were measured three times,
and the average result was converted to temperatures, using the calibration method of Reference [73].
The calculated §'80 values of the fluid are expressed in %o with respect to the VSMOW standard
(Vienna Standard Mean Ocean Water).

For 87Sr/8Sr analyses, two samples of 100% calcite cement and carbonate host rocks were analyzed.
Samples were fully dissolved in 5 mL of 10% acetic acid and introduced in an ultrasonic bath for
15 min. After this time, samples were centrifuged during ten minutes, at 4000 rpm, and dried.
The resultant product was reacted in 1 mL of 3 M HNOj3 and dried. Finally, the sample was digested
again in 3 mL of 3 M HNOj3 and introduced in chromatographic columns. For the chromatographic
separation of Sr, an extraction resin type SrResinTM was used (Trisken International) (crown-ether
(4.4’ (5')-di-t-butylcyclohexano-18-crown-6). The Sr was recovered with HNO3; 0.05 M as eluent.
The fraction where Sr is concentrated was dried, charged on a Re single filament with 1 pL of
H3PO4 1 M and 2 pL of TayOs, and analyzed on a TIMS-Phoenix mass spectrometer (Isotopx,
Cheshire, UK). The acquisition method of data consisted of dynamic multicollection during ten blocks
of 16 cycles, each one with a beam intensity in the 38Sr mass of 3 V. Analyses were corrected for possible
interferences of 8 Rb. 8Sr/3Sr ratios were normalized with respect to the measured mean value of the
ratio 80Sr/%Sr = 0.1194 of the isotopic standard NBS-987, in order to correct possible mass fractionation
during filament charge and instrumental analyses. The precision of the analytical standard error or
internal precision is 0.000003.

Carbon-coated polished thin sections were used to analyze major, minor, and trace element
concentrations on a CAMECA SX-50 electron microprobe (CAMECA SAS, Gennevilliers, France).
The microprobe was operated, using 20 kV of excitation potential, 15 nA of current intensity, and a
beam diameter of 10 um. Analytical standards included natural silicates, carbonates, and oxides as
follows: calcite (Ca), dolomite (Mg), Fe;O3 (Fe), rhodonite (Mn), and celestite (Sr). The detection limits
were 135 ppm for Mn, 127 ppm for Fe, 102 ppm for Ca, 185 ppm for Mg, and 403 ppm for Sr. Precision
on major element analyses averaged 0.64% standard error at 20 confidence levels.

To determine the rare earth element and yttrium content (REEs + Y) of calcite cement and carbonate
host rocks, four samples were analyzed by means of high-resolution inductively coupled plasma mass
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spectrometry (HR-ICP-MS), using a Thermo Scientific model Element XR (Thermo Fisher Scientific,
Bremen, Germany). Up to 100 mg of powder was sampled from trims, using a 400/500 um diameter
dental drill. Powdered samples were dried at 40 °C during 24 h, and later, 100 mg of sample was acid
digested in closed PTFE vessels, with a combination of HNO3 + HF + HCIO4 (2.5 mL: 5 mL: 2.5 mL
v/v). The samples were evaporated, and 1 mL of HNO3 was added, to make a double evaporation.
Finally, the sample was re-digested and diluted with Milli-Q water (18.2 MQcm-1) and 1 mL of
HNOs;, in a 100 mL volume flask. In order to improve the sensitivity of the ICP-MS, a tuning solution
containing 1 pg L1 Li, B, Na, K, Sc, Fe, Co, Cu, Ga, Y, Rh, In, Ba, T, and U was used, and as internal
standard, 20 mg L1 of a monoelemental solution of 11°In. Reference materials were the BCS-CRM
number 393 (ECRM 752-1) limestone, JA-2 Andesite, and JB-3 Basalt. The precision of the results was
expressed in terms of two standard deviations of a set of eight reference materials measurements
(reference material JA-2), whereas accuracy (%) was calculated by using the absolute value of the
difference between the measured values obtained during the analysis and the certified values of a set
of eight reference material analysis (reference material BCS-CRM n° 393 for major oxides and JA-2 for
trace elements). The analyzed elements and their detection limits expressed in ppm are as follows:
La (0.21), Ce (0.32), Pr (0.04), Nd (0.15), Sm (0.03), Eu (0.01), Gd (0.02), Tb (0.003), Dy (0.02), Y (0.20),
Ho (0.003), Er (0.01), Yb (0.01), and Lu (0.01). The detection limit was calculated as three times the
standard deviation of the average of ten blanks. A Multielemental Solution IV-CCS-1 Rare Earths
Standard in HNO;, 125 mL (100 pg mL™!) of Inorganic Ventures, was used in order to perform the
calibration curves. REEs and Y data were normalized to the Post-Archean Australian Shale (PAAS)
from Reference [74].

Sulphur and oxygen isotopes were analyzed in two celestite samples to establish the origin of the
precipitating fluid. The CO and SO, gases produced from the samples were analyzed in a continuous
flow elemental analyzer Thermo Delta Plus XP mass spectrometer (Thermo, Bremen, Germany), with a
TC/EA pyrolizer for 5§80 and a Finnigan MAT CHNS 1108 analyzer (Finnigan, Bremen, Germany)
for 6%4S. The results were calibrated with the international standards NBS-127, SO-5, and SO-6 [75],
and the internal standard YCEM (+12.78%o0 CDT). The analytical error was +0.4%o0 CDT (Canyon
Diablo Troilite) for §%4S and +0.5%0 VSMOW for §'80.

4. Results

4.1. Description of the Studied Outcrop

The studied outcrop is located 1.7 km NW of the Baga Village (Figure 1b). In this area, a NE-SW
striking fracture, which dips 57 degrees toward the southeast, cuts the upper carbonate unit of the
Corones Formation (Figure 3a). Limestones are gray and are constituted of up to 50 cm thick layers
dipping 40 degrees toward the south. Occasionally, celestite concretions replace the Corones Formation
(Figure 3b,c and Supplementary Materials Figure S1). These concretions consist of radial aggregates of
prismatic crystals. The sampled fracture is partially filled with up to 10 cm thick calcite cement arranged
in rose-like crystal clusters of bladed calcites (Figure 3d,e). Bladed crystals have sizes ranging from a
few millimeters to 4 cm, are milky to brownish, and are occasionally impregnated with petroleum.
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Figure 3. Images of the studied outcrop in the northern side of the Cadi thrust sheet. (a) Crosscutting
relationships between the Corones Formation and the sampled NE-SW fracture. The thick red line and
the red surface represent trace and plane of this fracture, respectively. The thin blue lines represent
bedding. The dashed black box indicates the locations for (d,e). (b,c) Celestite concretions within the
Corones Formation. (d,e) Images of the rose-like clusters of bladed calcites.

4.2. Petrography

4.2.1. The Host Rock

The upper carbonate unit of the Corones Formation hosting the sampled fracture consists
of wackestones and packstones of ostracods and micritized benthic and planktonic foraminifera
(Figure 4a,b). Blocky calcite cement and framboidal aggregates of pyrite fill the intraparticle porosity
of ostracods and foraminifera. Celestite concretions within the carbonate Corones Formation are
constituted of non-luminescent and up to 1 cm long prismatic crystals (Figure 4c,d). Celestite concretions
within the Armancies Formation show the same texture.
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Figure 4. Images from polarizing optical, electron (SEM), and cathodoluminescence (CL) microscopes
of the main features of the upper carbonate unit of the Corones Formation and studied bladed calcites.
(a) Optical microscope image (PPL, plane polarized light) of an ostracod cemented by blocky calcite
crystals. (b) Optical microscope image (PPL) of a packstone of miliolids and other unknown components.
(c,d) Optical (PPL) and CL images of celestite crystals growing within the carbonates of the Corones
Formation. (e) SEM image of rhombic calcite subcrystals forming the bladed crystals. (f) SEM image of
um-scale bladed calcite subcrystals. (g,h) Optical (PPL) and CL images of bladed calcites.

4.2.2. Calcite Cement

The cement is mainly formed by large centimetric bladed calcite crystals, as seen in Figure 3d,e.
However, scarce and smaller crystals exhibiting a more laminar habit are occasionally observed in the
non-cemented spaces by bladed calcite, thus indicating a possible later precipitation. SEM imaging
revealed that the centimetric bladed calcites are mainly constituted of rhombohedral subcrystals,
with a thickness ranging between 30 to 200 um and a length of up to 0.5 cm (Figure 4e). However,
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up to 250 um bladed subcrystals are also observed (Figure 4f). The calcite cement is dull-orange to
luminescent, with more luminescent areas between crystal borders (Figure 4g,h). Evidence of crystal
zonation was not observed from scanning electron and cathodoluminescence microscope observations.

XRD was applied to bladed crystals with the largest, best-developed face perpendicular to the
XRD mount and smaller and more laminar crystals. The results, shown in Figure 5, indicate that, in the
largest bladed crystals, which we label as ‘bulky calcite’, the analyzed surface corresponds to one of
the conventional {1014} rhombohedral faces. In contrast, the XRD patterns from the smaller crystals
turn out to be dominated by the (108) reflection of calcite. This result indicates that the main face of
the bladed crystals with laminar habit coincide with one of the {1018} or {0118} rhombohedral faces
(recall that the powder XRD setup does not allow us to perform a full textural analysis). As discussed
by Reference [76], only {0118} faces seem to be expressed in inorganically precipitated calcite. This is
the case, for instance, of the so-called ‘nailhead’ laminar habit. In contrast, the {10T8} faces have been
found in the surfaces of the foliated calcite of bivalves [76]. Accordingly, here we attribute the observed
(108) reflections in the more laminar crystals to {0118} rhombohedral surfaces, ruling out the c-axis
orientation reported in Reference [63] for platy calcite.

(104) G089

Laminar calcite

Bulky calcite

Intensity (arb. units)

1 R

O T TR T T T A LI [ A U RN R A I
30 40 50
2 Theta (deg.)

Figure 5. X-ray diffraction patterns of the studied bladed calcites, which are dominated by the (104)
reflection in the bulky crystal habit and by the (108) reflection in the more laminar crystals. Complete
XRD patterns of calcite are shown in Figure S2.

4.3. Fluid Inclusion Studies

Two types of fluid inclusion assemblages (FIA1 and FIA2) were identified in the studied calcite
cement. Fluid inclusions in FIA1 are elongated (up to 120 um long) or squared and have faces ranging
in size between 7 and 50 pm (Figure 6a,b). FIAl are abundant and contain a single liquid phase,
although very occasionally transparent to gray gas bubbles are observed (Figure 6b). These gas bubbles
have diameters of up to 5 um, and they occupy a fluid inclusion volume between 10% and 70%.
Under ultraviolet light (UV), FIA1 inclusions are non-fluorescent. FIA1 is mainly concentrated at the
center of crystals, and their faces are parallel to that of the host calcite. Furthermore, FIA1 are restricted
to growth boundaries of calcites, thus suggesting their primary origin. This FIA is occasionally cut by
a system of healed fractures containing petroleum, which are arranged parallel and orthogonal to the
FIA1 (Figure 6c¢).

The FIA2 contain fluid inclusions filled with liquid petroleum and have more irregular shapes
and rounded faces than inclusions of FIA1 (Figure 6d). The length of FIA2 inclusion faces range
between 5 and 40 um and are usually trapped along the healed fractures containing petroleum and
postdating FIA1, thus indicating their secondary origin (Figure 6¢,d). Under UV light, FIA2 inclusions
are non-fluorescent to dark blue, making them hard to distinguish from the host calcite cement.
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Figure 6. Images from polarizing optical microscope of the main features of fluid inclusions FIA1
and FIA2 (not crossed nicols). (a) FIA1 inclusion without gas bubble. (b) Very scarce FIA1 inclusions
containing gas bubbles. (c,d) FIA2 inclusions filled with petroleum. Note how they are arranged

parallel to fractures that also contain petroleum.

Raman analyses in both FIA1 and FIA2 in bladed calcites show similar peaks, although they are
more intense in FIA2 inclusions (Figure 7). The spectra show for both FIA1 and FIA2 peaks at 620, 650,
1001, 1040, 1165, 1200, 1280, 1580, 1600, 1720, 2945, 2990, and 3065 cm™~!, which are within the range of
vibration of the aromatic hydrocarbons and the benzene group [77,78] (Figure 7; Table 1). The spectra
also show two peaks at 795 and 850 cm™!, which are within the range of vibrations of the alkanes
group [78] (Figure 7; Table 1).

Table 1. Raman vibrations (cm™') of FIA1 and FIA2 fluid inclusions. The identified peaks are compared

with the main range of vibrations for aromatic hydrocarbons, alkanes, and the benzene group [77,78].

Observed Peak

Functional

Measured Peaks

Measured Peaks

(cm-1) Group Mode Assignment Compound by [78] (cm™1) by [77] (cm1)
620 c-C Bending Aromatic hydrocarbons 620-625 -
650 s-C Stretching Aromatic hydrocarbons 620-715 -
795 c-C Ring breathing/stretching Cycloalkanes 700-1000 -
850 c-C Stretching n-Alkanes 837-905 -
1001 Ring Ring deformation Benzene and derivates 990-1060 999
1040 Ring Ring deformation Benzene and derivates 990-1060 -
1165 cC Stretching/Bending Aromatic hydrocarbons 1020-1200 -
1200 c-C Stretching/Bending Aromatic hydrocarbons 1020-1200 -
1280 c-C Stretching Aromatic hydrocarbons 1284-1295 -
1580 Ring Ring Scissors Benzene and derivates B 1580
1600 cC Stretching Aromatic hydrocarbons 1600-1605 -
1720 C-H Stretching Single aromatic compounds 1700-2000 -

2945 C-H Stretching Aromatic hydrocarbons 2927-3085 B
2990 C-H Stretching Aromatic hydrocarbons 2927-3085 B
3065 C-H Stretching Benzene and derivates 3057-3060 3064
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Figure 7. Raman spectra of the studied bladed calcite and FIA1 and FIA2. Main vibrations are given in
cm~!. The assignment of the observed Raman peaks for FIA1 and FIA2 is given in Table 1. Raman peaks
highlighted with * indicate the main vibrations of calcite.

4.4. Geochemistry of Bladed Calcite

4.4.1. C-O Stable Isotopes

The carbonate host rock from the Corones Formation has §'*C values ranging from —1.36%o to
—0.94%0 VPDV and §'80 values ranging from —10.56%o to —10.02%o0 VPDV (Figure 8 and Table S1).

3
Eocene marine
carbonates 14
3 '
5"°0% VPDB
[ I | I I [ I I 0 [
-17 15 A3 -1 -9 =7 -5 3 a,1 1 3

m

&

— -3 >

] Calcite cement 2

(&)

Corones Fm &5 7o)

Figure 8. 5'80 vs. §!3C cross-plots of the Corones Formation and bladed calcite crystals. Range for the
Eocene marine carbonates from Reference [79].

Bladed calcite cement has 5'3C values ranging from —3.89%o to —1.01%0 VPDV and §'80 values
ranging from —16.94%o to —14.48%o VPDV (Figure 8). This calcite cement shows a depletion in 5'80
from 3.83%o to 6.29%0 VPDV with respect to its adjacent host carbonates of the Corones Formation and
from 10.41%so to 12.88%0 VPDV with respect to Eocene marine carbonates (Figure 8).

4.4.2. Clumped Isotopes

Clumped isotopes thermometry was applied to one sample of bladed calcites (Figure 9; Table S2).
The measured A4y is 0.594%o0 + 0.02%o0, which translates into a temperature of 62.13 + 5.25 °C and a
51804uig of =5.52%0 + 0.9%0 (Figure 9). Temperature in °C and 5180p4ig in %o VSMOW of fluids are
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calculated from measured A4y in carbonate cement, using the equation of Reference [73] for clumped
isotope temperature and Reference [80] for the §'8Og;q.

807 Obtained from clumped
isotopes thermometry

70 : /
—
60 Hl
Calcite cement
50
40

Range of values calculated
30 from clumped temperature and
5"0 values from Fig. 8

Clumped temperature (°C)

20 1 /
10 1 Eocene seawater
0 T T T T 1

N -

40 8 B8 4 2 O
504, (%0 VSMOW)

Figure 9. Clumped isotopes temperature in °C vs. calculated 5180¢1uig (%o VSMOW) for the bladed
calcites. The yellow box indicates the range of 31804414 calculated from the §180 values of bladed
calcites in Figure 8 in %o VPDB and the measured clumped isotopes temperature, using the formula
of [80]. 5180 of Eocene seawater in %o VSMOW is from Reference [81].

In Figure 9, a range of 5'80q,q values between —9.01%o and —4.91%0 VSMOW is also plotted
(yellow box). This range of 51804414 was calculated by using the 5180 in %o VPDB of bladed calcites in
Figure 8, the measured clumped isotopes temperature, and the formula of Reference [80].

4.4.3. Sr isotopes

Limestones from the Corones Formation and bladed calcite crystals were analyzed for strontium
isotopes (Figure 10; Table S3). The 87Gr/80Gr ratio of the Corones Formation is 0.707888, whereas the
bladed calcite has an 87Sr/%°Sr ratio of 0.707903 (Figure 10). In both cases, the 8 Sr/%Sr ratio is higher
than the marine values reported in the LOWESS curve from the Paleocene to the Upper Eocene [82]
(Figure 10), when the marine conditions in the South Pyrenean foreland basin finished.
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Figure 10. 87Sr/%0Sr composition of the Corones Formation and bladed calcite crystals. The 87Sr/36Sr
ratios of the LOWESS curve from Reference [82] are also plotted.

4.4.4. Elemental Composition

The Sr, Mg, Mn, and Fe content of bladed calcite cement was measured by using electron probe
microanalysis (Figure 11a and Table S4). From these results, the Ca/Fe and Mg/Ca molar ratios were
calculated (Figure 11b,c; Table S5).
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Figure 11. (a) Mg, Sr, Fe, and Mn content of bladed calcite crystals. Maximum, minimum,

and mean values are given. (b,c) Mg/Ca vs. Sr/Ca and Mg/Ca vs. Mn/Ca cross-plots of bladed

calcites. Areas bounded by blue, green, and red thick lines represent the composition of marine,

meteoric, and formation fluids, respectively, based on References [83-88].
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The elemental composition of bladed calcite crystals shows values ranging from 1578 to 6787 ppm
in Sr, from 1031 to 2441 ppm in Mg, and values from below the detection limit to 365 ppm in Mn
(Figure 11a). The Fe content is below the detection limit. The Mg/Ca, Sr/Ca and Mn/Ca molar ratios
have been calculated by using the formula of Reference [83] and the following coefficient factors:
Kmg = 0.097 at 70 °C [89], Kyn = 5.4 at 25 °C [90], and Kg; = 0.08 at 100 °C [91]. The calculated Mg/Ca
and Sr/Ca ratios range from 0.02 to 0.05 and from 0.02 to 0.09, respectively (Figure 11b), whereas the
Mn/Ca ratio ranges from 0.0001 to 0.0003 (Figure 11c).

4.4.5. REEs + Y Content

The REEs and Y content of limestones from the Corones Formation and the bladed calcite crystals
were analyzed. The REEs + Y content in ppm, their normalized values to the Post-Archean Australian
Shale (PAAS) from Reference [74], and their Ce/Ce*, Pr/Pr* and Y/Ho ratio are presented in Figure 12
and Tables S6-S8.
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Figure 12. (a) PAAS-normalized REEs + Y distribution patterns of the Corones Formation and bladed
calcites. (b) Ce/Ce* vs. Pr/Pr* cross-plot showing the Ce and Pr anomalies of the Corones Formation
and bladed calcites. The method of Reference [92] modified by Reference [93] is used. Field I: neither
Ce nor La anomaly; field Ila: positive La anomaly and no Ce anomaly; field IIb: negative La anomaly
and no Ce anomaly; field Illa: positive Ce anomaly; field IIIb: negative Ce anomaly; field IV: positive
Ce and La anomalies. (c) Y/Ho ratios the Corones Formation and bladed calcites. Y/Ho limits for
modern seawater and terrigenous sediments are based on References [94,95].
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The REEs + Y pattern of the Corones Formation shows a positive Eu anomaly, which is less
pronounced in the bladed calcite cement (Figure 12a). This pattern also shows positive Y and Tb
anomalies for one sample of the Corones Formation limestone and for one sample of the bladed calcite
cement (Figure 12a). Negative Ce anomalies are observed for limestones from the Corones Formation
and for one sample of the bladed calcite. Ce and Pr anomalies (Ce/Ce* and Pr/Pr*) were also calculated
by using the formulas of References [92,96], respectively (Figure 12b). The Ce and Pr anomalies in the
Corones Formation range between 0.75 and 0.84 and between 1.09 and 1.15, respectively (Figure 12b).
In the bladed calcite cement, the Ce anomaly ranges from 0.55 to 0.84, and the Pr anomaly ranges
from 1.09 to 1.31 (Figure 12b). The Y/Ho ratios range from 23.78 to 35.83 in the Corones Formation
limestones and from 20.94 to 41.88 in the bladed calcite cement (Figure 12¢). In both cases, the Y/Ho
ratios are within the range of composition of the terrigenous sediments and between the composition
of these sediments and modern seawater (Figure 12c).

4.4.6. Sulfur and Oxygen Isotopes of Celestite Concretions

The %S and 5'80 of celestite concretions within the Corones and Armancies Formations are
presented in Figure 13 and Table S9. Values for Cenozoic evaporites from Reference [66] and for
evaporites in the Cadi thrust sheet from Reference [97] are also presented.

30
28 Celestite concretions within
the Armancies and Corones
26 Formations (this work)
24 —
5
= 22
%)
> 20 Cenozoic evaporites
S
O 18
o)
16
Cuisian evaporites within
- the Cadi thrust sheet
14
12
10 T T T T T T T ]
15 20 25 30 35 40 45 50 55

5“S%0 VCDT

Figure 13. 5%*S and 6§'80 of celestite concretions within the Corones and Armancies Formations.
Values for Cenozoic evaporites from Reference [66] and for evaporites in the Cadi thrust sheet from
Reference [97] are also presented.

The 5%*S of celestite concretions within the Corones and Armancies is +50.1%o and +51.1%o
VCDT, respectively (Figure 13). The §'80 is +25.3%o and +27%o0 VSMOW for concretions within the
Armancies and the Corones Formations, respectively (Figure 13).

5. Discussion

The integration of petrology and geochemistry of the host rock and bladed calcite cement allows
us to decipher the origin of the fluids and the processes that controlled the precipitation of these
unusual rose-like clusters of bladed calcite crystals.

5.1. Host Rock Diagenesis

The upper carbonate unit of the Corones Formation shows a depletion in $'80 of up to 6%o,
with respect to Eocene marine carbonates (Figure 8), which can be interpreted as the interaction
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between this carbonate unit and high temperature fluids [8]. This geochemical change could have
occurred during the Middle-Upper Eocene, when fluids at temperatures between 90 and 120 °C
migrated through fractures in the studied area during the Pyrenean orogeny [60]. The measured
positive Eu anomalies in the Corones Formation limestones is also indicative of the influence of hot
fluids [92,98,99] (Figure 12a).

The 87Sr/8Sr ratio of 0.70789 of the Corones Formation is slightly higher than that expected for
Middle Eocene seawater, when this carbonate unit deposited (Figure 10). This enrichment in 8 Sr/8Sr
could be related to the presence of terrigenous sediments within the Corones Formation or the influence
of fluids with higher 8Sr/%6Sr ratios than those of Middle Eocene seawater. The absence of negative Ce
anomalies in one sample of the Corones Formation and the Y/Ho ratios ranging from 23.84 to 35.83
of this carbonate unit reflect the influence of terrigenous sediments rather than the input of external
fluids [99] (Figure 12b,c).

The origin of the celestite concretions within the Corones and Armancies Formations can be
deduced from their isotopic composition. The §*S (+50.1%o to +51.1%0 VCDT) and §'80 (+25.3%o to
+27%o0 VSMOW) values of these concretions are highly enriched with respect to Cenozoic evaporites
and the sulfates within the Cadi thrust sheet [66,97] (Figure 13). This enrichment could indicate that
these concretions precipitated from residual sulfate left after sulfate reduction processes [100,101].
The source of this sulfate could be the Corones Formation, where gypsum pseudomorphs have been
observed [102]. The presence of celestite concretions has also been interpreted in many carbonate
reservoirs to be linked with oil migration [103].

5.2. Type of Fluids

Bladed calcite crystals forming rose-like clusters have a 8180¢4iq Of —5.52%0 + 0.9%0 VSMOW,
which is within the range of meteoric waters [104] (Figure 8). The slight positive Eu anomaly observed
in the bladed calcites indicates that these crystals precipitated at higher temperatures than those present
in surficial conditions [92,99]. The measured clumped temperature of 60-65 °C for calcite cement
supports this interpretation (Figure 9).

The very low Mn and Fe content of bladed calcite crystals indicates oxidizing conditions during
its precipitation [84,105-107] (Figure 11a). These oxidizing conditions are also reported by the negative
Ce anomaly calculated for one of the samples of this cement [92,99,108] (Figure 12b). However,
the absence of this negative anomaly in another sample of bladed calcite, together with its Y/Ho
ratios ranging from 20.94 to 41.88, could indicate that the meteoric fluids interacted with terrigenous
sediments [99] (Figure 12c). These terrigenous sediments are probably derived from the same Corones
Formation, since this carbonate unit has Y/Ho ratios similar to that of bladed calcite (from 23.84 to 35.83)
(Figure 12¢). This influence is also evidenced by the similarity between the 8 Sr/%Sr ratio of the bladed
calcite cement and that of the host Corones Formation (0.70790 and 0.70789, respectively; Figure 10).
In the same line, the Mg (from 0.020 to 0.046), Sr (from 0.02 to 0.09), and Mn (from 0.0001 to 0.0003)
molar ratios of bladed calcites are within the range of formation waters, probably indicating interaction
between meteoric fluids and the Corones Formation [83-88] (Figure 11b,c). The positive Y anomaly
in one of the samples of the bladed calcite could indicate the interaction between these fluids and a
marine source, which, in this case, are the studied marine host carbonates [92,99] (Figure 12a). The high
Sr content of bladed crystals could result from fluids interacting with celestite concretions existing
within the carbonate member of the Corones Formation [60]. Summarizing, based on the geochemical
results, rose-like clusters of bladed calcites precipitated at 60-65 °C from oxidizing meteoric fluids that
interacted with their adjacent host rocks. This interaction partly modified the geochemical signature of
these fluids.

X-ray diffraction of the less abundant, and probably younger, laminar calcite indicates the presence
of laminar crystal habits with prominent {0118} rhombohedral faces (Figure 5), which are found
in ‘nailhead’ calcites [76]. This type of calcite crystals, with c-axis flattened morphology, has been
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attributed to calcite precipitated from shallow fresh groundwater with a lower salinity than calcite
with rthombohedral morphologies [12,14].

Finally, Raman spectroscopy applied to FIA1 and FIA2 allows us to identify mainly aromatic
hydrocarbons and significantly less abundant alkanes (Figure 7 and Table 1). This is in contrast with
previous studies about the composition of petroleum within the Armancies Formation, the source
rock in the SE Pyrenees, where not altered hydrocarbons are dominated by the presence of n-Alkanes.
However, the same authors conclude that bacterial biodegradation of hydrocarbons in the SE Pyrenees
mainly resulted in the removal of n-Alkanes, whereas alteration of aromatic compounds was less
pronounced. This different susceptibility of hydrocarbons to microbial degradation could explain why
most of Raman peaks are within the range of vibration of the aromatic hydrocarbons.

5.3. Precipitation Model for Rose-Like Clusters of Bladed Calcites

The petrographic characterization of rose-like clusters of bladed calcite crystals, together with their
geochemical composition, allows us to identify the controlling parameters during their precipitation.

Bladed crystal morphologies in calcite are commonly associated with settings in which CO,
is released by boiling [18,19,21]. However, this is in contrast with the clumped temperature of
62.13 + 5.25 °C obtained for these calcites, the estimated burial depth of 2 km, and the presence of
rhombohedral morphologies, whose relationship with fluid boiling is not clear [19,109]. An alternative
model for CO, release from fluids implies a sudden pressure drop and effervescence during their
rapid upward migration to shallow positions and fracture opening [19,23,110,111]. However, it is
important to highlight that mixing between two immiscible fluids can also decrease the boiling
temperature of the two components [26,27]. In this line, calculations made by Reference [25] proved
that a mixture of water and benzene decreases the boiling temperature to below 70 °C. The presence
in the studied bladed calcites of benzene, aromatic hydrocarbons, and alkanes in FIA1 and FIA2,
together with the measured clumped temperature of ~60-65 °C, accounts for boiling of fluids at
this temperature rather than sudden pressure drop and effervescence. The coexistence between
liquid-rich and vapor-rich FIA1, together with the different volumes of their gas bubbles, also suggests
the fluid boiling hypothesis [18,19,21,23,109,112]. Calcites with (104) rhombohedral faces could be
attributed to the high concentration of divalent cations, such as Sr (Figure 11a) [13]. The development
of calcite crystals with (104) faces could also be related to the presence of proteins and peptides within
hydrocarbons trapped in fluid inclusions [15]. The presence of these organic compounds has not been
documented in previous works characterizing the composition of hydrocarbons within the Corones and
Armancies Formations [62]. However, these authors also report a marine origin for the hydrocarbons
in the SE Pyrenees (e.g., planktonic, bacteria). The protein content of these marine organisms can
reach a concentration of up to 50%, according to Reference [113]. Therefore, the influence of proteins
on calcite morphology cannot be ruled out. Other parameters controlling calcite morphology are
pH and supersaturation of fluids. In this line, thombohedral calcites and the absence of vaterite
polymorphs (Figure S2) are indicative of pH values between 11 and 13, and [Ca?*]/[CO;2"] ratios
between 2 and 5 [16].

Based on the model of CO; release mentioned above, and the geochemical composition of the
studied bladed crystals, we have drawn a conceptual model of precipitation for the rose-like clusters of
bladed calcites in the studied outcrop of the Southern Pyrenees (Figure 14). In this model, oxidizing
meteoric fluids, at ambient temperatures, percolated up to 2 km in depth, where they reached a
temperature of ~60-65 °C (Figure 14), considering the geothermal gradient of 30 °C/km assumed
by [114,115] for the Southern Pyrenees. During their downward migration, these meteoric fluids
interacted with the host Corones Formation limestone, resulting in the modification of the elemental
composition and REEs + Y content of fluids to a formation water composition. Interaction with the
host Corones Formation, where petroleum oil seeps have been identified [30,60], would have also been
the responsible for the presence in the FIA1 of aromatic hydrocarbons, components from the group
of alkanes and benzene (Figures 7 and 14; Table 1). In this setting, hydrocarbons may have mixed
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with evolved meteoric waters during their migration. Subsequent NE-SW fracturing of the host rock
and buoyance forces facilitated these fluids to migrate upward [116]. As a result of fracture opening
and the migration of fluids to shallow positions, pressure conditions decreased. The new shallow
conditions allowed fluid boiling, CO, release, and the precipitation of bladed calcites in rose-like
clusters. After their precipitation, bladed crystals were affected by a later fracturing event, resulting in
the development of secondary inclusions and a second pulse of hydrocarbon migration.
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Figure 14. Conceptual precipitation model for the rose-like clusters of bladed calcite crystals in the
northern side of the Cadi thrust sheet.

6. Conclusions

The integration of petrographic, crystallographic, vibrational, and geochemical methods allowed
us to decipher the origin of fracture-filling rose-like clusters of bladed calcite crystals in the northern
sector of the Cadi thrust sheet (SE Pyrenees).

Optical and electron microscope observations, together with X-ray diffraction measurements, have
allowed us to characterize the morphology and orientation of the studied calcite crystals. Petrographic
observations of bladed calcites also indicate the presence of primary and secondary fluid inclusion
assemblages (FIA1 and FIA2). Raman spectroscopy of FIA1 and FIA2 show several features that can
be attributed to vibrational modes of the aromatic hydrocarbons and the benzene group. However,
Raman peaks corresponding to the range of vibrations of the group the alkanes are also observed.

Clumped isotopes thermometry reflects that bladed calcite precipitated from meteoric fluids at
60-65 °C. The very low Mn and Fe content and the presence of negative Ce anomalies measured in
this calcite indicate oxidizing conditions during its precipitation. High Sr content in bladed calcite
suggests the interaction of fluids with celestite concretions developed within the carbonate member of
the Corones Formation. The similar 87Sr/80Sr ratios of the Eocene marine carbonates and the studied
bladed calcite (0.70789 and 0.70790, respectively), together with the Y/Ho ratios ranging from 20.94
to 41.88 and the Mg/Ca, Sr/Ca, and Mn/Ca ratios within the range of formation waters calculated
for bladed calcites, also indicate interaction between meteoric fluids and the Corones Formation.
The high Sr content in calcite, the presence of organic compounds within hydrocarbons trapped in
fluid inclusions, and pH controlled the precipitation of bladed crystals with (104) rhombohedral faces.
The presence of ‘nailhead’ calcites in non-cemented spaces by bladed crystals probably indicates later
migration of shallow fresh groundwater with a lower salinity than that of bladed calcite.
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The integration of the obtained results and their comparison with bladed calcites from other fluid
systems worldwide reveal that the fracture-filling rose-like calcite clusters studied in the northern side
of the Cadi thrust sheet precipitated due to a CO; release by boiling meteoric fluids that mixed with
benzene and aromatic hydrocarbons at ~60-65 °C. This mixture controlled the decrease of the boiling
point at these temperatures.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/6/522/s1.
Figure S1: XRD pattern of celestite concretions, Figure S2: XRD pattern of calcite crystals, Table S1: !0 and
§13C values of the carbonate host rocks and bladed calcite crystals precipitated in the Cad{ thrust sheet, Table S2:
813C, 5180, A7, and 6180ﬂuid of one sample of bladed calcites within the Cadi thrust sheet, Table S3: 813C, 5180,

A4y, and 580g,;4 of one sample of bladed calcites within the Cadi thrust sheet, Table S4: Mg, Sr, Fe, Mn, and Ca
content in ppm of bladed calcites, Table S5: Mg/Ca, Sr/Ca, Ca/Fe, and Mn/Ca molar ratios of bladed calcites,
Table S6: Rare earths and yttrium content in ppm of the Corones Formation and Bladed calcites within the Cadi
thrust sheet, Table S7: PAAS-normalized rare earths and yttrium content of the Corones Formation and bladed
calcites within the Cadi thrust sheet, Table S8: Calculated cerium (Ce/Ce*) and praseodymium (Pr/Pr*) anomalies
and Y/Ho ratios for the Corones Formation and bladed calcite within the Cadi thrust sheet, Table S9: 534S and
3180 of celestite concretions within the Corones and Armancies Formations.
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