Criteria for recognition of localization and timing of multiple
events of hydrothermal alteration in sandstones illustrated
by petrographic, fluid inclusion, and isotopic analysis

of the Tera Group, Northern Spain
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Abstract Stratigraphic relatiens, detailed petregraphy,
micrethermemetry of fluid inclusiens, and fine-scale ise-
tepic analysis ef diagenetic phases indicate a cemplex
thermal histery in Tithenian fluvial sandstenes and lacus-
trine limestenes eof the Tera Greup (Nerth Spain). Twe
different thermal events have been recegnized and char-
acterized, which are likely asseciated with hydrethermal
events that affected the Cameres Basin during the mid-
Cretaceeus and the Eecene. Multiple stages of quartz
cementatien were identified using scanning electren
micrescepe cathedeluminescence en sandstenes and frac-
ture fills. Primary fluid inclusiens reveal hemegenizatien
temperatares (Th) frem 195 te 350°C in the quartz cements
of extensienal fracture fillings. The high variability ef Th
data in each particular fluid inclusien assemblage is related
te natural reequilibratien ef the fluid inclusiens, prebably
due te Cretacesus hydrethermal metamerphism. Seme
secendary fluid inclusien assemblages shew very censis-
tent data (Th = 281-305°C) and are censidered net te have
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reequilibrated. They are likely related te an Eecene
hydrethermal event er te a retregrade stage ef the Creta-
ceeus hydrethermalism. This appreach shews hew multiple
thermal events can be discriminated. A very steep thermal
gradient of 97-214°C/km can be deduced frem 5'*@ values
of ferrean calcites (518. —14.2/—11.8%0 V-PDB) that
pestdate quartz cements in fracture fillings. Furthermere,
illite crystallinity data (anchizene-epizene beundary) are
eut ef caquilibrium with high fluid inclusien Th. These
ebservatiens are censistent with heat-flux related te shert-
lived events ef hydrethermal alteratien fecused by
permeability centrasts, rather than te regienal heat-flux
asseciated with dyname-thermal metamerphism. These
results illustrate hew thermal data frem fracture systems
can yield thermal histeries markedly different frem hest-
reck values, a finding indicative of hydrethermal fluid flew.

Keywords @uartz cements - Fluid inclusiens -
Thermal evelutien - SEM-CL - Cameres basin

Introduction

Witheut significant fluid flew, the spatial and temperal
distributien ef diagenetic and lew-grade metamerphic
alteratien in siliciclastic sequences is theught te be pre-
dictable en the basis ef burial depth histery, thermal
regime, and cempesitien (eg. Bjgrlykke 1998; Merad et al.
2000). Relatively few studies, hewever, have examined the
influence eof significant flew ef hydrethermal fluids en
sandstene diagenesis and lew-grade metamerphism (e.g.,
Ressi et al. 2002; @chea ct al. 2007). In these hydrethermal
systems, sandstene alteratien departs frem the predicted
diagenetic medel because of transpert eof heat, selvent, and
selute. Research en hydrethermal alteratien ef carbenate



strata, in centrast, has received significant attentien in
recent years, resulting in the fecus ef an entire issue of a
scientific jeurnal and many ether publicatiens (e.g. Davies
and Smith 2006). Discriminating hydrethermal frem ether
regimes of diagenetic alteratien is a key cempenent in
much ef the recent literature en this subject (e.g. Machel
and Lennee 2002; Esteban and Taberner 2003; Hiemstra
and Geldstein 2005; Davies and Smith 2006; Geldstein in
press).

This study centributes te bringing siliclastic diagenesis
and lew-grade metamerphic studies up-te-speed by pre-
viding an example of a hydrethermally affected siliciclastic
sequence. In deing se, it develeps appreaches fer identi-
tying where hydrethermal alteratien in siliciclastics has
eccurred, and elucidates nevel techniques te decument
hydrethermal alteratien, invelving cathedeluminescence
petregraphy, fluid inclusiens, and ether geethermemeters.

Detecting, dating, and determining the erigin ef multiple
thermal events in sandstenes subjected te diagenesis and
lew-grade metamerphism are challenging, due te the
scarcity of applicable geethermemeters, geebaremeters,
dating techniques, and preblems with resetting during
alteratien (De Caritat et al. 1993; Essene and Peacer 1995,
1997). This cemmenly results in the eversimplified inter-
pretatiens of thermal histery. Systems subjected te hydre-
thermal alteratien are particularly difficult te werk with, as
they may have experienced multiple shert-lived pulses of
fluid flew, each driven by different geelegic mechanisms
(e.g. Ceveney et al. 2000). In this study, the integratien
of scanning elecwen micrescepe cathedeluminescence
(SEM-CL) with fluid inclusien micrethermemety (e.g.
Geldstein and Ressi 2002) and ether published werk en
timing has preven useful in recenstructing timing and
erigin of multiple hydrethermal events. Fer this, we study
hest reck and fracture fillings of Upper Jurassic sandstene
of the Cameres Basin in Spain. Altheugh it is understeed
that many ef the fluid inclusiens in lew-grade metamerphic
systems suffer frem reequilibratien, making straightfer-
ward interpretatien ef data difficult (e.g. Turgarinev and
Vernadsky 1970; Lacazette 1990; Geldstein and Reynelds
1994), in this study, mest ef the fluid inclusien assem-
blages shew signs ef having been enly partially reequili-
brated. Thus, they still preve useful in interpreting thermal
histery thanks te a detailed petregraphic analysis including
SEM-CL en quartz cements. This study prevides a medel
fer hew multiple hydrethermal events can be discriminated
in sandstenes.

The Cameres Basin represents enc ef the Mesezeic
Iberian Basins and the enly ene that shews metamerphism
in the Iberian Range (e.g. Mas et al. 2002, 2003). Mere
specifically, the metamerphism affected a large prepertien
of the depesits of the Eastern Cameres Basin (e.g. Casquet
et al. 1992; Mantilla-Figuerea et al. 2002). The basin infill

is cempesed of a thick sequence of centinental sedimentary
recks, generated under an extensienal regime characterized
by high rates ef subsidence, frem the Tithenian te the Early
Albian. This research is fecussed en Tithenian strata ef the
Tera Greup, a thick successien depesited in the eastern
secter of the Cameres Basin during its first rifting stage
(Figs. 1 and 2).

Early en dyname-thermal metamerphism was censid-
ered te have eccurred during the infilling ef the Cameres
Basin (Guiraud and Seguret 1985; Gelberg et al. 1988).
This medel of burial metamerphism is still maintained by
ether authers (Casas-Sdinz, Simeén-Gemez 1992; Mata
et al. 2001; Del Rie et al. 2009). These studies are based
en an interpretatien of the basin structure as a synclinal
basin. In centrast, the thermal evelutien ef the eastern
secter of the basin has been studied using radiemetric
dating (K-Ar), mineral assemblages, crystal chemical
parameters of phyllesilicates, chlerite thermemetry, and
isetepic thermemetry of sulfide depesits. These studies
recegnized a thermal event (Casquet et al. 1992; Alense-
Azcéarate et al. 1995; Barrenechea et al. 1995, 2000;
Mantilla-Figuerea et al. 1998; Alense-Azcirate et al.
1999; Mas et al. 2003), which was characterized as low-
te very lew—grade hydrethermal metamerphism (Late
Albian-Ceniacian).

@ur study is fecused en fluid inclusien micretherme-
metic data frem quartz in extensienal fracture fillings in
the Tera Greup, which are the likely fecus zenes fer
hydrethermal fluids (San Felices sectien, SAN), and quartz
evergrewth cements in areas away trem the these zenes (El
Espine sectien, ESP). The filled fractures are ebservable in
the field (SAN) and have been interpreted te ferm during
the extensienal stage of basin fermatien (Guiraud and
Seguret 198S; Mantilla-Figuerea 1999; Mata et al. 2001).
The principal aims ef this paper are as fellews: (1) te
cempare the thermal histeries of fracture fillings and hest
recks in a basin affected by a lew-grade metamerphism
taking in censideratien beth diagenetic and hydrethermal
precesses, (2) te characterize the water—reck interactien in
hydrethermal systems, and (3) te develep appreaches te
discriminate between different lew-grade metamerphic
precesses in sedimentary basins.

Geological and stratigraphic setting
Basin fermatien

The Cameres Basin in the nerthern Iberian Range (Fig. 1)
ferms part ef the Mesezeic Iberian Rift System (Mas et al.
1993; Guimera et al. 1995; Salas et al. 2001; Mas et al.
2002). Intraplate rifting was a censequence of a generalized
extensienal regime, which separated Iberia frem Eurepe.
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Fig. 1 Geologic map of the Cameros Basin indicating the SAN
section (El Pégado anticline) and the ESP section. The areas affected
by low-grade and very low—grade hydrothermal metamorphism are

The subsidence and sedimentatien rates in the Cameres
Basin were very high, with vertical thicknesses up te 6 km
and up te 9 km ef swatigraphic recerd in the direction of
the nerthward migratien ef depesitienal sequences recer-
ded frem the Tithenian te the early Albian. The basin has
been interpreted as a hanging wall synclinal basin (exten-
sienal-ramp basin) fermed ever a reughly seuth-dipping
ramp between twe nearly herizental sectiens (flats) in a
deep extensienal fault inside the Variscan Basement. The
nerthern flat is 7 km depth and the seuthern flat 11 km
depth (Guimera et al. 1995). The directien of displacement
fer the hanging wall was S-SW, parallel te the directien of
the basin extensien (Mas et al. 1993, 2002, 2003; Guimera
et al. 1995, 2004). Alternatively, Guiraud and Seguret
(1985), Casas-Sainz and Gil-Imaz (199%), Mata et al.
(2001), Villalain et al. (2003) and Casas-Sainz et al. (2009)
interpreted the Cameres Basin as a synclinal basin, with
vertical superpesitien of Lewer Cretaceesus sedimentary
units rather than laterally juxtapesed bedies everlapping
the prerift sequence. These authers censider a thrust fault
te the nerth as a result of tectenic inversien of a nermal
fault generated at the beginning ef the Cretaceeus, which
reached the Keuper facies in depth. This hypethesis has a
mechanical flaw that makes it unlikely (Mas et al. 1993,

Albian and late Cretaceous

Cameros Basin infilling
Depositional Sequences

LOGRORO °

Post-tectonic
rocks

Pre and Syntectonic
Tertiary

Metamorphic areas

indicated: a Yanguas-San Pedro Manrique area. b El Pégado
anticline. Modified from Mas et al. (2002)

2002, 2003; Guimera et al. 1995). The hypethesis of
Guiraud and Seguret (1985) weuld require a slab ef
Jurassic recks, enly S00—800 m thick but mere than 30 km
wide and 100 km leng, te be pulled frem the Seuth witheut
suffering any break in centinuity and witheut ferming a
fault ever the ramp near the nerthern basin margin. This
weuld have had te eccur under subaerial cenditiens
because of the centinental nature of the recks that filled the
basin. Their medel weuld require, an even mere unlikely,
later reverse displacement of tens of kms te the Nerth, still
semehew maintaining the centinuity ef the marine Jurassic
substate atter the Cenezeic centractien.

Basin infill

The basin recerd essentially censists of centinental sedi-
mentary recks cerrespending te alluvial and lacustrine
systems, with rare marine incursiens (Mas et al. 1993;
Geémez-Fernandez and Meléndez 1994). The sedimentary
infill of the Cameres Basin has been divided inte eight
depesitienal sequences (Mas et al. 2002, 2003) (Fig. 2). The
Tera Greup represents the first stage of rifting sedimentatien
and is fermed by twe depesitienal sequences (DS 1 and DS 2,
Fig. 2), which are Tithenian in age (Mas et al. 1993, 2004,
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Fig. 2 Stratigraphy of the depositional sequences (BS) of the
Cameros Basin. The stratigraphic interval examined is indicated
(Tera Group, BS 1 and BS 2). Modified from Mas et al. (2004)

Martin-Clesas and Alense-Millan 1998). DS 1 is represented
by siliciclastic fluvial fan facies and lacustwine—palustrine
carbenate facies. The thickness of DS 1 is highly variable,
with maximum thiclness of 255 m. DS 2 is thick, up te
1,500 m in the depecenter, and censists of siliciclastic fluvial
facies, which grade upwards and laterally te carbenate
lacustrine facies. As in ether rifted basins (Evans 1990,
Garzanti et al. 2001, 2003), petrefacies indicate the eresien
of prerift sedimentary substratum at the beginning ef the
riting, fellewed by eresien eof the basement in later stages
(Arribas etal. 2003; Genzilez-Acebren et al. 2007), defining
a prevenance cycle (Arribas et al. 2007). The sandstenes
in SAN sectien shew a quartzefeldspathic framewerk cem-
pesitien (means: @mgsFisl.t; and @mgsKePg), with a
deminance eof plutenic reck fragments (Rg) ever sedimen-
tary (Rs) and metamerphic reck fragments (Rm) (mean:
Rg3;Rs35Rm, e, Genzédlez-Acebrénetal.2010). The peresity
reductien of the sandstenes eccurred mainly by cempactien
(ICOMPACT = 0.99; Lundergard 1992). Mean framewerk
sandstene cempesitien of the ESP section is @mggeF,; Lt and

Fig. 3 Sequence of processes and cements in sandstones of ESP and
SAN sections. The kaolinite replacement over K-feldspars (epimanix)
has been totally replaced by illite. Muscovite and illite have been
parially replaced by chlorite. Although the sequence is the same for
both sections, the impqrtance of the different diagenetic processes and
products is not always the same. Mechanical compaction, calcitized
saddle dolomite, pyrite, and chlorite are more abundant in SAN,

whereas quartz overgrowth cement is more abundant in ESP
record of Rift Stage 2 I Studied sedimentary recerd

Qmy,K;Ps. Plutenic reck fragments (Rg) and sedimentary
reck fragments (Rs) are predeminant (RgysRs;,Rmys,
Genzalez-Acebren etal. 2010). The diagenetic sequence and
IC@OMPACT is similar te the SAN sectien (Figs. 3 and 4a),
but there is greater develepment of quartz evergrewth in the
ESP sectien (Fig. 4b).

Metamerphic precesses and studied sectiens

During the Late Albian te Ceniacian, hydrethermal alter-
atien affected the depesits eof the eastern secter of the
Cameres Basin (Casquet et al. 1992; Barrenechea et al.
1995; Alense-Azcirate et al. 1995, 1999 2002; Mantilla-
Figuerea et al. 1998, 2002). The main features eof this
thermal alteratien are as fellews: (1) metamerphic grade is
cenwelled by changes in reck cempesitien and perme-
ability rather than by burial depth (Alense-Azcérate et al.
1995; Barrenechea et al. 1995, 2000, 2001); (2) thermal
inversiens acress sectiens in the depecenter, fer example in
a single stratigraphic sectien Valanginian-Barremian
depesits of the Urbien Greup exhibit a higher metamerphic
grade than the Tithenian and Berriasian depesits of Tera
and @ncala elder greups (Mantilla-Figuerea et al. 1998,
2002; Barrenechea et al. 2001); (3) pestrift age of alteratien



Fig. 4 Pewography of ESP section. a Pyrite (Py) replacement of the
sandstone framework. Notice the presence of K-feldspar (K) and
chlorite (Ch). Plane-polarized light. b Quartz overgrowth ([@]).
Plane-polarized light. ¢ Wewrital quartz grain and two different quartz
syntaxial overgrowths in SEM-CL. @vergrowth (1) is bright lumi-
nescent and shows relict fibrous texture. @vergrowth (2) is non-
luminescent. d Wewital quartz grain and two different quartz cements

(Late Albian te Ceniacian, 107 + S te 85 + 6 Ma with
K-Ar en authigenic illites), after the maximum burial stage,
reached during the Early Albian (Casquet et al. 1992); and
(4) metamerphic cenditiens frem very lew grade (anchizene)
te lew grade (epizene), with temperatures of 350-370°C at
the metamerphic peak and maximum pressure of 1 kbar
(Casquet et al. 1992; Barrenechea et al. 1995). Lines of
evidence 1 and 2 peint te a hydrethermal precess rather than
the regienal metamerphic medel suggested by Guiraud
and Seguret (1985), Casas-Sainz and Gil-Imaz (1998), and
Mata et al. (2001).

Figure 1 shews the lecatien eof the studied stratigraphic
sectiens: SAN and ESP. The Tera Greup was buried te
5,900 m frem the Tithenian te Lewer Paleegene at the first
sectien (SAN). In the secend sectien (ESP), the maximum
burial depth fer the same stratigraphic interval was preb-
ably 4,950 m (Genzilez-Acebren 2009). Beth burial
depths are based en partial restered cress sectiens frem
Guimera et al. (1995) and Mas et al. (2003).

The SAN sectien is lecated in the metamerphic area of
El Pégade anticline (see B in Fig. 1). Illite crystallinity data
in this sectien are between 0.23° and 0.30° A28 (Genzdlez-
Acebren 2009). Using the anchizene beundaries prepescd
by Kiibler (1967, 0.42° and 0.25°), these values cerrespend

in SEM-CL. @vergrowth (2) is non-luminescent and primary fluid
inclusions have Th of 122-128°C. @vergrowth (3) shows banded
luminescence and fills microfractures of the former overgrowth. First
stages have Th of 127-128°C, followed by later fracture fillings with
Th reaching 141°C. Numbers of the overgrowths correspond to the
text and Table 5 of elecwonic supplementary material

te the anchizene—epizene beundary and are censistent with
fermerly published data ef illite and chlerite crystallinity
frem the area (Mantilla-Figuerea 1999; Barrenechea et al.
2001). Mantilla-Figuerea et al. (2002) recegnized a secend
very lew—grade metamerphic precess in this area as Eecene
(45 £ 4 Ma) en the basis ef radiemewic dating (K/Ar) en
authigenic illites (Mantilla-Figuerea 1999).

The ESP sectien is lecated eutside eof the zenc ef
metamerphism (Fig. 1). The illite crystallinity data recer-
ded in this sectien (0.47°-0.4%8° A260, Genzilez-Acebren
2009) are typical ef diagenetic cenditiens.

Methods

Samples were cellected systematically frem twe represen-
tative stratigraphic sectiens of the Tera Greup (SAN and
ESP, Fig. 1), wying te represent the vertical variatien ef the
hest-reck sandstenes (48 samples) and the variety of dif-
ferent minerals ebserved in the field in the fracture fillings
(20 samples of fracture fillings; quartz, calcite, chlerite, and
pyrite) te establish the paragenesis fer hest reck and fer
petential cenduits fer hydrethermal fluid flew. Deubly pel-
ished thick sectiens were prepared fer the samples witheut



any heating and glued te frested glass with cyaneacrilate.
After eptical petregraphic analysis ef the sectiens, selected
areas of 5 of them were cut and remeved frem the glass using
acetene. The micrethermemewic study was perfermed en
these pertiens of samples in a Linkam THMSG-600 heating
and freezing stage. The stage was calibrated with synthetic
fluid inclusiens, including wiple peint of C®,, melting peint
of H,@®, and critical peint of H,@. Melting peint of H,@®
standards shews that the accuracy fer lew-temperature
measurements is better than +0.1°C. Critical peint standards
shew that accuracy fer high-temperature measurements is
better than + 1.8°C. Hemegenizatien temperatares (Th) have
been interpreted as minimum entrapment temperatares. In
this case, ne pressure cerrectiens were applied because a
pressure determinatien weuld invelve tee many errer-prene
assumptiens witheut an independently ebtained value eof
pressure. The interpretatien of Th as minimum entrapment
temperatures is a typical precedure in werking with Th data
(Geldstein and Reynelds 1994; Geldstein in press). Te
interpret salinity, a NaCl-H,® medel was used en the basis
of the ebserved first melting temperatures frem fluid inclu-
siens (Bednar 1993).

Micrethermemetric and pewegraphic data were gathered
on fluid inclusiens in quartz and carbenate fracture fillings
tfrem SAN. Frem ESP, a micrethermemetric study en
quartz evergrewths in sandstenes was dene. Due te the
small size of the quartz evergrewths, this sert ef study en
quartz cements was net carricd eut in SAN sandstenes.
Feur selected samples were meunted using aluminum stubs
cevered by carben adhesive tape fer SEM-CL. Subse-
quently, they were ceated with carben. Finally, they were
studied under CL using a Gatan PanaCL phetemultiplier-
based CL detecter installed en a Lee 1550 SEM. The
eperating cenditiens were 12-mm fecal distance, 20-kV
veltage, and 60-pum aperture.

A secend greup ef 9 cpexy-meuntcd 100-pm-thick
sectiens was prepared fer stable isetepe study en carben-
ate-bearing fracture fills frem SAN. These sectiens were
etched and stained using Alizarin Red S and petassium
ferricyanide fer carbenate identificatien (Lindhelm and
Finkelman 1972) after the CL study. Samples were taken
using a micredrill and analyzed fer 5'°C and §'*@. All
sample pewders were reasted in vacuwm fer ene heur at
200°C te remeve velatile erganic centaminants and after-
ward reacted at 73°C in an autemated carbenate reactien
system (Kiel-l) ceupled directly te the inlet of a Finnigan
MAT 253 gas ratie mass spectremeter. Isetepic raties were
cellected for '’@ centributien and are reperted in per mil
netatien relative te the VPDB standard. Values were cali-
brated using NBS 19 as the primary standard. The precisien
of the analysis is 0.1%o fer beth @xygen and Carben.
Friedmann and @’Neil (1977) equatien has been used for
the calculatiens of 4'*@ values frem temperatures.

Results
Hest-reck cempesitien and diagenesis

The hest reck ef fracture fillings in the SAN sectien is
cempesed of sandstene (subarkese and erthequarzite) and
lutite, with limestene and marl in the upper part. The
diagenesis of the sandstene hest reck includes different
precesses and cements, which have eccluded the eriginal
peresity. This includes chemical cempactien and stylelite
fermatien (Fig. 3). SAN hest reck centains pyrite crystals
and chlerite nedules, preducing a mettled texture and a
greenish celeratien. Related lacuswine and palustrine
limestenes are made up of mudstene te wackestene with
estraceds and characea. Gypsum pseudemerphs in lime-
stenes eccur near the tep eof the sectien. Lutites and marls
are mainly cempesed of quartz, calcite, plagieclase, illite,
and chlerite.

ESP sectien is compesed of sandstenes (subarkese) and
miner cenglemerates, with limestenes and marl in the
upper part. Limestenes are alse mudstenes with estraceds
and characea. In the sandstenes, at least three different
generatiens of syntaxial quartz evergrewth were identified
with SEM-CL, shewing primary fluid inclusien assem-
blages (FTAs) with first melting temperatures near —28°C.
Clathrates have net been detected.

(1) Bright luminescent overgrowth is the earliest phase
and precipitated with relict fibreus texture (1 in
Fig. 4c). A primary FIA is identified en the basis ef
the distributien ef the evergrewth, which is censistent
with the distributien aleng the CL bands. The FIA
has Th ef 114-120°C and Tm ice between —10.6 and
—10.3°C.

(2) Non-luminescent syntaxial overgrowth is the secend
grewth phase and centains primary fluid inclusiens
with distributien censistent with the CL bands (2 in
Fig. 4c and d). A censistent FIA shews Th ef
122-128°C and Tm ice of —12.3/—11.6°C.

(3) Banded luminescent quartz cement fills micrefrac-
tares in the earlier evergrewth (3 in Fig. 4d). First
stages have primary fluid inclusiens with Th that vary
between 127 and 128°C, fellewed by later fracture
fillings with Th that reach 141°C (Tm ice of —7.8°C)
(Table S ef electrenic supplementary material).

Fracture cements

Filled fractures appear in the SAN area and are typically
subperpendicular te the swatificatien and 1 te 50 cm wide
(Fig. Sa). They pinch eut er reduce their width in incem-
petent layers, such as lutites and marls. Main minerals
present in these fractures are quartz, ferrean and



Fig. S Pewography of the SAN section: a Field aspect of tensional
fracture filling in the SAN section (El Pégado anticline). b Quartz
vein (@1) that postdates the stylolite (arrew). The vein is limited by a
line. Py: pyrite. Plane-polarized light. ¢ Two different quartz cements
under plane-polarized light. The first one (@1) corresponds to mottled
quartz in SEM-CL (see picture E). The second one (@2 + @3) was
precipitated after fracturing. @2 and @3 only can be distinguished
under SEM-CL (Fig. 9). The arrew points to the corroded borders of
quartz cement at the contact with the saddle carbonate (SCar). The
sample was taken from the fracture of photo A (marked area in detted
line refers to Fig. 9). d Sandstone cut by alarge fracture (between the
lines), first filled with quartz (@1) and later filled with saddle

nen-ferrean calcite, chlerite, and pyrite. Rarely, apatite
crystals can be ebserved in thin sectien.

A cemmen sequence of the fracture fillings was deter-
mined using cenventienal micrescepy, CL, and SEM-CL
petregraphy, tegether with the petregraphic and micreth-
ermemetric study ef fluid inclusiens (Fig. 6):

(1) Quartz 1 (Q1) cement pestdates stylelites of the Tera
Greup sandstenes (Fig. Sb). @1 is hemegeneeus under

carbonate (SCar). This large fracture is also cut by a small fracture
filled with ferroan calcite (FeC2). The arrew peints to the corroded
borders of gquartz cement at the contact with the ferroan saddle
carbonate. Plane-polarized light. e Mottled texture in quartz cement
Q1 (SEM-CL) due to recrystallization associated with the metamor-
phic peak. A pattern of fracturing can be observed. The image
represents an area in photo C. f Chlorite that postdates the ferroan
calcite cement (FeC1). The corrosion is marked with arrews. Notice
that both appear in a fracture that cut the sandstone framework (right
side eof the line), and the large size of the chlorite fans. Plane-
polarized light

wansmitted light micrescepy (see 1 in Fig. Sc and d)
and shews a mettled texture in SEM-CL (Fig. Se).
Cerresien features are ebserved in @1 where in
centact with ferrean saddle delemite cement (see
arrews in Fig. Sc and d).

@1 centains primary fluid inclusiens ef varieus sizes,
with erientatien and distributien related te grewth. Mea-
sured fluid inclusiens are between 1.5 and S um with Th ef
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Fig. 7 Frequency histogram of Th of primary fluid inclusions in @1
cement (sample 4SAN-27) and some secondary FIA

194.8 and 350.2°C (Fig. 7 and Table 1 eof electrenic
supplementary material) and Tm ice between —4.6 and
—3.4°C. There is a single eutlier with Th = 402.7-405.8°C.
Th in FIAs are very incensistent, as ebserved in Fig. 7. Ne
petregraphically paired vaper-rich and vaper-peer inclu-
siens were ebserved, indicating that there is ne evidence fer
necking dewn after a phase change (pinching eff ef single
fluid inclusiens te make multiple inclusiens). Ne vaper-
deminant inclusiens were feund, evidence against hetere-
geneeus entrapment (e.g. Geldstein and Reynelds 1994).
First melting temperatures (Te) are between —21 and
—19°C. We ebserved that seme fluid inclusiens larger than

cress-pelarized light, as described by Radke and
Matthis (1980) and Spétl and Pitman (1998). This
nen-ferrean calcite centains abundant selid inclusiens
or intergrewths ef iren exides and hydrexides, mainly
cencentrated aleng the cleavage planes.

Twe different saddle carbenate phases can be distin-
guished. The earlier ene (SCarl) is richer in iren exide and
hydrexide selid inclusiens than the later ene (SCar2),
indicating twe cempesitienal zenes: SCarl. Nen-ferrean
calcite, which is nen-luminescent in CL, and SCar2. Nen-
ferrean calcite, which is bright luminescent in CL. In pla-
ces, SCarl tetally have filled small veids and SCar2 enly
appears in the largest veids (>1 mm) where eneugh space
was available fer its precipitatien. Beth nen-ferrean cal-
cites centain abundant all-liquid fluid inclusiens ef variable
sizes (2-16 pm). Stable isetepic cempesitiens in beth
have very similar 6'°C values between —7.8 and —6.6
(%o V-PDB) and 5'%@ values between —9.0 and —8.1
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Fig. 8 Frequency histogram of Th of secondary fluid inclusions in
ferroan carbonate cements (samples 4SAN-6, 4SAN-7, 4SAN-16)

(%o V-PDB) in nen-luminescent calcite and '°C between
—7.4 and —6.6 (%o V-PDB) and 5'*@ between — 9.0 and
—86 (%o V-PDB) in the brightly luminescent calcite
(Table 2 of electrenic supplementary material).

(3) Ferroan calcite (FeCl) pestdates the saddle carben-
ate (SCar). It nermally shews dull luminescence
in CL. It centains variably sized fluid inclusiens
(2.5-19 pum). Inclusiens are typically secendary with
Th = 168.0-412.7°C (Fig. 8) and Tm ice between
—5.2 and —3.7°C (Table 3 ef electrenic supplemen-
tary material). Th values in FIAs are very incensistent

(Fig. 7).

Stable isetepes have values between —8.9 and —7.2 (%o
V-PDB) fer 6'°C and between —14.3 and —11.8 (%o V-
PDB) fer §'°@ (Table 2 eof elecwenic supplementary
material). The '@ values are pregressively mere negative
with increasing depth in the sectien.

Fig. 9 Two different quartz fracture fillings under SEM-CL. The
photograph is taken in the fracture (@1 + @2) of Fig. 4c

(4) Pyrite (Py) crystals appear as part ef the fracture
fillings and alse as replacement ef the hest reck. The
pyrite typically has cubic shapes and variable sizes
(frem less than 1 mm te several centimeters). Quartz
and chlerite encrust pyrite crystals where they replace
the sandstene framewerk (Fig. 3). Based en this
textural evidence, chlerite pestdates pyrite in the
fracture fillings.

(5) Chlorite (Ch) pestdates and lecally cerredes FeCl
(Fig. 5f). It displays green celers and cearse fan
merphelegics (100200 pum). It has a magnesium-
ferrean cempesitien as has been determined by
electren micreprebe analysis.

(6) Quartz 2 (Q2) pestdates at least @1 and the saddle
carbenate (SCar). @2 fills small fractures that cut the
mettled structure of Q1 (Fig. 9). Thus, a fractaring
event is deduced between @1 and @2. @2 bears
primary grewth fabrics displaying cencentric grewth
zenes of luminescent and nen-luminescent quartz as
well as seme secter zening (Fig. 9).

(7) Quartz 3 (Q3) cement cuts @2 and is a nen-
luminescent fracture fill (Fig. 9). Under cenventienal
petregraphy, @2 and @3 leek like a single quartz
cement phase (Fig. 5c). @3 fills small fractures that
pestdate @2 and can be distinguished in CL.
Secendary fluid inclusiens in @2 and @3 shew Th
of 281.2-305.2°C in seme FIAs with censistent Th,
with Tm ice between —5.2°C and —4.9 (Table 4 of
electrenic supplementary material and Fig. 10). FIAs
with incensistent Th are alse present, shewing Th
lewer and higher than the censistent enes. Twe
different greups can be distinguished: 1. FIAs with
lewer Th than the censistent FIAs (Th frem 150 te

40
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2 inconsistent FIAs
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g 20+ consistent FIAs
=
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Fig. 10 Frequency histogram of Th of secondary fluid inclusions in
@2 and @3 cements. Notice the distincion between consistent and
inconsistent FIAs. Sample 4-SAN-16



280°C) and 2. FIAs with higher temperature than the
censistent FIAs (Th frem 30S te 380°C). Nene eof the
inclusiens in all FIAs shew petregraphic pairing er
vaper-rich inclusiens. Hence, ne evidence ef necking
dewn after phase changes er heteregeneeus entrap-
ment was feund.

(8) Ferroan calcite (FeC2) cement has filled small
fractures (<2 mm) that cut all the fermer fracture
fillings until chlerite fermed. There is ne textural
evidence that FeC2 pestdates @2 and @3. Stable
isetepe cempesitiens ef this cement are 6'°C = —6.8
(%o V-PDB) and 6'*@ = —8.1 (%o V-PDB, Table 2
of electrenic supplementary material).

(9) Non-ferroan calicite (NFeC) has filled the remaining
space reduced by FeC2. Because of the small size
of this cement (<1 mm), ne isetepic analyses were
perfermed.

Discussion and interpretation
Thermal events deduced frem fracture fillings
First metamorphic event

Petregraphic characteristics of cements, micrethermemetry
data frem fluid inclusiens, and isetepic cempesitiens per-
mit the recenstructien ef the sequence of thermal events
during fracture filling ef the Tera Greup (SAN sectien):

Quartz (Q1) Deduced salinities of @1 are between 5.6
and 7.3 wt% NaCl eq. Miner ameunts ef ether iens are alse
likely. C@®, and CH, are significant cempenents deduced
by the clathrate melting events and analyses using Raman
micreprebe en similar inclusiens (Mantilla-Figuerea
1999).

There are several pieces of evidence te relate these
primary fluid inclusiens te a hydrethermal precess:

(A) Th (194.8-350.6°C) are tee high te be burial
temperatures. Assuming a geethermal gradient ef
30°C/km (Blackwell 1971; Waples 1980; Hitchen
1984), with a surface temperature of 20°C, estimated
burial temperature at the maximum burial depth
weuld have been ne mere than 180°C.

(B) The variability ef Th data in each particular fluid
inclusien assemblage (Table 1 of electrenic supple-
mentary material and Fig. 7) prebably is due te
natural thermal reequilibratien ef the fluid inclusiens.
@utlier values may indicate the mest extreme exam-
ples eof thermal reequilibratien. Swetching and
decrepitatien are typical precesses of fluid inclusiens
in metamerphic systems (Geldstein and Reynelds
1994). Alternatively, necking dewn after a phase

change can lead te a few high values, but there is ne
pewegraphic evidence supperting this.

(C) The mettled texture of quartz (Q1) in SEM-CL
(Fig. Se) is interpreted as a recrystallizatien fabric.
The develepment eof this mettled fabric is censistent
with the metamerphism interpreted by Casquet et al.
(1992) as Cretaceeus in age. Recrystallizatien fea-
tures of quartz evergrewths previeusly have been
described by Geldstein and Ressi (2002) in sand-
stenes and in hydrethermal veins (e.g., Rush and
Reed 200S; Rush et al. 2006).

Saddic carbonate (SCar): The nen-ferrean calcite
cempesitien of SCar is very likely a replacement of saddle
delemite er ankerite, because these are the typical minerals
that ferm saddle carbenate (Radke and Matthis 1980 and
Speétl and Pitman 199%8). The all-liquid primary fluid
inclusiens suppert recrystallizatien at lew temperature.
Similar ankerite cement has been identified by Benite et al.
(2001, 2006) in the underlying Kimmeridgian limestenes,
and these authers asseciated this cement with the Creta-
ceeus hydrethermal metamerphism ef the basin fellewed
by lew-temperature recrystallizatien.

Ferroan calcite (FeCl): The deduced salinities in the
secendary fluid inclusiens ef FeCl are between 6.01 and
8.14 wt% NaCl eq. (Fig. & and Table 3 ef electrenic sup-
plementary material). The Th data ef secendary fluid
inclusiens ef FeCl in the same range as the primary fluid
inclusiens described fer quartz (Q1), as well as the high
variable Th data, peint te reequilibratien ef these secend-
ary fluid inclusiens during the Cretaceeus metamerphism.
In the absence of primary fluid inclusiens, stable isetepe
data are useful in estimating the erigin ef FeCl. The very
negative 5'%@ values are best explained by precipitatien at
high temperature (areund 200--400°C), as the FeCl pest-
dates @1 and predates chlerite. In additien, the negative
values of 6°C can be interpreted as being inherited frem a
system in which waters were derived frem an everlaying
seurce prebably related with subaerial expesure that
faveured a lecalized input ef highly *C-depleted seil-gas
C®, (Benite ct al. 2001, 2000).

Pyrite and chiorite: Beth the literature and the fermer
established paragenesis suggest that @1, SCar, FeCl, pyr-
ite, and chlerite are metamerphic phases related te the
Cretacesus hydrethermal event (Alense-Azcdrate et al.
1999; Mata et al. 2001; Benite et al. 2001, 2006). The large
size of the fan merphelegies of chlerite is alse evidence of
high-temperature grewth (Fig. Sf). Thus, primary fluid
inclusiens of @1 must be related te this Cretaceeus thermal
alteratien. @n the basis ef CL pewegraphy, the inclusiens
appear te have been trapped during recrystallizatien ef the
@1 cement. This ceuld indicate that the Cretaceeus
hydrethermal alteratien ceuld have reached temperatures



of at least 350-410°C (maximum Th ef primary fluid
inclusions to @1 and ef secendary fluid inclusions to
FeCl).

A post-Cretaceous, second thermal event is interpreted
en the basis ef radiemetric dating (Mantilla-Figuerea et al.
2002) and has been related te the inversien eof the basin
during the Eecene (Alpine @regeny). Thus, we have te
censider the alternative hypethesis that primary fluid
inclusiens eof @1 reequilibrated during Eecene heating. In
this case, the inclusiens weuld reflect the cenditiens ef the
secend thermal event. This hypethesis ceuld be supperted
by similar salinities between fluid inclusiens primary to @1
(5.56-7.31 wt% NaCl eq.) and fluid inclusiens secendary
te @2 and @3 (4.73-8.14 wt% NaCl eq.).

A Cretaceeus age is mere likely, hewever, because ne
censistent FIAs were feund in @1 which exhibits recrys-
tallized textures. These ebservatiens suggest that a thermal
maximum may have been reached during the Cretaceous
hydrothermalism and that this thermal precess was
respensible fer the reequilibratien ef primary inclusiens
and recrystallizatien in @1.

The steep thermal gradient as a censequence
of hydrethermal precesses

The similar petregraphic character, paragenesis, and
chemical cempesitien of FeCl in all fracture fillings allew
us te assume same eor similar age and fluid cempesitien fer
FeCl threugheut the studied sectien. Given the same fluid
isetepic cempesitien precipitating FeCl threugheut the
sectien, the upward increase in 6'*® indicates a steep
paleogeothermal gradient. The maximum difference in
vertical stratigraphic position between analyzed samples is
370 m. The paleotemperatures have been calculated fer
twe pessible scenaries: (1) in which the sediment with the
deepest burial precipitated at 200°C and (2) a deep burial
precipitatien temperature of 300°C. These temperatures
were chesen because 200°C is clese te the lewest tem-
perature of primary fluid inclusiens of @1 (194.8°C) and
300°C is clese te the highest temperature ef these fluid
inclusiens (350.6°C). Given the first scenarie (200°C), the
data indicate a metamerphic gradient of 153°C/km in the
lewer part and 72°C/km in the upper part ef the sectien
(Fig. 11). Given the secend scenarie (300°C), the data
indicate a gradient ef 276°C/km in the lewer part and
121°C/km in the upper part of the sectien (Fig. 11). This
steep and decreasing gradient frem the bottom to the top is
probably due to a rapid injection of hot fluids into cooler
rocks, associated with hydrethermal precesses. The calcu-
lated values of 5'°® of the water are between 6.5 and 13.0
(%0 V-SM@OW) fer the prepesed temperatures (300 and
200°C, respectively). These are typical values of meta-
merphic waters (Tayler 1974). A similarly high geethermal
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Fig. 11 Paleogeothermal gradient recorded using 6'*® values of the
FeCl1 in 5 samples of different bunal depth of the SAN section. The
x axis indicates the depth difference among samples. Notice the
decrease in the gradient to the top of the section

gradient is recerded for the Cebre-Babilenia hydrethermal
vein system (170-200°C/km) by Camprubi et al. (2006).

Second metamorphic event

Quartz (02 and (3): Censistent Th values (Th =
281.2-305.2°C) in secendary FIAs in @2 and @3 can be
related either te (1) a retregrade stage of Cretaceeus hyd-
rethermalism er te (2) a later event eof thermal alteratien.
We censider the secend pessibility mere likely fer the
following reasoms: (1) the saddle dolomite or ankerite
precipitated between the mottled quartz cement (@Q1) and
the two different quartz stages (@2 and @3) that fill the
later fractures; (2) FIAs are net reequilibrated; thus, they
prebably have net experienced much everheating after
their entrapment; (3) the FIAs pestdate the recrystallizatien
of quartz, which may have been asseciated with the Cre-
taceeus metamerphism.

Q2 and @3 may pestdate the Cretacesus metamerphism
because quartz has net recrystallized. The lewer Th ef the
censistent FTAs in @2 and @3 cempared te @1 Th indicate
that the thermal peak was reached befere entwapment of the
FIAs in @2 and @3. High temperatures in these secendary
inclusiens, higher than weuld nermally be ascribed te
burial, ceuld be indicative ef their entrapment during the
late (cooling) stages of Cretaceous hydrothermalism or
during Eocene hydrothermalism. Deduced temperatures
using chlerite micrethermemetry for the Eocene alteration
(Mantilla-Figuerea et al. 2002) are in the same range
(298°C) as fluid inclusien Th (281.2-305.2°C). Thus, we
censider the Eecene hypethesis mere prebable. Lewer Th
FIAs (150-280°C) were prebably trapped ecarlier and the



higher Th FIAs (305-380°C) trapped later. The increasing
temperatares weuld cause thermal reequilibratien ef lewer
temperature fluid inclusiens.

Later processes

Ferroan and non-ferroan calicite (FeC2 and NFeC): Last
fracture fillings are prebably related te the alpine cen-
tractien influx ef meteeric waters. Meteeric waters are alse
respensible fer the calcitizatien ef the saddle delemite or
ankerite. Evidence eof recrystallizatien due te meteeric
water is:

(1) All-liquid fluid inclusiens entrapped during recrystal-
lizatien indicate that the calcitizatien precess preba-
bly was belew abeut S0°C fellewing Geldstein and
Reynelds’ (1994) criteria.

(2) Nen-ferrean cempesitien of NFeC and the presence
of selid inclusiens ef ferrean exides and hydrexides
in the NFeC are related te the eriginal phase ef
precipitatien (saddle delemite er ankerite).

(3) The negative 5'*@ values for SCarl and SCar2, due
te replacement by nen-ferrean calcite, are similar te
what weuld be expected feor calcite precipitatien frem
a lew-temperature fluid with 5'*@ of the present-day
greundwater (—9.5 te —9.1%o, V-SM@W, Plata 1994)
with median temperatures of 13°C (Spanish Geeleg-
ical Survey, unpublished data). Calcite precipitating
under these cenditiens weuld have a '@ of —9.4 te
—9.8%o.

(4) The relatively invariant values fer the 5'%@ and the
negative values fer the §'°C are typical of meteeric
diagenesis (Allan and Mattews 1982; James and
Chequette 1990).

The very similar isetepic values fer SCarl and SCar2
(Table 2 of electrenic supplementary material) indicate that
they were prebably recrystallized by a similar lew-tem-
perature meteeric fluid. Figure 12 resumes the diagenetic
and metamerphic evelutien ef a hypethetical sandstene
sample of the Tera Greup in SAN sectien in relatien te the
basin develepment.

Difference between fracture fills and hest reck

Evidence fer a lack ef equilibrium between the hest reck
and the high temperatures in fracture fillings is impertant in
censtraining the thermal alteratien as hydrethermal. The
lack ef equilibrium indicates that het fluids were fecused
aleng fractures. Minimum fluid inclusien—based tempera-
tures in fractures reached 400°C, whereas the X-ray dif-
fractien data frem lutites in the hest reck peint te lewer
temperatares (anchizene—epizene beundary: Mantilla-
Figuerea 1999; Barrenechea et al. 2001). This difference is

prebably related te the lew permeability ef the hest reck at
the mement of the Cretaceeus hydrethermal alteratien, and
fecus of fluids aleng fractures, leading te different thermal
histeries in hest reck versus fractures, er shert-lived fluid
flew that did net allew equilibratien ef the hest reck.

Quartz diagenesis in the hest reck

The ESP sectien preserves a recerd of sandstenc diagenesis
in an area lacking evidence fer majer hydrethermal alter-
atien. Clathrates have net been detected, indicating lewer
gas centents than fluid inclusiens measured frem the SAN
area. Fluid inclusiens in the syntaxial quartz evergrewths
indicate precipitatien during pregressive burial frem high-
salinity fluids generating the fellewing sequence:

(1) Bright luminescent quartz overgrowth (see number 1
in Fig. 4c) interpreted as a pseudemerphic replace-
ment eof chalcedeny er seme less stable silica
precurser based en its relict fibreus texture (e.g.
Geldstein and Ressi 2002). Assuming a geethermal
gradient of 38°C/km, Th ef this cement implies the
burial depths ef at least 3,100-3,300 m, censistent
with a late Barremian-early Aptian age er later, based
en the recenstructiens ef Mas et al. (2002, 2003).
Salinities frem Tm ice measurements are between
14.3 and 14.6 wt% NaCl eq. (Table S of electrenic
supplementary material).

(2) Non-luminescent quartz overgrowth (see number 2 in
Fig. 4c and d, Table S of clectrenic supplementary
material) suggests by its Th a burial depth ef at least
3,400-3,600 m, censistent with a late Aptian-early
Albian age er later, based en the recenstructiens ef
Mas et al. (2002, 2003). Thus, syntaxial quartz
evergrewths (1) and (2) are mest easily interpreted
as predating Cretaceeus thermal alteratien (late
Albian—Ceniacian). Salinities frem Tm ice measure-
ments eof phase 2 FIAs are between 15.8 and
16.2 wt% NaCl eq.

(3) Bandecd luminescent quartz cement (see number 3 in
Fig. 4d) is prebably related te a deeper burial than the
FIAs eof stage 2, because it pestdates quartz cement
phases (1) and (2) and has higher Th. Salinities frem
Tm ice measurements are between 11.5 and 12.1 wt%
NaCl eq.

Temperature data frem ESP syntaxial cements prebably
predate temperature data frem fracture fillings at SAN,
because fracture fillings cut quartz syntaxial evergrewths.
The influence of majer hydrethermal precesses has net
been recerded at ESP, as peinted eut by the illite crystal-
linity (diagenetic field, Genzalez-Acebrén 2009) and fluid
inclusien micrethermemetry. As far as the lithelegies and
age of the hest recks are equivalent in beth sectiens, this



Fig. 12 Geelogical sketch feor
the diagenetic and metamerphic
evelutier. of a hypethetical
sandswrne sample of the Tera
Greup in SAN (Magafia Fm,
»S 2)

werk cenfirms the lecal nature ef hydrethermal alteratien
as independent ef the burial histery.

Conclusions

(1) The effects of different metamerphic events can

¥ End of the marvne Jurassic (Kimmeridgian) "

Start of rifting. Deposition of the Tittionian and Berriasian
s Eodiagenesis of the Tera Gr.

Deposition until Late Aptian-Early Albian. End of rifting.
Mesodiagenesis of the Tera Gr.

Deposition of Late Cretaceous post-rift.
s End of mesodiagenesis + Metamorphism (Late Cenomanian)

Tectonic inversion ofthe basin (Eocene-Early Miocene).
Locatmetamorphism (Eerly-Mid. Eocene; Miocene?) +Telodiagenesis

cembined with SEM-CL are the essential teel, in
this case, te help delineate the thermal histery ef
very lew—grade te lew-grade metamerphism frem
hydrethermal alteratien. The fact that fluid inclusien
assemblages typically partially reequilibrate during
metamerphism aids in the determinatien ef thermal
histery.

been recegnized in the same fracware fillings, based
en detailed petregraphy, stable isetepes, and mic-
rethermemetry of fluid inclusiens. Fluid inclusiens

2

Evidence of quartz recrystallizatien has been feund
using SEM-CL in syntaxial evergrewths and fracture
fillings, related te very lew—grade te lew-grade



metamerphism. They include fibreus textures frem a
less stable silica precurser, mettled texture, and
reequilibrated Th frem fluid inclusiens. At least three
different quartz fracture fillings separated by twe
fracturing events have been recegnized in the same
tracture using SEM-CL. Despite recrystallizatien and
multiple events ef quartz precipitatien, aspects ef
thermal histery in these metamerphic systems can be
discriminated.

(3) Stable isetepic data are used te shew that a steep
geethermal gradient of 153-276°C/km in the lewer
stratigraphic  intervals  decreased upward te
72-121*C/km in the upper stratigraphic intervals.
Such abnermal gradients are ene hallmark ef hydre-
thermal fluid flew, and changes in gradient can help te
delineate pathways ef fluid flew.

(4) @ne Cretaceeus as well as ene Eecene event ef
hydrethermal alteratien can be discriminated en the
basis ef radiemetric dating, petregraphic relatienships,
and fluid inclusien data. This appreach fer discrimi-
nating between different thermal events has wide-
spread applicability in systems where timing and erigin
of multiple thermal events are nermally net reutinely
discriminated. @ur research sheuld enceurage ether
researchers that this discriminatien is pessible.

(5 High palestemperatures in fracture fillings in the Tera
Greup are eut ef equilibrium with hest reck (illite
crystallinity data). These differences are prebably due
te the lew permeability ef the hest-reck and shert-
term hydrethermal fluid flew threugh fractures. This
lack ef equilibrium between fracture-fill paleetem-
peratures and hest-reck palestemperatures is sweng
evidence of hydrethermal alteratien and preferential
fecus ef fluids threugh fractures. Similar cemparisens
can be made elsewhere, in ether metamerphic
systems, te discriminate between hydrethermal and
ether ferms ef heating.
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