Strontium-isotope stratigraphy as a constraint on the age
of condensed levels: examples from the Jurassic of the Subbetic

Zone (southern Spain)

L

UIS M. NIETO*, PEDRQ A. RUIZ-ORTI|Z*, JAVIER REY+and M@ ISABEL BEN|TO}
Dpto. de Geologi a, Universidad de Jae'n, E-23071 Jae n, Spain (E-mail: Imnieto@ujaen.es)

+Dpto. de Geologi‘a, EPS Linares, Universidad de Jae'n, E-23700 Jae'n, Spain

iDpto. de Estratigrafi’a, U.E.l. Correlaciones Estratigra” ficas, Universidad Complutense de Madrid-CSIC,

E-28040 Madrid, Spain

ABSTRACT

Condensed levels are often characterized by reworked fossils that may lead to
incorrect age assessments. Strontium-isotope stratigraphy is an important
chronostratigraphic tool that can be used to verify the biostratigraphic
information from condensed beds. This paper describes a study of the
87Sr/_868r _isotope ratios of 56 belemnite samples collected from 28
stratigraphic sections of the boundary between the Upper Member of the Gavila'n
Formation and the Zegri” Formation (Pliensbachian, Subbetic Zone). The
R/letrerec'FhiC and geochemical data (d180, d13C, concentrations of Fe, Mn and
g, and the Sr/Mn ratio) suggest that the belemnites have preserved their
original marine geochemical composition. After plotting the samples in diagrams
of 8751865y values against time according to their biostratigraphic age, four
different groups (A, B, C and D) were obtained with respect to the reference
curve. In groups A and B, the age deduced from the Sr-isotope ratio is in total or
partial agreement, respectively, with the biostratigraphic age; therefore the
8_7Sr/8_68r ratio is a good method for the datings correlation and assessment of
biostratigraphic results. In groups C and D, the SIS age and the biostratigraphic
age do not coincide. A graphic procedure is presented as a suitable methodology
to constrain the age of the samples showing an SIS age that differs from the
relative age deduced (by biostratigraphy or stratigraphic correlation) for the bed
they were collected in. These situations are interpreted as being the result of
reworking of the belemnites (group C) or ammonites (group D) that are included
in condensed levels. These condensed levels formed during the maximum
flooding event that led to the drowning of the Gavila’'n carbonate platform. The
methodology supplied in this paper represents a valuable tool in identifying
reworking processes, improving correlation and constraining

biochronostratigraphic results._ The values of 87Sr/868r represent a new
contribution to the data set of 87 Sr/86sr ratios for the Pliensbachian.

Keywords Condensed level, Pliensbachian, reworking, Sr-isotope stratigra-
phy, Subbetic Zone.

INTRODUCTION

The main goals of strontium isotope stratigraphy
(SIS) are to achieve stratigraphic dating and
correlation  based .on the 87Sr/868r ratio
obtained from marine carbonates that have
preserved their

original geochemical compositions (Burke et al.,
1982; Jones et al., 1994a,b; McArthur, 1994; Jen-
kyns et al., 2002; Banner, 2004; among others).
SIS is based on three fundamental principles: (i) Sr
is uniformly distributed throughout the oceans

because its residence time (x5 - 108 years) is



much greater than the time required for marine
currents to mix waters (1/5 - 103 yearsé; gi) the
Sr-isotope composition "has varied ° systematically
through geological time (e.g. Steuber & Veizer,
2002); and (iii) there is no measurable fraction-

ation of the sea water 87Sr/86Sr ratio durin%_the
formation of marine carbonates. These premises

make it possible to construct curves for 87Sr/868r
ratios over geological time (Burke et al., 1982;
Koepnick et al., 1985; Jones et al., 1994b;
Howarth & McArthur, 1997; Veizer et al., 1999;
McArthur et al., 2001; Jenkyns et al., 2002).

Applying these principles, Jones et al. (1994b)
obtained a curve for Sr-isotope ratios for Early
Jurassic sea water in order to date and correlate
rocks of that age; to do so, they selected samples
that showed no sign of diagenetic alteration.
Jones et al. found that d13C a d180
values, together with the levels of Mn and,
particularly, Fe, were the best indicators of
diagenetic alter-ation of the original Sr-isotope

signature.

Although a scattering of 875//86sr gata has been
noted in relation to Condensed levels and strati-

graphic breaks by authors such as McArthur (1994)
and Jenkyns et al. (2002), the phenomenon has
received no detailed analysis until now. In order to
recognize hiatuses, the cited authors examined
sedimentary successions that were well-calibrated by
biostratigraphy and in which there was evidence of
stratigraphic breaks. Hiatuses associated with these
breaks were marked by a sharp rise in the 87Sr/,868r
isotope ratio. Moreover, the condensed levels typically
had considerably scattered Sr-isotope values, which,
according to McArthur (1994), could reflect evidence
of reworking processes. As these condensed levels
contain organisms from distinct biozones and with
different Sr-isotope ratios, it is necessary to first
determine whether the fossils used for dating had
been reworked before attempt-ing to further constrain
the age of the levels. Ferna'ndez-Lo pez (1984, 1997)
and Ferna'ndez-Lo’'pez & Mele'ndez (1994) have
proposed several diagnostic criteria of taphonomic
reworking, which are not always straightforward to

apply.

The main goal of this study was to determine the
chronostratigraphic/geochronologic  signifi-cance of
the values of the 5_37Sr/868r isotope ratio in the
sedimentary successions of the Pliensba-chian (mid-
Carixian and Domerian) of the Sub-betic Zone.
Preliminary data of the present paper were published
by Nieto et al. (2005), who examined three sections of
the central sector of the Subbetic. Results are
presented here from the study of 28 stratigraphic
sections from 26 local-

ities of the Subbetic Zone (Fig. 1), specifically
platform carbonates from the uppermost part of the
Upper Member (M3) of the Gavila'’n Formation and
the overlying sedimentary rocks, usually marl/
marly-limestone alternations belonging to the lower
part of the Zegri” Formation (Fig. 2). Most of the
sections were studied by Braga (1983), who
established a detailed ammonite chronostra-
tigraphy that has been taken as the starting point
for this study. These successions contain con-
densed beds and stratigraphic breaks in most of
the studied outcrops. The samples obtained locally
show 8751805t values that seem anoma-lous with
respect to the pre-existing curves for the
Pliensbachian. A graphic fitting method is pro-
posed, inspired by the minimum/maximum and
best-fit curves of Howarth & McArthur (1997) and
McArthur et al. (2001). The method accounts for
these ‘anomalous’ values and constitutes a valu-
able methodology for determining reworking of
fossil remains in condensed levels. Moreover, by
using best-fit approximations, sample age can be
refined, showing results that are coherent with the
established chronostratigraphy except for reworked
samples.

GEOLOGICAL SETTING

The External Zones of the Betic Cordillera (Fig. 1)
comprise sedimentary rocks deposited on the
Southern Iberian Continental Palaesomargin
(SICP) during the Alpine tectonic cycle (Mesozoic to
Lower Miocene). The palaeomargin had a
WSW-ENE orientation (Fig. 1C). To the N-NW of
the Cordillera, Prebetic para-autochthonous units
are overthrust by southerly-derived Subbet-ic
allochthonous units. The Prebetic was formerly in a
northerly position and it constituted a platform
area punctuated by emersion episodes throughout
the Jurassic and Cretaceous (e.g. Vera, 2001; Vera
et al., 2004). To the south of the Prebetic, the
Subbetic was a palaeogeographic domain where
pelagic/hemipelagic  sedimenta-tion predominated
after the break-up of the Lower Liassic carbonate
platform, which now crops out in the Gavila'n
Formation.

The Gavila'n Formation (Fig. 2) overlies the
Keuper facies (Triassic) with a contact that is
usually affected by tectonics. Three members
have been distinguished in this formation
(Fig. 2) (van Veen, 1969; Rey, 1993; Nieto, 1997;
Ruiz-Ortiz et al., 2004). In most of the studied
sections (Figs 3 to 5), the upper part of the
Gavila’n Formation comprises the Upper Member
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Fig. 1. A: Location of the Betics in the Iberian Peninsula. B: Geological location of the studied stratigraphic sections.
The names of the sections are displayed in Table 1. C: Palaeogeographic reconstruction of the Southern Iberian

Continental Palaeomargin (Early Liassic) (after Vera, 2001).

(M3, Fig. 2), which is formed mainly of crinoidal
limestones (Ruiz-Ortiz et al., 2004). The top of M3,
top of the Gavila'n Formation, is a sharp
conformable boundary coinciding with a regional
stratigraphic break (R3) that, according to Ruiz-
Ortiz et al. (2004), corresponds to the boundary
between the ibex-davoei Chronozones. In earlier
papers (cf. Garci’a-Herna'ndez et al., 1986-87;
Ruiz-Ortiz et al., 1997), this R3 break was termed
the intra-Carixian unconformity.

The Zegrn® Formation commonly overlies the
Gavila’n Formation (Fig. 2) and shows significant
lateral thickness changes. Two members have
been identified (Molina, 1987; Rey, 1993; Nieto,

1997; among others): a Lower Member, mainly
comprising a marl/marly-limestone rhythmite,
and an Upper Member consisting of marly
ammonitico rosso facies (Fig. 2).

METHODOLOGY

Fieldwork and facies analysis

A total of 28 stratigraphic sections from 26
localities throughout the Subbetic Zone (Fig. 1;
Table 1) were examined. In many of these sec-
tions, the contact between the Gavila'n and the



Table 1. Geological and geographical location of the stratigraphic sections.

No. Name of section Palaeogeographic domain IGME Geological map UTM coordinates
1 Sierra Gorda Internal Subbetic 1025-Loja 1008- UG 996 125
2 Montefri’o Median Subbetic Montefri’o VG 089 296
3 ‘lloral Internal  Subbetic 1008-Montefri'o VG 214 276
4 ag Elvira Median Subbetic 1009-Granada VG 398 226
5 ag arana Internal Subbetic 992-Moreda WG 463 413
6 Colomera (g) Median Subbetic 991-Iznalloz VG 376 378
7 Colomera (N) Las Median Subbetic 991-Iznalloz VG 385 340
8 Ventanas Can™ ada External Subbetic 1007-Rute UG 852 285
9 Hornillo Can™ ada External Subbetic 989-Lucena UG 837 435
9a Hornillo Puerto External Subbetic 989-Lucena UG 842 428

10 Escan” o Pto. External Subbetic 989-Lucena UG 847 455

10a Escan” o (Fte.) S® External Subbetic 989-Lucena UG 848 452

11 de Chanzas Median Subbetic 1008-Montefri’o 991- UG 987 298

12 Poloria Median Subbetic Iznalloz VG 505 448

13 Alta Coloma Median Subbetic 969-Valdepen™ as de VG 445 547

14 C. de Locubi’'n External Subbetic J. 968-Alcaudete VG 220 580

15 Jabalcuz (E) Intermediate domain 947-Jae’n VG 272 781

16 Jabalcuz (W) Bco. Intermediate domain 947-Jae’n VG 269 786

17 del Agua Cjo. External Subbetic 929-San Clemente WG 404 964

18 Majaraza’'n External Subbetic 910-Caravaca WH 722 173

19 S? del Gavila'n External Subbetic 910-Caravaca WH 984 192

20 Cjo. Pajarero External Subbetic 910-Caravaca WH 926 230

21 U. de las Canteras Internal Subbetic 932-Coy XG 156 999

22 Loma Prieto Median Subbetic 932-Coy XH 135 016

23 Lu”gar (N) External Subbetic 892-Fortuna XH 590 310

24 Lu”gar (S) External Subbetic 892-Fortuna XH 593 301

25 Reclot Crevillente External Subbetic 870-Pinoso XH 824 484

26 External Subbetic 892-Fortuna XH 837 381

Zegri’ Formations is present (Figs 3 to 5). However,
in sections 1 and 14 (Figs 3 and 5 respectively), the
Upper Ammonitico Rosso Formation (Molina, 1987)
rests directly upon the Gavila’n Formation. Table 1
shows the name of the stratigraphic section, the
palaeogeographic domain to which the section is
assigned, the number and name of the geological
map (edited by the Spanish Geo-logical Survey;
IGME), and the UTM coordinates for each
stratigraphic section. Samples were taken for facies
and microfacies analysis, and belem-nites were
collected for the geochemical studies. Figures 3 to
5 show the sections from which samples for
microfacies analysis (m, Figs 3 to 5) and belemnites
(1 to 56 in Figs 3 to 5) were collected. Some of the
sections not supplying belemnites for analysis are
represented in Figs 3 to 5 because of their
stratigraphic significance (sections 8, 10, 14 and
23). Whenever possible, ammonites were obtained
in order to date the rocks sampled and to complete
the biochrono-stratigraphic database of Braga
(1983), which has been used as a fundamental
reference source. Correlations among the different
stratigraphic sections have been established on the
basis of all the data obtained, including
geochemical data.

Geochemical analysis

This study is based on the analysis of 56 belem-
nite rostra from the Lower Jurassic (Table 2). A
polished thin section (200 to 500 Im) of each
specimen was prepared for petrographic and
geochemical analysis. Sections were studied and
photographed by transmitted light microscopy
and under cathodoluminescence (CL) in order to
locate altered, fractured, or bored areas of belem-
nites, which generally luminesce to some extent
compared to unaffected areas. Non-altered, non-
luminescent portions of the specimens were
microsampled from the thin sections using a
microscope-mounted drilling system with 0402 to
05 mm dental burrs, avoiding belemnite exteri-
ors, apical lines and other previously mapped
altered areas. Approximately 100 Ig of carbonate
powder was used for both elemental and C and O
isotope analysis, and 5 to 6 mg for Sr isotopes. To
verify the accuracy of sample removal, specimens
were subsequently re-examined under CL. This
method allowed full control of the object to be
sampled, avoiding sampling microfractures or
microborings present within the specimens and
not visible from the belemnite surface.
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Fig. 3. Stratigraphic sections 1 to 8 from which belemnites were collected. Sections of particular interest for the
understanding of the stratigraphic framework of the region are also represented. Key in Fig. 5.

Elemental (Ca, Mg, Sr, Mn and Fe) and C and O
stable isotope analyses were performed on all
samples (University of Michigan). Sample powders
were roasted in vacuo for 1 h at 200 °C to remove
volatile organic contaminants. For elemental ICP
analysis, carbonate powder was dissolved in a 2 ml
solution consisting of 2% HCI and 1% HNO; with 1
p.p.b. internal standard. Cation concentrations of
Sr, Mg, Fe, Mn and Ca were determined
simultaneously by ICP-MS (Finnigan Element-
Thermo Scientific, Drieich, Germany). The
analytical precision for all minor elements was
approximately +5%. For d'3C and d'80 analysis,
and after roasting, the samples were reacted at 73
°C in an automated carbonate reaction system
(CarboKiel-1) coupled directly to

the inlet of a Finnigan MAT 251 gas ratio mass
spectrometer. Isotope ratios were corrected for
7O contribution and are reported in per mil
notation relative to the VPDB standard. Values
were calibrated utilizihng NBS 19 as the primary
standard and analytical precision was monitored
by daily analysis of NBS powdered carbonate
standards. Measured precision was maintained at
better than 0/1& for d'*C and d'20.

The 87Sr/%8Sr analyses were performed at the
Geochronology and Isotopic Geochemistry Labo-
ratory at the Universidad Complutense de Madrid.
Carbonate powder was dissolved in 2 ml of 2A&5 n
HCI then evaporated to dryness at 80 to 100 °C.
Samples were re-dissolved in 245 n HCI solution
and Sr was pre-concentrated by standard column
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Fig. 4. Stratigraphic sections 9 to 13 from which belemnites were collected. Sections of particular interest for the
understanding of the stratigraphic framework of the region are also represented. Key in Fig. 5.

chromatography methods. Subsequently, the Sr-
concentrated samples were dissolved in 2 ml of
phosphoric acid, and Sr-isotope ratios were then
determined with a VG SECTOR 54 five-collector
mass spectrometer. Isotope ratios were corrected
for possible interference from ®Rb following the
formula: 1) (3’Rb/®°Rb - #1), where 8’1 and 8l are
the measured intensities for the 87 and 85 masses,
respectively, and ®Rb/%°Rb % 043829. In the
samples for this study ®°l was always lower than
0400001. Isotope ratios were then normalized

to the value %°Sr/®8Sr % 0&£1194. Internal
precision was maintained at better than 4 to
6 - 10°. Analytical precision was monitored by
analysis of the NBS-987 standard. During
analysis of the samples the mean measured
value obtained for NBS-987 was 04710252 +
0400002 (2r, 2SEM V4 0A0000055, n V2 13).
All sample data have been adjusted to an
assumed NBS-987 value of 04710250 (see
Gro'cke, 2001; Jenkyns et al., 2002) by sub-
tracting 0000002 from all the strontium-isotope
results.
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BIOSTRATIGRAPHY AND
CHRONOSTRATIGRAPHY

The terms Carixian and Domerian are used here
in the chronostratigraphic sense of Meister et al.
(2003) and Ogg (2004). For the Lower Pliensba-
chian (Carixian), the ammonite zones and
subzones adopted by Hardenbol et al. (1998) for
north-western Europe (Boreal/Subboreal) are
used, whereas for the Upper Pliensbachian
(Domerian) the ammonite biozonation for south-
western Europe  (Tethyan/Submediterranean)
adopted by the same authors is used. The latter
is the same as that proposed by Braga (1983)
from his studies of the Betic Cordillera. Indeed,
the applied biostratigraphy shown in this paper

IS

largely based on the work of Braga (1983). The
ammonite biozonations of the Boreal and Tethys
realms, for the Carixian and Domerian, respec-
tively, have been combined because: (i) the
ammonite zones for the Carixian are the same in
the two biozonations, the differences being at the
scale of the subzone; (ii)) no more precision than
the ammonite zone in the Carixian biostratigra-
phy of the Subbetic has been obtained; and
(iii) the isotope data reported by various authors
(Jones et al., 1994a,b; McArthur et al., 2000;
Gro'cke, 2001; Jenkyns et al., 2002) cited in this
paper all refer to the ammonite biozonation for
north-western Europe.

The geochronometry scale (Figs 6 and 7) used
is based on the new time scale of Ogg (2004),
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Fig. 6. Ammonite biozonation and chronometry of the Pliensbachian for north-western Europe and south-western
Europe from Hardenbol et al. (1998), Ogg (2004) and McArthur et al. (2000).
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Fig. 7. Biozonation and chronometry of the Pliensbachian used in this study (for explanation, see text).

who gives the duration of each ammonite zone.
The Lower Pliensbachian ammonite subzones
are assumed to represent time intervals of
equivalent duration as has been done by other
authors (e.g. Jenkyns et al.,, 2002; Ruiz-Ortiz
et al., 2004). For the duration of the Upper
Pliensbachian and Lower Toarcian ammonite
subzones, the results of McArthur et al. (2000)
have been applied. It should be noted that the
duration of the Upper Pliensbachian obtained
by McArthur et al. (2000) (3496 Ma) is similar to
that in Ogg (2004) (4 Ma). Figure 7 shows the

biozonation and the chronometry used in this
paper.

In the Subbetic Zone, the Carixian is
poorly dated due to a scarcity of ammonites.
In section 3 (Fig. 3), Tropidoceras mediter-
raneum (Gemm) has been found, which
signals the Tragophylloceras ibex Zone (Middle
Carixian). Vera (1969), Rivas (1972, 1979)
and Braga (1983) have all remarked upon the
generalized absence of fauna attributable to
the Upper Carixian (Prodactylioceras davoei
Zone).



In the Late Pliensbachian (Domerian) there are
numerous hiatuses and condensed beds, espe-
cially in the Fuciniceras lavinianum and Arietic-eras
algovianum Zones (Braga, 1983). In various
stratigraphic sections (4, 6, 11, 17, 18, 24 and 26;
Figs 3 to 5; Table 1) an ammonite assemblage has
been found that is similar to that described by
Braga (1983) in the Fuciniceras portisi Subzone.
This assemblage is made up of Fieldingiceras
fieldingii Reynes, Fuciniceras isseli Fucini,
Fuciniceras fucini D’orb. and Protogrammoceras
celebratum Fucini. Although in the present study no
ammonites have been found that can be attributed
to the Fuciniceras cornacaldense Subzone (upper
part of the lavinianum Zone, Fig. 7), Braga (1983)
and several previous authors (e.g. Vera, 1969;
Dabrio & Vera, 1970; Ruiz-Ortiz, 1980) have been
able to identify this subzone biostratigraphically in
adjacent areas. The transi-tion between the
lavinianum and algovianum Zones has been dated
from the presence of Arieticeras sp., which has also
been described by the above-cited authors.

Braga (1983), in different stratigraphic sections,
identified all the subzones that comprise the
algovianum Zone (Middle Domerian). Molina (1987)
found Arieticeras algovianum Oppel in the area of
Puerto Escan™ o (sections 10 and 10a, Fig. 4; Table
1), which dates the Arieticeras bert-randi and
Leptaleoceras accuratum Subzones. The above
ammonites have also been found in section 23 (Fig.
5; Table 1). Section 26 (Fig. 5; Table 1) contains
Arieticeras amalthei Oppel, which characterizes the
Reynesoceras ragazzoni Subzone (algovianum
Zone). Finally, the Emaci-aticeras emaciatum Zone
is well-represented in the limestones and marls of
the Zegr” Formation (Braga, 1983).

FACIES AND SEDIMENTARY
ENVIRONMENTS

Several facies types (Table 3) have been identified
based on the detailed sampling of the 28 strati-
graphic sections studied (Figs 1, 3, 4 and 5; Table
1). In most of these sections the Gavila'’n Formation
is represented by the uppermost part of its Upper
Member (M3). However, in section 8, the Zegr’
Formation overlies dolostones (M1, Lower Member
of the Gavila'n Formation), locally with algal
laminite facies (FO, Table 3) deposited in tidal flats
during the Sinemurian (e.g. Molina, 1987; Rey,
1993; Nieto, 1997; Ruiz-Ortiz et al., 2004). At the
top of these dolostones is a strati-

graphic break (R1, Fig. 2) that correlates with the
one identified by Ruiz-Ortiz et al. (2004) and dated
as jamesoni to ibex Zone. In section 8 (Las
Ventanas, Fig. 3) and in other localities (e.g.
Castillo de Locubi’'n, section 14, Fig. 5), the top of
the dolostone is an irregular surface interpreted as
a palaeokarst (e.g. Vera et al., 1988; Jime'nez de
Cisneros et al., 1993), with neptunian dykes that
filled pre-existing fractures (Vera et al., 1988). In
section 8 (Fig. 3), above R1, there is a condensed
level (F8, Table 3) dated as Domerian (Braga,
1983). In section 14 (Fig. 5), R1 is overlain by red
nodular limestones (F9, Table 3) of Middle Juras-sic
age (Ammonitico Rosso Superior Formation;
Molina, 1987).

Locally, as in the lower part of section 13 (Alta
Coloma, Fig. 6), Lithiotis limestones (F1, Table 3)
characteristic of the Middle Member (M2) of the
Gavila'n Formation occur. The environmental
interpretation of this facies is dependent on the
Lithiotis association, ranging from a restricted
lagoon with very low energy (facies F10 of Ruiz-
Ortiz et al., 2004) to an open platform with
moderate to high energy (F11 to F13 facies of
Ruiz-Ortiz et al.,, 2004). Overlying the Lithiotis
limestones is a condensed level (F8 facies,
Table 3) of Lower Domerian age (Braga, 1983).
The stratigraphic break at the top of the Lithiotis
limestones is interpreted as corresponding to R2,
top of the Middle Member (M2) of the Gavila'n
Formation (Fig. 2).

Apart from the cited cases, facies in the studied
sections are diverse and belong to the Upper
Member (M3) of the Gavila'n Formation and to the
Lower Member of the Zegri® Formation, with the
exception of the sections in which wide hiatuses are
associated with stratigraphic break R3 (Fig. 2), at
the top of the Gavila’n Formation (e.g. section 14,
Castillo de Locubi'n, Fig. 5). In this latter type of
section, the Zegr® Formation and the
chronostratigraphic interval during which it was
deposited are not represented.

The most common facies in the upper part of
the Gavila'n Formation is crinoidal limestones
(F3, Table 3), which overlie oolitic limestones
(F2, Table 3) or cherty limestones (F6, Table 3).
Alternatively, peloidal packstone/grainstone (F4) or
calcarenites with marl alternations (F7) are the
dominant facies in some successions. Fol-
lowing the facies environmental interpretation of
Ruiz-Ortiz et al. (2004), F2 and F3 facies
would have been deposited in high-energy,
open-platform environments, F4 and F7 in low-
energy open platforms, and F6 in hemipelagic
environments.
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Table 3. (Continued)

Facies of Ruiz-Ortiz
et al. (2004)

~F18

Formation

Biota

Description

Lithofacies

No.

Ammonites
Belemnites

Other allochems are oolites, sponge

Wackestone/packstone of
peloids and glauconite

grains

F8b

spicules, bioclasts, pelagic oncoids The

thickness of these levels is very

Braquiopods
Pectinids

changeable (10 to 50 cm); usually they
are directly overlaying hardgrounds

Gavila'n,

Nodular limestones

Ammonites

Wackestone of peloids with ‘filaments’,

Nodular/pseudonodular

limestones

F9

Zegri’ or
ARS Fm

benthonic foraminifera and crinoids

Zegr1’

F20

Belemnites

Mudstone/wackestone of sponge
spicules, bioclasts, peloids

Marls and/or marly

limestones

F10

~Similar to.

The sedimentary evolution in the upper part of the
Gavila’'n Formation, as deduced from the studied
sections, does not present a definite trend. The
succession from oolite to crinoidal limestone facies
(sections 1, 5 and 10, Figs 3 and
4) could represent a trangressive trend and retro-
gradation of the sedimentary environments with the
superposition of the outermost parts of a barrier
environment on the innermost parts of it (cf. Fig. 10,
Ruiz-Ortiz et al.,, 2004). In contrast, the
superposition of crinoidal limestones (F3) on cherty
limestones (F6) (Table 3; sections 17 and 20, Fig.
5), or even on peloidal limestone facies (F4, Table
3; section 3, Fig. 3), would indicate a progradation
of the sedimentary environments according to the
facies models proposed by Ruiz-Ortiz et al. (2004).
The facies stacking in the uppermost part of the
Gavila'n Formation in some other sections
(sections 2, 6, 9a, 12, 23 and 26, Figs 3 to 5) does
not show any significant trend. A transgressive
trend with retrogradation of calcar-enite bars in the
Upper Member of the Gavila’n Formation was
reported by Ruiz-Ortiz et al.(2004) from a well-
exposed section at the Bar-ranco del Pardo.

Opposite trends in the sedimentary evolution,
along with the lateral and vertical facies diversity,
have been interpreted as reflecting the intense
synsedimentary tectonics that affected the SICP
during the Pliensbachian (Garci’a-Herna'ndez et
al., 1986-87; Rey, 1993; Nieto, 1997; Vera, 2001;
Ruiz-Ortiz et al.,, 2004; among others). These
tectonics correspond to the first phases of rifting,
which gave rise to tilting and rotation of fault blocks
and to the development of different sedimentary
environments on different blocks or even within a
single tilted block.

The boundary between the Gavila'n and the
Zegri” Formations is usually marked by one or more
condensed beds (F8, Table 3), mainly Domerian in
age (Braga, 1983; and this study). Ruiz-Ortiz et al.
(2004) interpreted these levels as resulting from
platform drowning and suggested that they
represented the maximum transgression onto the
carbonate platform (Gavila’n Formation). The
beginning of the deposition of marl/marly-limestone
alternations (F10, Table 3), typical of hemipelagic-
pelagic environments and character-izing the base
of the Lower Member of the Zegri” Formation,
marked the end of the transgression and of the
starvation of the sedimentary basin. This clear
change in the sedimentation generally appears in
the Middle Domerian but, in some
palaeogeographic settings, does not occur until the
Late Domerian (sections 6 and 10; Figs 3



and 4) or Toarcian (sections 8 and 23; Figs 3
and 5).

ANALYSIS OF GEOCHEMICAL RESULTS

Trace elements

The major and the trace elements have been
analysed in all the samples (Table 2). In previous
studies of ancient marine carbonates (e.g. Jenkyns
& Clayton, 1986; Jones et al., 1994a,b;
Rosales et al., 2001), it has been suggested that
samples with a Mn content of <130 p.p.m.,,
Fe of <150 p.p.m. and a ratio of Sr/Mn ratio

of >80 are representative of the original
marine geo-chemistry.
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Analysis of the data presented in Table 2 shows
that the Mn and Fe contents are below and the Sr/
Mn ratio is above the limits reported by other
authors. The diagrams in Fig. 8 show the relative
amounts of Sr and Fe (Fig. 8A), Mn (Fig. 8B) and
Mg (Fig. 8C), together with the Sr/Mn ratio with
respect to d'®0 (Fig. 8D). All these diagrams reveal
an evident lack of correlation between the
parameters. Such a lack of correla-tion has been
argued as supporting the presence of an original
geochemical composition (Rosales et al., 2001).
Thus, the low contents of Mn and Fe, together with
the Sr/Mn ratio and the lack of correlation in the
diagrams in Fig. 8, suggest that the samples have
not been modified by diagenetic processes and
preserve their original geochemical values.
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Fig. 8. Graphs showing the relationship between the geochemical data. A: Fe versus Sr contents. B: Mn versus Sr
contents. C: Mg versus Sr contents. D: Sr/Mn ratio versus d'80 values. R: Pearson’s correlation coefficient.



Carbon and oxygen isotope data

Several criteria (petrographic and geochemical)
have been established in order to test the effects

of diagenesis on the original

marine isotope

signatures of ancient carbonates (Rush & Chafetz,
1990; Jenkyns et al.,, 1994; Ferreri et al., 1997,

Veizer

et al.,

1997; Bruckschen et al.,

1999;

Rosales et al., 2001; Immenhauser et al., 2003;
Banner, 2004; and references therein). For exam-
ple, the covariance between d'®0 and d'3C, as
well as the covariance between d'®0 and certain
trace elements (such as Fe, Mg and Sr) (Fig.
to post-sedimentary
diage-netic processes. Table 2 gives the ratios
obtained for the stable isotopes of C and O. In the

9), has

been

attributed

correlation between the two series of isotope ratios
(Fig. 9A), with Pearson coefficient values that were
very close to zero (R V2 0/099648). This lack of
correlation, together with the petrographic and
trace-element results (see above), suggests that
diagenesis did not significantly change the original
marine geochemical composition of the samples
analysed and, therefore, they can be considered
useful for reconstructing the original marine isotope
signals.

The values range between )1/A0& and +0/A3&
for d'®0, and between )1/AE8& and +2/&3& for
d"3C, with mean values of )0&4& and 0498,
respec-tively. For  Pliensbachian  materials,
Rosales et al.(2001) reported that the range of
variation was )3&£2& to +0&7& for d'®0 values
and )0/E8& to+2/&9& for d'3C. However, for
materials of the

samples studied, there was found to be little
or no
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Fig. 9. Graphs showing the relationship between the geochemical data. A: d'30 versus d'3C. B: Sr content versus d'20.
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same age, Jenkyns et al. (2002) reported variations
of )3&E7& to +0&5& for d'®0and )1&E5& to
+4/E0& for d'3C. Therefore, the range of d'0
values obtained here is more constrained than the
inter-vals obtained by the above-mentioned
authors, although it still lies within the intervals they
give. The d'3C values are also a good fit with the
ranges of the above-cited authors, with the sole
excep-tion of the minimum value ()14A8&),
correspond-ing to sample 37 (Table 2).

Analysis of the 87Sr/®8Sr ratio

The values of the Sr-isotope ratio in the Pliensba-
chian samples analysed in this work (Table 2)
range from a minimum of 0707085 (sample 50)
to a maximum of 04707343 (sample 34).
These values fall within the interval given by
Jenkyns et al. (2002) as characteristic of this
stage. The mean value (0A707206) and the
median value (0A&707192) are very similar
which, together with

the low value for the variance (3428 - 10%°), reflect
a low degree of data scattering. Sample 55 (Table
2), dated as Toarcian (Braga, 1983), has a
873r/883r isotope ratio of 0706986, thus falling
below the above values, as would be expected for a
sample of that age (Fig. 10).

In order to monitor intraspecimen geochemical
reproducibility, two to three replicate analyses were
performed on each of four different belem-nites
(samples 21, 22 and 23; 24 and 25; 26 and 27; and

28 and 29; Table 2). The d'80 and
873r/%83r isotope values of duplicates were very

similar, and differences between them were
below the analytical error of those techniques
(Table 2) (except for sample 23 where the differ-
ence is 11 - 10°). However, intraspecimen d'*C
values varied by up to 0/A8&. This shift could be
due to sampling bias (as belemnites secreted their
rostral material in concentric rings around the
protoconch), differences in palaeoproductivity in
the shallow water column, and/or to variations in
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Fig. 10. Band of the 8"Sr/®8Sr ratio based on data published by Jones et al. (1994b), McArthur et al. (2000) and
Gro“cke (2001) once normalized to NBS987 4 0A710250. Biozonation and geochronometry as in Fig. 7.



skeletal growth rates (Saelen et al., 1996; Podlaha
et al., 1998).

Different specimens from the same stratigraphic
level were also analysed in order to record
interspecimen geochemical variability (Table 2).
Specifically, two to six specimens from nine
different stratigraphic levels were examined, most
of them corresponding to hardgrounds or con-
densed levels (Figs 3 to 5), in which belemnites are
more abundant than the scattered specimens seen
in the rest of the stratigraphic section. Carbon,
oxygen and strontium isotope values of belemnites
from the same level are generally different.
Assuming that geochemical data obtained from the
studied belemnites were not altered by diagenesis,
as is inferred from the petrographic study and the
elemental analysis, the variations in the d'3C and
d'®0 isotopes of up to 1/AE1& and 0&E7&,
respectively, could be explained if belemnites from
a single bed belonged to distinct species from
different palaeo-ecological habitats (Saelen et al.,
1996; Rosales et al., 2001). However, variations in
the 87Sr/%®Sr ratios of belemnites from the same
biostrati-graphic unit can be as large as 1465 -
10 (for example, samples 34 and 35, Table 2,
dated as lavinianum Zone). Clearly, such large
differences in the Sr isotopes cannot be explained
by palaeo-ecological arguments, because Sr is
isotopically homogeneous in sea water for a
specific time interval (e.g. Jones et al., 1994a,b;
Banner, 2004). Variability in the ®'Sr/®Sr ratios
within belem-nites from a certain
chronostratigraphic interval is extensively discussed
below.

Table 4 shows the statistical data for the nor-
malized Sr-isotope ratio in samples grouped by
biostratigraphic age. It should be noted that data
corresponding to the ibex and davoei Zones were
obtained from only a few samples and thus their
statistical significance is limited. In addition, data
corresponding to the biostratigraphic units of the
Domerian are of greater statistical reliability.
Analysis of the data presented in Table 4 shows
that the greatest differences between the mean and
the median values are found in samples assigned
to the lavinianum (249 - 10%°), algovia-

num (2&£5 - 10°) and davoei (1£6 - 10%)
Zones, which also coincide with the largest
variance values. The data for the ibex Zone
and portisi Subzone show differences between the
mean and the median values of 046 - 10° and of
0&4 - 10°, respectively, coinciding with low
variance val-ues. The above ratios indicate
greater dispersion in the results of the isotope
&halysis for the

Sr/%8Sr ratio in samples dated as davoei, lavi-
nianum and algovianum Zones, and lower dis-
persion in those from the ibex Zone and portisi
Subzone.

DISCUSSION

The usefulness of the 8’Sr/%°Sr ratio as a dating
method: SIS age

When the 87Sr/®Sr ratio is plotted against time,
the greater the mean gradient of the resulting
curve, the more useful it is for dating (McArthur,
1994; Gro'cke, 2001; Banner, 2004). Figure
4Bows values for the 87Sr/%®Sr isotope ratio
derived from the data obtained by Jones et al.
(1994b), McArthur et al. (2000) and Gro“cke (2001)
for the interval between the Early Pliensbachian
and the Early Toarcian. To allow a comparison
among the data from different authors and those
supplied in this paper, all the results were
normalized to an NBS987 standard value of
0/710250 (see Fig. 10). The original data of
Gro'cke (2001) are normalized to the standard
value, but data from Jones et al. (1994b) and
McArthur et al.(2000) have been fitted here to the
standard value of 04A710250. The results are
shown in Fig. 10 and the fitted results supplied in
this paper in Tables 2 and 5.

The resulting band of values (Fig. 10) shows a
marked negative slope, with decreasing values
towards more recent ages, which a priori makes it
a good tool for dating. The width of the band
includes the analytical errors and a graphically
obtained mean curve is also shown. The geochro-
nologic and geochronometric scale used is that
shown in Fig. 7 and obtained as explained above.

Table 4. Statistical data of the 8”Sr/%®Sr ratios of the samples, grouped by biostratigraphic age.

Biozone Maximum Minimum Mean Median Variance

ibex 0.707318 0.707241 0.707274 0.707268 7.78 - 1010
davoei 0.707233 0.707152 0.707208 0.707224 1.46 - 10°
portisi 0.707227 0.707092 0.707188 0.707192 8.79 - 10"
lavinianum 0.707343 0.707178 0.707240 0.707211 453 - 10°
algovianum 0.707305 0.707085 0.707173 0.707148 3.34 - 10°
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Best fit to the average curve
Latest bertrandi or mid
Earliest figulinum or mid
portisi or mid Toarcian

Earliest bertrandi
accuratum

Mid tenuicostatum
Earliest meneghinii
Latest accuratum
Late accuratum
Mid serpentinus

Early meneghinii-earliest serpentinus
Early cornacaldense-mid elisa

Portisi-cornacaldense boundary-mid

levidorsatum
Bathonian-Callovian boundary (2)

Early cornacaldense-early elisa
Mid serpentinus

Earliest cornacaldense-late

Latest portisi-latest meneghinii
levidorsatum

Maximum interval
Latest valdani-latest portisi

SIS age

Groups

B
B
B
B
B
B
B
D
B

*7Sr/%sr(1)
0.707167
0.707155
0.707085
0.707141
0.707145
0.707151
0.707241
0.706986
0.707154

I

SUDZUITTCS
Middle-upper Domerian

Domerian (algovianum)
Domerian (algovianum)
Domerian (algovianum)
Middle-upper Domerian
Pto. Escan™ 0-9a Domerian
Domerian-Toarcian?

Age (ammonites)

zones or
Toarcian?
Toarcian?

C. Hornillo-8a
Loma Prieto

Alta Coloma
Reclot

S. Gorda
S. Gorda
S. Gorda

Section

(Continued)
RO-01-33B2 C. Hornillo-8a

Sample
RO-01-71B
RO-01-33B1
RO-02-91B
RO-02-80B
RO-01-50B
RO-01-86B
RO-01-88B
RO-01-89B

Table 5.
No.
48
49
50
51
52
53
54
55
56

The resulting band and mean curve of the
87Sr/%®Sr isotope values against time in Fig. 10
is used as a reference in the diagrams shown in
Figs 11 to 14.

For the purposes of this paper the term SIS age
is used as the age assigned to a sample on the
basis of its 8’Sr/®®Sr ratio, using as a reference
curves drawn from previously published values of
the 87Sr/%8Sr ratio versus time such as the one
shown in Fig. 10. The SIS age is independent of the
biostratigraphic age assigned to the sample. The
procedure for calculating the SIS age of a sample is
graphic, and consists of seeking the intersection of
the horizontal line drawn for a value of the 8" Sr/%Sr
ratio equal to that of the sample in question with the
band (maximum interval of the SIS age) or the
mean curve (best fit
of the SIS age) of ®” Sr/®Sr ratio values versus
time. The method, inspired by the maximum,
minimum and best-fit curves of Howarth & McArthur
(1997) and McArthur et al. (2001), is schematically
explained in Fig. 15. Table 5 shows the SIS age
(maximum interval and best fit) corresponding to
each of the studied samples.

Age review: SIS age versus biostratigraphic
age

Figures 11 to 14 show four diagrams illustrating the
values of the 87Sr/%®Sr ratio obtained in this study
from samples 1 to 56. This numbering corresponds
with that shown in the first column of Tables 2 and 5
and in Figs 3 to 5. In these diagrams each sample
is represented by a segment according to the value
of the 87Sr/®Sr ratio of the sample and its age
obtained by Dbiostratigraphy (ammonites) or
stratigraphic correlation. The segments can show
four groups (Figs 11 to 15) with respect to the band
of 87Sr/%°Sr isotope ratios obtained from Fig. 10: (i)
segments that are

located entirely within the band of  &r/%Sr
values (group A); (ii) segments that are located
partially within the band of isotopic values (group
B); (iii) segments located above the band of isotope
values (group C); and (iv) segments located
beneath the band of isotope values (group D).
Table 5 shows a classification of the samples
studied, on the basis of these four types of groups
(A, B, C and D respectively).

If the segment representing a sample is located
outside the band of 8’Sr/*®Sr values (groups C and
D, Table 5; Figs 11 to 14), there is no correspon-
dence between the biostratigraphic dating and the
SIS age. If it is assumed that the original 8”Sr/®¢Sr
of the samples is preserved, and that a correlation
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SIS age of a sample the segment representing it must be extended to intersect the entire band of Sr/®®Sr ratios
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exists, on a global scale, between this value and
the age of the sample, then the lack of coinci-
dence between the biostratigraphic dating and the
SIS age in some cases (groups C and D
above) casts doubt on the reliability of the
biostrati-graphic datings. The accumulation of
fossils in condensed levels normally follows the
reworking of organic remains during episodes of
transgres-sion and/or resedimentation. McArthur
(1994) and Jenkyns et al. (2002), among
others, have previously remarked upon the
scattering of Sr-isotope values in samples from
condensed levels. In the present case, on the
basis of the samples that match situation C, that
is, the ones located above the band of isotope
values (for example, sample 34, Fig. 12), it
could be interpreted that the age of the
belemnite providing the ®'Sr/®®Sr value is older
than that deduced by biostratigra-

phy or by stratigraphic correlation. Older material
(belemnites) might be found within a more recent
deposit due to reworking (sensu Ferna'ndez-Lo
‘pez, 1984, 1997; Ferna'ndez-Lo’pez & Mele ndez,
1994; Wani, 2001). Thus, for example, sample 34
(section 12, Fig. 4) was obtained from a belemnite
located in a hardground biostratigraphically dated
as lavinianum Zone. When this sample is
represented on a diagram of 87Sr/®®Sr ratio against
time (Fig. 12), the corresponding segment lies
above the reference band. However, the SIS age of
the sample, obtained as explained above, gives a
maximum time interval between mid taylori and
earliest valdani Chronosubzones and a best fit to
the mean curve of mid jamesoni Chronosubzone
(Table 5; Fig. 12). The belemnite must therefore
have formed during the interval corresponding to its
SIS age (Table 5), but later have been
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incorporated into younger deposits during the

lavinianum Chronozone. Similar reasoning could
be applied to the case of sample 40 (Fig. 13;
Table 5).

When ®'Sr/®®Sr values plotted against time
yield segments below the reference band of isotope
values (group D, for example, sample 9, Fig. 11),
the biostratigraphic age of the sample does not
coincide with the SIS age, as that would suggest a
more recent age. In this case, the conflict

between the biostratigraphic data and the SIS age
could be resolved if it is accepted that the age of
deposition of the level from which the ammonites
and the belemnites were obtained coincides with
the SIS age, and that the ammonites in this level
underwent taphonomic reworking processes.
Therefore, the SIS age should be assumed to
be the age of the sampled bed instead of the
age deduced from the ammonites (cf. samples 9
and 20; Table 5; Figs 3 to 5).
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In summary, the SIS age of a sample may be
similar to the biostratigraphic age of the bed it
comes from (groups A and B, Table 5). Neverthe-
less, when the SIS age is considered with reference
to the best fit to the mean curve of the 8'Sr/®®Sr
values, the resulting high-resolution dating is an
improvement on biostratigraphic dating even in
cases where the latter is very precise (e.g. sample
31; Table 5; Fig. 12). In addition, the SIS age of a
sample may be older (group C) or younger (group
D) than the biostratigraphic age of the bed. These
last two cases would indicate possible reworking of
the belemnite fossils used to obtain the SIS age
(group C, Table 5) or of the ammonites used to
obtain the biostratigraphic age (group D, Table 5).

The results of the analysis and interpretation of
the ®'Sr/®%Sr values, especially those for the
samples located in group D, have made it neces-
sary to revise the biostratigraphic dating. The
results obtained from this revision enable the
conclusion that biostratigraphic ages, deduced in
the present and in earlier studies for samples

corresponding to group D types, may be mere
approximations, lacking a solid basis, particularly if
it is considered that most ammonites used for
dating are fragmentary, and probably reworked,
and that, in other cases, dating was carried out by
stratigraphic correlation, using the levels that
contain the reworked ammonites as a reference
level.

Nevertheless, upon considering the 56 studied
samples, 10 of them (17A85%) belong to group A; 38
(67/A86%) to group B; 5 (84£93%) to group C; and only
3 samples (5/&36%) to group D. Thus, the
percentage of samples from groups A and B
together (48 samples; 85/&71%) is greater than that of
the samples in groups C and D (8; 14/&29%), which
indicates that the dating method based on
the . Sr/*°Sr values is highly reliable, usually

elucidating the age of the rock. As an example,
the roughly 1A£5 m of limestones dated as
portisi Subzone in the Barranco del Agua section
(sec-tion 17, Fig. 5) has supplied belemnites from
its lowest (sample 14) and topmost parts (sample
30).



Sub-stage| LowerPliensb.(Carix.) Upper Pliensbachian (Domerian) Lower Toarcian
Zone |jamesoni | _ ibex |dav. margaritatus spinatum
%) g % S
o |<28z2]elS 2 £ |&|3
SIS IS = 7 S B | serpentinus
& 1952125 | 8|2 885 stokesi | S |gibbosus| & | S (8| T
o) SIEISIE| 2| F|S| S S |23
RN NEL 5 s |3
Q IQ & E ] © |le=
© ' R (258 ER o ' ©
© 3|8 |0 ol
3 portisi |£ 8| 8|53 SSIEERS ®
070750 3°|R88 |8z
i lavinianum algovianum |emac.
0-70740
0-70730- _ .
] — N\
1 —
070720} “EAe N
] T
53 S~
0-70710-
] \] DOMERIAN-TOARCIAN SAMPLES |
_ 1 \ Interval defined by the
0 70700 Grocke (2001) data 55
I ® Data from Jones et al., 1994b 40 Sample
0-70690 1 A Data from McArthur et al., 2000 - Maximum interval

Fig. 14. ®'Sr/®Sr ratios of belemnites from the Middl

e-Upper Domerian, Domerian, Domerian-Toarcian and

Toarcian. For further explanations see text and caption of Fig. 11.

1| M. _M.L R
2 —
Best / \ Time
fit
Best Best
5 fitl _ Afit2
g ALK
s
o'B(D

Fig. 15. Schemes showing the four possible groups (1: A

2 M. Time M.
\ N
Best
Best fit
/fit
X

S

4

and B; 2: C and D) of the segments representing samples in

diagrams of 8”Sr/®8Sr ratio values versus time, with respect to the band and mean curve defined by the 8 Sr/%8Sr ratios of
previous authors. The SIS age of each sample, maximum interval (MI) and best fit in the mean curve are also shown.

Analysis of the two samples provides a best-fit SIS
age of late portisi Chronosubzone (Table 5; 18640
Ma, Fig. 12). These results confirm and better
constrain the data obtained using ammo-

nites (Braga, 1983), even though the age deduced
from ammonites reached a precision as high as
the Chronosubzone. Overlying the portisi lime-
stones of this section, Braga (1983) describes a



horizon of the ragazzoni Subzone of ammonites.
Sample 38 from the first decimetres of the marl/
marly-limestone alternation overlying this hori-zon
has supplied a best-fit SIS age of earliest bertrandi
Chronosubzone (Table 5; 18449 Ma, Fig. 13),
which fits very well with the ammonite data. A
similar conclusion can be obtained from the
analysis of the results supplied by belemnites
collected in the Majaraza'n section (Fig. 5; Table 5).
Another illustrative example is that supplied by the
seven samples analysed (samples 21 to 27, Table
5; Fig. 5) from three different belemnites from a
level in the Crevillente section (section 26, Fig. 5).
This level was dated with ammonites as portisi
Subzone (Braga, 1983) and all the belemnite
samples analysed have supplied a SIS age (best fit,
Table 5) between late portisi Chronosubzone and
early cornacaldense Chrono-subzone (18548 to
185/4 Ma). Overlying this level is a condensed
bed dated with ammonites as ragazzoni Subzone
(Braga, 1983) (section 26, Fig. 5); sample 37 from
this bed has supplied a best-fit SIS age of late
valdani Chronosubzone (Table 5), which clearly
indicates that the sampled belemnite was reworked
from the under-lying Carixian deposits (section 26,
Fig. 5).

CONCLUSIONS

The results presented in this paper confirm the
chronostratigraphic/geochronologic significance
of the ®'Sr/®Sr ratio obtained from carbonate
samples that retain the original marine isotope
signal. In fact, 85/71% of the samples in this study
fit, totally or in part, the 8Sr/®®Sr reference curve
drawn on the basis of data supplied in Jones et al.
(1994b), McArthur et al. (2000) and Gro“cke (2001).
The term SIS age is used to refer to the age
assigned to a sample according to its 2’Sr/%®Sr
ratio. The SIS age is calculated by determining
the intersection of the line of equal 8"Sr/%Sr ratio
with a band (maximum interval) or mean curve
(best fit) of SF7%Sr ratio versus time used as
reference. The SIS age is independent of the
biostratigraphic age assigned to the sample.
When the samples are represented in diagrams
of 87Sr/%8Sr ratios versus time by segments drawn
according to their biostratigraphic age and
87Sr/%53r ratio, four groupings occur: (i) segments
that are located totally within the band of 8”Sr/%6Sr
ratio values (group A); (i) segments located
partially within the band of isotope values (group
B); (iii) segments located above the band of isotope
values (group C); and (iv) segments located below

the band of isotope values (group D). The latter
two cases represent examples in which the bio-
stratigraphic and the SIS age do not coincide; this
situation is interpreted as being due to fossil
reworking not only of the belemnites, which have
been used to obtain the value of the 8"Sr/%°Sr ratio,
but also of the ammonites, used to assign a
biostratigraphic age to the rock. In the group C
types, the age obtained from the belemnites (SIS
age) is older than the one deduced from the
ammonites, which is interpreted as the result of
the reworking of the belemnites. In group D
arrangements, the SIS age is younger than the
biostratigraphic age, which is interpreted as the
result of reworking of the ammonites present in
the sampled bed and used for dating. Thus, the
combined use of biostratigraphic and Sr isotope
data enhances the detection of reworking
phenomena, making it a very useful tool to
determine the age attributed to hardgrounds and/
or condensed levels with greater precision.

The graphic method applied in this paper can
be particularly useful when the biostratigraphic
age is older than the SIS age (group D)
because chronostratigraphic errors, caused by
the use of reworked fossils for biostratigraphic
dating (amm-onites), can be revealed. In this
respect, the SIS age of the samples included in
the present study in group D constitutes new
contributions of chronostratigraphic data that are
different from those accepted up to now on the
basis of biostra-tigraphy or correlation. The
presence of this kind of sample in the Upper
Pliensbachian (Domerian) has been related to the
reworking linked to the break-up and drowning of
the carbonate platform of the Gavila’n Formation

(Ruiz-Ortiz et al., 2004).
The analytical data presented here constitute

an original contribution that enriches knowledge of
the Pliensbachian, complementing the curve of

87 Sr/88r ratios against time for the Pliensbachian,
especially in the lavinianum and algovianum
Chronozones of the Late Pliensbachian (Dom-
erian).

Finally, in addition to the usefulness of the SIS in
detecting reworking phenomena and, thus, in
elucidating the age of condensed beds, this study
provides evidence that SIS can be used as a high-
resolution tool for correlation, contributing also to
better constraining biochronostratigraphic results.
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