Accepted Manuscript
Lacustrine stromatolites as multi-scale recorders of climate
change: Insights from the Miocene Ebro Basin

Leticia Martin-Bello, Concha Arenas, Julian E. Andrews, Ana M.
Alonso-Zarza, Alina Marca
PII:
DOI:
Reference:

S0031-0182(18)30770-3
https://doi.org/10.1016/j.palaeo.2019.05.001
PALAEO 9179

To appear in:

Palaeogeography, Palaeoclimatology, Palaeoecology

Received date:
Revised date:
Accepted date:

13 September 2018
30 April 2019
1 May 2019

Please cite this article as: L. Martin-Bello, C. Arenas, J.E. Andrews, et al., Lacustrine
stromatolites as multi-scale recorders of climate change: Insights from the Miocene Ebro
Basin, Palaeogeography, Palaeoclimatology, Palaeoecology, https://doi.org/10.1016/
j.palaeo.2019.05.001

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.

ACCEPTED MANUSCRIPT
Lacustrine stromatolites as multi-scale recorders of climate
change: insights from the Miocene Ebro Basin
Leticia Martin-Bello1*, Concha Arenas1, Julian E. Andrews2,
Ana M. Alonso-Zarza3, Alina Marca2

Department of Earth Sciences, Institute for Research on Environmental Sciences of Aragón (IUCA)

SC
RI
PT

1

and Geotransfer group, University of Zaragoza. 50009 Zaragoza, Spain
2

School of Environmental Sciences, University of East Anglia, Norwich, NR4 7TJ, UK

3

Department of Petrology and Geochemistry, Faculty of Geology, Complutense University of

NU

Madrid, 28040 Madrid, Spain

AC

CE

PT

ED

MA

*Corresponding author. E-mail address: leticia.martin.bello@gmail.com

1

ACCEPTED MANUSCRIPT
Abstract
Sedimentological, δ13C and δ18O data from stromatolites in a lower and middle Miocene
sequence from the Ebro Basin (N Spain) are used to assess the potential of ancient lacustrine
stromatolite lamination as an archive of palaeoenvironmental and palaeoclimatic change. The
isotopic evolution through the studied sequence supports a general trend toward less saline
conditions with time. Stromatolites and muddy-grainy laminated limestones developed in lake
water that underwent little renewal, compared with other carbonate facies. The
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palaeoclimatic value of the stable-isotope changes and concurrent textural variations in calcite
stromatolite lamination is studied at different orders of cyclicity. Stromatolite lamination
consists of simple laminae (dark dense, light dense and light porous) grouped into alternating
composite light and dark laminae. δ13C and δ18O analyses in consecutive composite laminae
(bulk sampling) yielded a cyclic pattern that mimics textural variations. Light laminae, with
lower δ13C and δ18O values, reflect higher precipitation/evaporation ratio (P/E) and more
12

C. Dark laminae, with higher δ13C and δ18O values, reflect drier

NU

influence of biogenic

conditions, more complete atmospheric CO2 exchange with water and photosynthetic 12CO2

MA

uptake. Textural features of laminae support these results: the dark laminae are related to
higher calcite saturation in lake water during drier periods. Isotopic values from highresolution sampling through a 2.1-cm thick stromatolite reveal palaeoclimate variations at

ED

different temporal scales. Isotopic variation in 3rd order cyclicity of alternating light/dark
simple laminae is recording seasonal P/E variations. Light and dark composite laminae (2nd

PT

order cyclicity) correspond to pluriannual dominantly-humid or -dry conditions, respectively. A
gradual succession from light to dark composite laminae forms the 1st order cycles driven by

CE

decreasing P/E through longer pluriannual periods, resulting in lake level lowering. The
stromatolites are thus recording lake level changes of centennial to millennial scale.

AC

Key words: stromatolites; stable isotopes; high resolution sampling; lake level changes;
cyclicity; climate changes.

1. Introduction
The stable isotopic composition of microbial carbonates is potentially a powerful record
of palaeoclimatic and paleoenvironmental conditions (Casanova and Hillaire-Marcel, 1992;
Andrews et al., 1993; Vasconcelos et al., 2005; Petryshyn et al., 2012). However, most studies
on marine (Park, 1976; Riding, 2000; Reid et al., 2003) or continental stromatolites (SanzMontero et al., 2008; Oliveri et al., 2010; Frantz et al., 2014; Lettéron et al., 2018) typically
focus on their diverse macro-sedimentological character rather than on finer-scale attributes

2

ACCEPTED MANUSCRIPT
such as microbial lamination style and cyclicity. Moreover, detailed study of microbial
lamination, when attempted, is commonly approached from a simple textural perspective
(Adachi et al., 2017).
In this contribution we explore coupled textural and geochemical variation in microbial
laminae, an approach that has so far mainly been attempted on recent or sub-recent fluvial
tufa stromatolites examples (Chafetz et al., 1991; Arp et al, 2010; Brasier et al., 2010;
Dabkowski et al., 2015; Osácar et al., 2017; Rodríguez-Berriguete et al., 2018), with just a few
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studies of Phanerozoic stromatolites (Abell et al., 1982; Nehza et al., 2009; Arenas et al., 2015)
or older stromatolite examples (Beukes et al., 1989; Frank et al., 1997; Grotzinger and Knoll,
1999). Regardless of the age, the results of these studies are often not wholly satisfactory,
particularly in the ancient record where there is not always consensus about the significance of
the isotopic variations with time or even the environmental drivers (Kano et al., 2007; Osácar
et al., 2013; López-Blanco et al., 2016).

NU

This paper documents the concurrent textural and stable isotope changes that occur in
Miocene lacustrine stromatolites of the Ebro Basin. These deposits formed in a closed lake

MA

system (Arenas and Pardo, 1999). The correlative changes are observed in laminated
microfacies at three different scales of cyclicity. In this palaeolake system, stromatolites are
associated with muddy-grainy laminated limestones that developed at intermediate settings

ED

between high lake level (with freshwater carbonate deposition), and low lake level (with
sulphate deposition) (Arenas and Pardo, 1999). Water level in closed lakes is controlled by the

PT

balance between inputs (mostly via precipitation and ground water) and outputs (mostly
through evaporation), broadly the precipitation versus evaporation ratio (P/E) (Talbot, 1990;

CE

Arp et al., 2005; Nehza et al., 2009; López-Blanco et al., 2016). P/E oscillations may in turn be
recorded by changes in facies types, thickness, texture, and stable isotope composition of the
lacustrine deposits on different time scales, from long-term (e.g., facies associations,

scale).

AC

macrosequences or even genetic stratigraphic units) to short-term (e.g., at the lamination

The aim of this work is to decipher the depositional, hydrological and climatic conditions
recorded by stromatolites, from the scale of broad (metric) facies successions through to
lamination at a millimetric scale. The study uses high-resolution carbon and oxygen stable
isotope (δ13C and δ18O) data as a basis to detect the lamina arrangement orders and to
elucidate the parameters controlling isotopic and textural variations of different frequency
cycles.

2. Stratigraphic, sedimentological and geological setting
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The Ebro Basin, in the northeastern sector of the Iberian Peninsula (Fig. 1A), represents
the youngest southern foreland basin of the Pyrenean Range (Riba et al., 1983). The basin fill
comprises Palaeocene to Miocene marine and continental deposits. Oligocene to Miocene
deposition was endorheic with alluvial, fluvial and lacustrine sedimentation derived from the
Pyrenean, Iberian and Catalan Coastal Ranges; from the middle-late Miocene the basin
progressively opened to the Mediterranean Sea. One of the central uplands in the basin is the
Sierra de Alcubierre, the study area for this work. The Miocene sequence of this Sierra is
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formed of approximately 600-m thick distal fluvial and closed lake lacustrine deposits with
abundant stromatolites (Arenas et al., 1997).

The Palaeocene to Miocene succession in the Ebro Basin comprises eight
tectosedimentary units (T1-T8; Muñoz et al., 2002; Pardo et al., 2004) of which units T5–T7 are
present in the Sierra de Alcubierre (Fig. 1). These units comprise the Agenian to the Aragonian
(equivalent to Aquitanian and Serravalian, respectively) (Muñoz et al., 2002; Pérez Rivarés,

NU

2016). Unit T5 comprises 350 m of gypsum, marls, limestones and dolostones passing laterally
into limestones and marls to the east and north and into fluvial mudstones and sandstones

MA

further north. Unit T6 comprises 135 m of limestones and marls that include gypsum beds in
the southwestern part of the Sierra. Unit T7 is 110 m thick, formed of mudstone, sandstone,
limestone, and marlstone. Representative stratigraphic sections are shown in Figure 2.

ED

The sedimentary facies of the Miocene lacustrine, palustrine, and fluvial successions in the
central part of the Ebro Basin, were established by Arenas (1993) and Arenas and Pardo

PT

(1999). These facies (Fig. 3; Table 1) include: massive bioclastic limestones (Lm); bioturbated
limestones (Lb); laminated limestones (Ll), with lenticular or wavy stratification (Ll.1),

CE

hummocky cross-stratification (Ll.2), and parallel lamination (Ll.3); marls (M); stromatolites
(Ls); massive, rippled, and cross-stratified sandstones (Sm, Sr, St); nodular gypsum (Gn); and

sites.

AC

lenticular, rippled, and laminated gypsum (Glen, Gr, Gl). Oncolites (Lo) are also found in a few

One main lacustrine carbonate facies association was recognized (Arenas and Pardo,
1999): Ls-> Ll-> M (Sm)->Ll (Ls)-> Lm-> Lb, which represent deepening up to the marls, and
then shallowing (Fig. 4). Bioclastic lime muds formed in freshwater and produced massive
limestones (Lm). The palustrine context and pedogenesis (bioturbated limestones, Lb) are
associated with shallowing from Lm settings. In contrast, more saline conditions are associated
with stromatolites and laminated limestones. The facies associations (Fig. 4) thus record
variations in salinity, which, in turn, are related to water level variations. These earlier
interpretations were supported by facies-based bulk sample stable isotope compositions
which yielded lower δ13C and δ18O values for facies Lm and Lb and higher values for facies Ll
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and Ls (Arenas et al., 1997). Fair-weather versus storm-generated hydrodynamic conditions
are also recorded by the three subfacies that compose the laminated limestones (Ll) (Arenas
and Pardo, 1999). Laminated limestones with parallel lamination (Ll.3) and with lenticular or
wavy stratification (Ll.1) formed in shallow lake areas during fair weather conditions.
Laminated limestones with hummocky cross-stratification (Ll.2) formed under the influence of
storm activity. Hydrodynamics may also influence distinct stromatolite morphologies: 1)
microbial colonization after subaerial exposure and/or erosion in very shallow to subaerial
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conditions, giving rise to thin planar stromatolites; 2) microbial growth during fair-weather
periods within general storm-dominated conditions, causing the formation of thin planar
stromatolites (Ls.1), stratiform stromatolites (Ls.2) or domed stromatolites (Ls.3) (Martin-Bello
et al., 2019).

3. Lamina terminology

NU

In this paper a simple lamina is considered “the smallest unit of layering”, up to 1 cm thick,
with uniform texture, following Walter (1972) and Arenas and Jones (2017). In the study area,

MA

simple laminae, 0.04 to 2 mm thick, are separated from underlying and overlying laminae by
boundaries that exhibit sharp and gradational changes in color and/or texture (Martin-Bello, et
al., 2019). Two or more simple laminae can be grouped into a composite lamina (Fig. 5), in

ED

which one lamina type is dominant (Arenas et al., 2015; Arenas and Jones, 2017). Each
composite lamina is distinguished by variations in texture and color from the overlying and

PT

underlying laminae.

CE

4. Methods and materials

Thirty four stratigraphic sections (each 1 m thick) containing stromatolites were

AC

measured in detail and sampled; 120 hand specimens were used to prepare thin sections that
were used for textural characterization by petrographic microscope.
The mineralogy of the carbonate samples was determined by X-ray diffraction (XRD) using
a D-Max Rigaku diffractometer equipped with a graphite monochromator and CuKa radiation
(software JADE 7.5 Materials Data) at the Servicio de Apoyo a la Investigación (SAI) of the
University of Zaragoza. All the samples presented in this study are calcitic with 1 % siliciclastic
sediment (mostly quartz).
Samples to investigate evolution in δ13C and δ18O were taken through successive beds
from units T5 (succession containing VS-22) and T6 (succession containing SC-141). In addition,
four stromatolite specimens from units T5 (PL-22’t and VS-22), T6 (AC-9 and SC-141t), and T7
(SC-197b) were taken for isotopic analyses in consecutive laminae. A total of 82 sub-samples

5

ACCEPTED MANUSCRIPT
were taken in the four stromatolites, with one sample taken per two or more simple laminae
in the composite laminae (hereafter “bulk” samples). Around 100 g of powdered sample was
retrieved from each lamina, drilled from polished slabs using a 0.4 mm diameter micro-drill
(Navfram model N120 Micromotor 25.000 rpm with electronic speed regulator). The samples
were analysed on a Thermo Finnigan MAT-252 mass spectrometer at the Serveis científicotècnics of the University of Barcelona (Spain). δ13C and δ18O were calibrated to the
international reference scale Vienna Pee-Dee Belemnite (VPDB) using IAEA Certified Reference
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Material NBS-18 (δ13C VPDB = —5.10 ‰ and δ18O VPDB = —23.20 ‰) and internal laboratory
standard RC-1 (δ13C VPDB = +2.83 ‰ and δ18O VPDB = —2.08 ‰) and CECC (δ13C VPDB = —
20.77 ‰ and δ18O VPDB = —17.56 ‰). Results are expressed as ‰ in δ notation relative to
(VPDB), with a 1 precision of 0.04, 0.02, and 0.03 ‰ for the δ13C, and 0.06, 0.09, and
0.05 ‰ for the δ18O, based on 8 to 9 repeated analyses of NBS-18, RC-1 and CECC,
respectively, interspersed with the unknown samples. Results are shown in supplementary

NU

Table 1.

High-resolution sampling (HRS) of specimen PL-22’t was done by serial milling using a

MA

hand-held microfile. Two hundred successive samples were taken through 21.4 mm of the
upper part of the specimen and were directly comparable with 6 bulk samples through the
same section. The thickness of the milled samples was 137 m. During HRS sampling, care

ED

was taken to mill individual laminae. In most cases this was successful although where the
laminae were curved, minor cross contamination at lamina boundaries was possible.

PT

HRS and the corresponding isotopic analyses were made at the University of East
Anglia Stable Isotope Laboratory, UK. The samples were reacted with 103% phosphoric acid

CE

(H3PO4) at 90C in an automated common acid bath. The evolved CO2 was purified and
analysed for δ13C and δ18O using a Europa SIRA II dual inlet isotope ratio mass spectrometer.

AC

The data are reported on the VPDB scale using IAEA Certified Reference Material NBS-19 (δ13C
VPDB = +1.95 ‰ and δ18O VPDB = —2.20 ‰), and internal laboratory standard
UEACMST (δ13C VPDB = +1.99 ‰ and δ18O VPDB = —2.05 ‰). Results are expressed in δ ‰
VPDB), with a 1 precision of 0.05 ‰ for the δ13C and the δ18O based on standard replicates
(8 repeated analyses within each set of samples), and are shown in supplementary Table 2.
5. Textural characteristics and lamina arrangement
The stromatolites contain mostly micritic and microsparite laminae with some minor
fibrous calcite (Fig. 5; Martin-Bello et al., 2019). Four simple lamina types are present:


Dark dense micrite laminae (0.04–0.53 mm thick): dark grey micrite with little
lateral lamina thickness variation; sharp upper lamina boundaries and more
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gradational lower boundaries (Fig. 5). Micrite consists of densely packed, mainly
subhedral 2 m calcite crystals and 0.3 m anhedral rounded crystals. Small pores
(up to 50 m long) may be elongated parallel and perpendicular to the
lamination.


Light porous/clotted micrite to microsparite laminae (0.08–1.32 mm thick):
composed of micrite and microsparite forming clots or peloids (Fig. 5B); lateral
lamina thickness variation most marked at dome apices. Peloids are 10–20 m
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diameter, composed of rhombohedral crystals with a pseudo-radial disposition, of
variable sizes and shapes,  1 m in the center and 3–5 m near edges. Pores
between peloids are 5 to 10 m across with porosity usually increasing upward.


Light dense micrite laminae (0.11–1.89 mm thick): light grey or brown micrite, with
irregular lateral lamina thickness variation. Quartz grains and clay minerals are



NU

present along with intraclasts, bioclasts and ooids.

Fibrous laminae (0.01–0.34 mm thick): elongate crystals with long axes
perpendicular to lamination, forming a fibrous microfabric. This type of laminae

MA

occurs only alternating with dark dense micrite laminae, and grading laterally into
some dome/column apices.

ED

The principal lamina types discussed here—micrite and microsparite laminae— typically
occur as alternating light and dark laminae couplets, the colour variation mainly reflecting

PT

opacity caused by differing crystal sizes and porosity (Fig. 5E, F). Pores typically remain empty,
except from a 10 m thick subhedral microsparite rim. The exception is in the San Caprasio,

CE

Barranco de la Loba, Puig Ladrón and Lasfachastis samples where gypsum crystals (poikilotopic
or microcrystalline) plug porosity.

AC

The simple micrite and microsparite laminae can combine to form two types of
composite laminae:


Dark composite laminae (DCL) (0.3–2.8 mm thick) formed of: (1) dark dense
micrite laminae with intercalated thinner light porous/clotted micrite to
microsparite laminae (Fig. 5A), or (2) successive dark dense micrite laminae (Fig.
5B).



Light composite laminae (LCL) (0.6–6.4 mm thick) formed of: (1) a thick light
porous lamina with thin dense dark simple lamina intercalations (Fig. 5B), or (2) an
alternation of porous and light dense laminae (Fig. 5A).
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Boundaries between simple laminae (including those in composite laminae) are
gradational between the light dense and light porous lamina, and from light (either type) to
dark laminae. Boundaries from dark to the light laminae are sharp. Lamination patterns in the
stromatolites are as follows (Martin-Bello et al., 2019, based on Monty, 1967):


Simple alternating lamination. Alternating dark dense and light porous simple
laminae (Fig. 5D).



Cyclothemic lamination. Succession of cycles, each consisting of a light dense
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lamina at the base, followed by a light porous simple lamina and a dark dense
simple lamina at the top.


Composite alternating lamination. Alternating dark composite laminae and
light, either simple or composite, laminae (Fig. 5A, B and C). The dark and light
composite laminae can be of either type (see above).

6.1.

NU

6. Results
Isotopic analyses

MA

Facies-scale carbonate isotopic compositions have broad ranges of δ13C (—6.4 ‰ < δ13C
VPDB < +0.4 ‰) and δ18O (—9.0 ‰ < δ18O VPDB < +3.9 ‰); n = 189. The lower values are
those of massive and bioturbated bioclastic facies (mean —3 ‰ δ13C and —6 ‰ δ18O; n = 32).

ED

The higher values are those of stromatolites and laminated limestones (mean —1.7 ‰ δ13C
and —3.2 ‰ δ18O; n = 145). Marls have intermediate values (mean —1.9‰ δ13C and —2.5 ‰

CE

of Arenas et al. (1997).

PT

δ18O; n = 12). These means (Table 2) include both the new Sierra de Alcubierre data and those

6.1.1. Stable isotopic composition of facies successions

AC

To understand the broad environmental conditions of stromatolite growth, isotopic
variation was studied in a shallowing cycle VS-21 to 24 (hereafter succession VS; Fig. 6) and a
deepening cycle SC-141 to 143 (hereafter succession SC; Fig. 7). Both cycles include different
facies (Lb, Lm, Ll, M, and Ls; Table 1) and are directly comparable to the facies associations of
Arenas et al. (1997; Fig. 4).
In succession VS, from unit T5 (Fig. 6), δ13C and δ18O are broadly covariant (r = 0.8, n = 8, p
= 0.01), with temporal evolution toward lower values. δ13C and δ18O in succession SC (unit T6,
Fig. 7) are also covariant (r = 0.8, N = 9, p = 0.01) in all, but the 2 basal samples. δ18O and δ13C
values are higher in marls and then a decrease upward to the laminated limestones and
stromatolites, followed by a gradual temporal evolution toward lower values in the younger
marls.
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6.1.2. Bulk-sampling δ13C and δ18O analyses in stromatolites
Stromatolite samples included stratiform (Ls.2) types in unit T5 (Puig Ladrón and Valle de
Soler sections; Fig. 8), a domed stromatolite (Ls.3, specimen AC-9, Aldea del Correo section)
and a thin planar stromatolite (Ls.1, specimen SC-141t, San Caprasio section) both from unit T6
(Fig. 9), and a thin planar stromatolite (Ls.1, specimen SC-197b, San Caprasio section) from unit
T7 (Fig. 10).
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δ13C and δ18O values for successive composite light and dark stromatolite laminae in units
T5 and T6 have similar ranges (Table 2) with δ13C between —2 and —0.5 ‰ and δ18O between
—5.4 and —3 ‰. In unit T7 δ13C is between —4.7 to —3.9 ‰ and δ18O between —7.1 to —4.9
‰ (Figs. 8, 9 and 10).

The δ13C and δ18O values of successive composite light and dark laminae in units T5 and
T6 specimens (Figs. 8 and 9) are positively correlated (Table 2). They show a cyclic pattern with

NU

light composite laminae having lower values than dark composite laminae (Table 2). The δ13C
and δ18O data from T7 are negatively correlated, with light composite laminae having higher

MA

δ13C values than dark composite laminae (Table 2).

6.1.3. δ13C and δ 18O from high-resolution sampling (HRS)

ED

δ18O and δ13C values from HRS correspond to the upper part of specimen PL-22’t (Fig. 8A).
HRS δ18O and δ13C values are consistent with bulk isotopic analyses of the same specimen (Fig.

PT

11). Individual HRS values range from —3.5 to —5.5 ‰ for δ18O, and from —0.3 to —1.2 ‰ for
δ13C (Table 2 suppl.). The δ18O of light laminae are close to —5 ‰ with a minimum of —5.3 ‰,

CE

while dark laminae have higher values, close to —4 ‰, with a maximum of —3.5 ‰ (Fig. 10).
The difference between the mean HRS values of the dark and light laminae is 0.4 ‰ for
δ18O and 0.2 ‰ for δ13C. Correlation between δ18O and δ13C is highly significant, with r = 0.8 (n

AC

= 202, p = 0.0005). The trend of the HRS δ18O and δ13C values from base to top is toward higher
values, with a net change of 0.9 ‰ (Fig. 11B) consistent with that of the bulk samples (Fig.
11C).

7.

Cyclicity of HRS isotopic values
Three scales of cyclic variation are evident from the HRS data. At higher frequency (3rd

order), there are groups of consecutive lower isotopic values that correspond to light, either
porous or dense, simple laminae. They alternate with groups of consecutive higher isotopic
values that correspond to dark dense simple laminae (e.g. samples 66-74, 75-80 and 92-94, Fig.
11). This cyclicity is also detected at lower frequency (2nd order), at the scale of composite
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laminae (LCL and DCL in Fig. 11). Groups of alternating light and dark simple laminae with
higher values (δ18O —5.1 to —3.5 ‰ and δ13C —1.1 to —0.3 ‰), correspond to dark
composite laminae (samples 11-17, 66-106 and 133-156 in Fig. 11B), while groups of
alternating light and dark simple laminae with lower values (δ18O —5.3 to —4.2 ‰ and δ13C —
1.2 to —0.4 ‰), correspond to light composite laminae (samples 1-10, 18-65, 107-132 and
157-202 in Fig. 11B). In general, the passage from dark to light composite laminae correspond
to sharper isotopic changes than the more gradual isotopic changes in the passage from light
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to dark laminae (Fig. 11). The lowest frequency (1st order) cyclicity results from the succession
of light and dark composite laminae, with increasing-upward isotopic values (Fig. 11B).

8. Overview of drivers for isotopic variability in closed lakes

The carbon and oxygen isotope compositions of carbonate sediments in lakes are
controlled by a number of source and process effects.

NU

The δ18O of CaCO3 (e.g., calcite) is controlled by δ18O and temperature of the water body
in which calcite precipitates (Faure, 1998). The δ18Ocalcite values in closed lake systems, as in

MA

this study, principally reflect the δ18O composition of the lake water, influenced by the average
δ18O composition of precipitation (rainfall) in the basin, and the amount of evaporation,
especially in arid regions (Kelts and Talbot, 1990; Leng and Marshall, 2004). The effects of

ED

evaporation are also related to the residence time of the lake water (i.e., time between
recharge intervals). Long residence times allow the effects of evaporation (preferential

PT

removal of 16O from the water body) to intensify, resulting in progressive increase in δ18Owater.
In contrast, frequent recharge episodes (shorter residence times) renew the lake water with

CE

meteoric water (relatively enriched in 16O), resulting in lower δ18O of the lake water and of any
calcite precipitated from it. As a result, the effects of temperature-dependent isotopic
fractionation on δ18O of calcite precipitated in closed lakes are not as marked as they are in

AC

hydrologically open systems. Moreover, under arid and hot conditions, temperature effects on
δ18Ocalcite are opposite to those of evaporation. Therefore, in closed lakes δ18Ocalcite values are
not a direct record of temperature variations, rather they record the stronger influence of
evaporation on δ18Owater (López Blanco et al., 2016; Vázquez-Urbez et al., 2013).
Lacustrine carbonate δ13C reflects a combined signal from diverse carbon sources to, and
processes in, the lake water (Li and Ku, 1997; Leng and Marshall, 2004; Arp et al., 2005). The
dissolved inorganic carbon (DIC) isotopic composition controls the resulting carbonate
precipitate composition. The δ13C of the DIC pool is mainly controlled by the inflowing water
composition, the CO2 exchange between the lake water and the atmosphere, and the CO2
derived from the degradation of the organic matter (Kelts and Talbot, 1990; Leng and
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Marshall, 2004). Karst weathering of catchment marine limestones is the basis of the DIC pool,
and typically the DIC has a value close to 0‰ (Leng and Marshall, 2004). In this case study,
drainage was from Pyrenean carbonates, but the precise isotopic composition of the DIC is
unknown because of the variety of marine carbonate rocks that may have contributed to it,
spanning from Triassic to Paleogene. The DIC δ13C is then modulated by isotopic effects and
exchange. In middle-low latitude lacustrine systems, soil derived CO2 is a major source of 12C
that decreases both the δ13C of the DIC and any CaCO3 precipitating from it (Faure, 1998).
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Conversely, extensive equilibration between atmospheric CO2 and lake water, evaporation,
and photosynthetic CO2-uptake in the water column all increase δ13C values of the DIC and any
CaCO3 precipitating from it (Leng and Marshall, 2004).

Lake carbonates that show noticeable covariation of δ13C and δ18O, as in the stromatolites
studied herein, are considered to have formed in hydrologically closed conditions, with a

NU

strong evaporation effect (Talbot, 1990; Kelts and Talbot, 1990; Arp et al., 2005).

9. Discussion

MA

The interpretation of stable isotope data in ancient samples is contingent on assumptions
regarding water temperature and kinetic effects caused by potentially variable rates of calcite
precipitation. In the following discussion we assume that isotopic variability is mostly a

ED

product of near-equilibrium conditions, although we accept that non-equilibrium effects could
have contributed to some of the variation. This approach is constrained to some extent by our

PT

knowledge of modern tufa stromatolites in the River Piedra (Spain) where tufa precipitation
rates are high (≈ 1.4 cm/yr; Arenas et al., 2014). Despite high tufa precipitation rates, the

CE

coherence between measured and calculated water temperatures from δ18Ocalcite vouch for
calcite precipitation close to equilibrium in the modern tufa (Osácar et al., 2013, 2016).
In closed lake basins the effects of evaporation produce a larger magnitude shift in

AC

δ18Ocalcite than temperature fractionation (Kelts and Talbot, 1990; Leng and Marshall, 2004).
Therefore, δ18Ocalcite of closed lake basins mostly reflects the P/E ratio, with temperature
effects either obscured, smoothed or blurred. (López Blanco et al., 2016; Vázquez-Urbez et al.,
2013). It is thus difficult to infer the isotopic signature of the drainage water entering the lake:
the lower δ18Ocalcite values of freshwater sedimentary facies should be closest to a
drainage/meteoric water composition albeit contingent on an unknown water temperature.
Variation in calcite precipitation rates can influence calcite δ13C and δ18O isotopic via
disequilibrium effects (e.g., Tremaine et al., 2011; Kele et al., 2015). Generally, isotopic
equilibrium is thought difficult to achieve when precipitation rates are high, but the issue is
complex (DePaolo, 2011).
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9.1.

Long-term depositional environmental evolution

Stromatolites and laminated limestones in this study have the heaviest isotopic
compositions consistent with the interpretation of Arenas et al. (1997) in which stromatolites
and laminated facies developed during periods characterized by a longer residence time of the
lake water and intense evaporation (i.e., low P/E ratio). Bioclastic and bioturbated limestones
developed during less intense evaporation periods and more frequent water renewal leading
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PT

to dilution and relative increase in lake level (i.e., high P/E ratio).

In succession VS, in unit T5 (Figs. 2 and 6), the facies evolution reflects an overall
shallowing that is corroborated by changes in stable isotope composition through time. The
shallowest conditions (lower δ13C and δ18O) correspond to bioturbated facies displaying
desiccation cracks, breccias and Fe-rich oxidized surfaces, reflecting periodic subaerial
exposure. The stromatolites correspond with heavier isotope compositions (Fig. 6) indicating

NU

more saline conditions, followed by an upward trend toward lower δ13C and δ18O values
consistent with developing freshwater conditions (massive and bioturbated facies). This

MA

passage to freshwater conditions implies a relative deepening (decrease in isotopic values for
Lm) followed by a shallowing to more palustrine conditions (increase in isotopic values for Lb).
Facies evolution in succession SC, in unit T6 (Figs. 2 and 7), corresponds to a deepening

ED

process. It is supported by the sharp change from higher (positive) δ18O values of the basal
mudstones representing saline mud flats, to progressively lower δ18O values of laminated

PT

limestones and stromatolite facies, reflecting flooding by meteoric sourced drainage water
(Casanova and Hillaire-Marcel, 1992) culminating in the lowest values in the uppermost marls.

CE

When isotopic data from stromatolites throughout the studied succession are compared
(Fig. 12) it is clear that unit T5 and T6 stromatolites mostly have higher values than those from

AC

unit T7 (Fig. 12B). This result is consistent with both the interpretations of Arenas et al. (1997)
and with evolution toward less saline lacustrine environments from unit T5 to T7 (Arenas and
Pardo, 1999). This trend suggests a change toward more humid climate conditions and, in the
case of unit T7, accompanying increase of alluvial distal deposits from the progradation of a
northern fluvial system (Arenas et al., 1997).
The strong positive correlation between δ18O and δ13C in units T5 and T6 (Figs. 8 and 9) is
consistent with a closed lake depositional context. δ18O is controlled mostly by variation in P/E
(cf., Talbot, 1990; Frantz et al., 2014; Jones et al., 2016; López-Blanco et al., 2016) while δ13C is
likely recording the effects of water-atmosphere CO2-exchange and of biological-derived 12C
contributions (Leng and Marshall, 2004).
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The negative correlation between unit T7 δ18O and δ13C (Fig. 10) suggests that this
stromatolite formed in a lake with more frequent water renewal and shorter water residence
time. This local setting was favored by an overall more humid climate as inferred from the
lower isotope values (Fig. 12B) and the almost invariant δ18O and δ13C through unit T7 in the
Sierra de Alcubierre (cf., Arenas et al., 1997). This more humid context is also recorded in other
continental basins in Spain in deposits partly correlative with unit T7 (e.g., the upper unit in the
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Madrid Basin; Alonso-Zarza et al., 2004).

9.2 Short-term stromatolite evolution: environmental and temporal significance of
lamination
9.2.1

Coupling texture and isotopic composition of stromatolite lamination

δ18O and δ13C show similar relationships with texture at all orders of lamination (Figs. 11

NU

and 13), an association that links stromatolite development with parameters that influence the
stable isotope composition, mostly variations in the P/E ratio for the δ18O, and the varying

MA

sources of C and in-lake processes for the δ13C. This relation is also recognized on a number of
temporal scales.

Textural features of the stromatolite are essentially similar in all morphological types, both

ED

spatially and temporally (Fig. 5). The principal driver for alternating dark and light laminae is
microbial growth and presence of extracellular polymeric substances (EPS) participating in

PT

calcite precipitation as a response to climatic changes or their climate-related parameters
(Andrews and Brasier, 2005; Decho et al., 2005; Nehza et al., 2009; Petryshyn et al., 2012)
rather than microbial filament orientation or varying microbial groups (Tang et al., 2014). The

CE

influence of microbial activity and concomitant mineral precipitation on the textural
differences between light and dark laminae (e.g., porosity and colour) is thus also linked to

AC

environmental and climate-related parameters, such as water temperature, hydrochemistry,
hydraulics, and light intensity, which affect surface and subsurface metabolic activities of the
microbial mats (Arp et al., 2010; Manzo et al., 2012; Dupraz et al., 2006, 2009). Ultimately,
variations in these parameters cause or induce changes in mineral saturation levels in the
water and therefore on textural features (see below).
In units T5 and T6, δ13Ccalcite and δ18Ocalcite show similar cyclicity at all scales, higher values
coincident with the dark laminae and lower values with light laminae. δ18Ocalcite values in
closed-lake systems mostly reflect the P/E ratio (e.g., Zamarreño et al., 1997; López-Blanco et
al., 2016; Lettéron et al., 2018), whereas any temperature dependent fractionation effects on
δ18Ocalcite signature are variably blurred (Leng and Marshall, 2004). Accordingly, the light, either
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dense or porous, laminae, with lower δ18O values, probably correspond to more humid
conditions, while the dark dense laminae, with higher δ18O values, represent drier conditions.
Assuming climatic conditions similar to present-day in the area, the more evaporative
conditions occurred during summer, while the humid conditions took place during spring and
autumn (Fig. 13A, B). Despite the isotopic signature of the porous and dense laminae being
opposite in hydrologically open and hydrologically closed depositional systems, the
corresponding textural features are correlative (cf., Matsuoka et al., 2001). In fluvial
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stromatolites the porous laminae represent cooler or winter calcification and the dense
laminae warmer calcification (Pentecost and Riding, 1986; Andrews and Brasier, 2005; Arenas
and Jones, 2017). The textural features of the laminae are compatible with the greater density
of the dark laminae being related to the higher levels of calcite saturation in lake waters
reached during periods of low P/E ratio (i.e., during the warm and dry conditions). The effects
of varying calcite saturation in the water from which the carbonate forms, on the sedimentary

NU

texture of carbonates precipitated, have been studied in modern and recent deposits, and
variations are explained by the precipitation rates (Kano et al., 2007; Golubic, 2008).

MA

Commonly, high calcite precipitation rate yields denser fabrics formed of smaller crystals
(Janssen et al., 1999; Gradzinski, 2010; Arenas and Jones, 2017). The intense degassing of CO2
in warmer arid periods results in high pH and alkalinity, and consequently fast carbonate

ED

precipitation (Dupraz et al., 2009; Arp et al., 2010). Similar fabric effects have been described
from several modern and recent stromatolites of fluvial tufa systems (Chafetz et al., 1991;

PT

Janssen et al., 1999; Gradzinski, 2010; Manzo et al., 2012; Arenas and Jones, 2017). Therefore,
variations in the magnitude of water parameters such as temperature, Ca2+ and HCO3-

CE

concentration, and CO2 content, which affect the calcite saturation levels of water, are likely
drivers of textural variations between laminae.
During the driest, warmest months, increased water temperatures will impart a temperature-

AC

fractionation on δ18Ocalcite of opposite sign to that caused by evaporation, resulting in a
reduction in the difference between δ18Ocalcite values of the corresponding seasonal deposits.
This is consistent with the narrow δ18Ocalcite range between the dark and light laminae in the T5
and T6 stromatolites (Table 2). Assuming, under isotopic equilibrium conditions, a decrease of
0.24‰ in calcite δ18O results from a 1ºC increase in water temperature (Craig, 1965), the mean
equilibrium water temperature difference between the humid and dry periods would be
between 1.6 to 4.0 ºC (based on mean calcite δ18O of light and dark laminae). In unit T5, the
difference would be ≈ 3ºC, in unit T6 ≈ 1.9ºC and in unit T7 ≈ 3ºC. We note that these
differences are much smaller than seasonal water temperature differences observed in
modern saline lakes 50–60 km SE of the study area (River Ebro Depression) where winter
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temperatures are between 0.9–10.2ºC (December 2004) and between 19–35.3ºC in May 2005
(Casamayor et al., 2013; see also Hamer et al., 2007). These small differences suggest that our
stromatolite record is underestimating the actual temperature, supporting the notion that
temperature change was not the main control on δ18O: P/E ratio was.
The higher δ13C values in the dark laminae of units T5 and T6, and the HRS variations,
are most likely related to longer water residence time, allowing more time for exchange
between atmospheric CO2 and DIC, and also the photosynthetic assimilation of
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CO2. Both
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processes promote increased δ13C of DIC in the water (Leng and Marshall, 2004; Nehza et al.,
2009). The lower δ13C values in the light laminae may reflect higher input of soil-derived 12C
(e.g., Pentecost and Riding, 1986; Arp et al., 2005; Kano et al., 2007; Nehza et al., 2009),
compatible with more humid conditions and cooler temperatures relative to the dark laminae.
The overall lower δ13C and δ18O in unit T7 stromatolites indicate overall more humid
conditions, with δ13C indicating a larger contribution of soil-derived CO2 and likely less intense

NU

exchange between atmospheric CO2 and DIC (cf., Leng and Marshall, 2004; Andrews, 2005).
HRS cyclicity in δ18Ocalcite (Fig. 11) is also interpreted as a P/E ratio signal seen at a range

MA

of temporal scales (Fig. 13B, C). The three clear 1st order cycles with evolutions toward higher
values have a mean difference of 1‰ δ18Ocalcite from base to top. The gradual increase in
δ18Ocalcite through each of these three cycles and the general δ18Ocalcite increase of the entire

ED

HRS record suggests stepped climate change towards drier conditions, likely indicative of an
overall lake level decrease or “shallowing cycle”. Similar, but shorter environmental variations

PT

may be recorded by the 2nd order cycles. Nehza et al. (2009) interpreted isotopic changes in 2nd
order cycles of Cretaceous lacustrine stromatolites to indicate hydrological changes in the lake

CE

water, affecting both paleoproductivity and paleosalinity.
Sharp isotopic change at most boundaries between light and dark laminae at the 1st and

AC

2nd frequencies, especially those at the top of dark laminae (Fig. 11B), could be related to the
rapid decrease or even cessation in calcite precipitation (Brasier et al., 2010). The causes of
these breaks could be associated with drastic drops of water level or even temperature
decrease, i.e., precluding calcite precipitation (Arp et al., 2001). In most 2nd order cycles, the
isotopic change coincides with the textural boundary, which is consistent with small hiatuses,
as described by Nehza et al. (2009) and Brasier et al. (2010). However, at the 1 st-order scale,
the change in isotopic trend in some cycles is below the textural change, which may be due to
more gradual changes in calcite precipitation rates (e.g., Dabkowski et al., 2015), without
sedimentary interruption.

9.2.2

Temporal significance of the stromatolite lamination
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The period(s) of time represented by stromatolite lamination is uncertain because of the
variety of processes involved in their development and the varied arrangement of the laminae
(Petryshyn et al., 2012; Arenas and Jones, 2017). The most common lamination pattern is
alternation between light porous and dark dense laminae (Casanova, 1994; Brasier et al., 2010;
Frantz et al., 2014). In a continental context, variations in temperature, precipitation and
evaporation may cause this alternation (Chafetz et al., 1991; Lindqvist, 1994; Andrews and
Brasier, 2005; Kano et al., 2007; Brasier et al., 2010; Solari et al., 2010; Frantz et al., 2014;
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Dabkowski et al., 2015). Eocene stromatolites in the Gosiute Paleolake of the Green River
Formation (Rife Bed, Tipton Member) show seasonal lamination (Frantz et al., 2014) with fan
microfabric forming during cooler periods, and micrite microfabrics when the lake was shallow
and warm.

The formation of stromatolite laminae in spring-tufa deposits and marine systems are
considered daily (Golubic and Focke, 1978; Vanyo and Awramik, 1982), seasonal or annual

NU

(Kano et al., 2007; Gradzinski, 2010) based on the textural and geochemical data. This noted,
pluriannual laminae in Walker Lake Holocene stromatolites are proved by radiometric ages

MA

(Petryshyn et al., 2012). Modern fluvial stromatolites show that each pair of simple laminae
can form in less than a few months, with periodic and non-periodic parameters influencing the
lamina formation (Jones, 1981; Gradzinski, 2010; Arenas and Jones, 2017).

ED

The textural and geochemical analyses of the Miocene lacustrine stromatolites in the Ebro
Basin suggest two persistent orders of cyclicity that represent periodic changes of climate

PT

parameters, i.e. the P/E ratio. Given the persistent cyclicity, it is proposed that the composite
laminae correspond to pluriannual periods of dominantly drier or more humid conditions. In

CE

this interpretation each couplet formed of a dark dense simple lamina (1 to 6 samples in the
HRS) and a light porous or light dense simple lamina, would represent an annual period.
Integrating all the information, we suggest the light dense simple laminae developed

AC

during the rainy seasons (e.g., autumn and early spring) with recharging water introducing
isotopically negative soil-organics and meteoric water, and favouring the formation of
scattered allochems (ooids, intraclasts, bioclasts). The light porous simple laminae formed
during spring-early summer with a faster microbial growth caused by increased nutrient
supply, higher temperatures and illumination (Fig. 13A). The dark dense laminae developed
mostly in the summer and perhaps early autumn, as evaporation and temperature increased,
and soil-derived

12

C input decreased, leading to increased δ13Ccalcite and δ18Ocalcite. During

winter, temperature and light levels decreased, perhaps causing cessation of microbial growth
(Pentecost, 1978; Arp et al., 2010). The succession of light dense, light porous and dark dense
simple laminae thus corresponds to an annual period.
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The light or dark composite laminae in stromatolites were thus controlled by variations in
environmental and climatic conditions acting during longer periods (each of several years).
Dark composite laminae might correspond to pluriannual drier conditions, while light
composite laminae could represent pluriannual humid periods. Each 1st order cycle would
represent longer pluriannual evolution to drier conditions. According to these tentative time
estimates, the isotopic trends in the studied specimens represent centennial or millennial
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evolutionary trends of the lake level controlled by the P/E ratio.

10. Conclusions

Sedimentological and isotopic analyses (δ13C and δ18O) of Early to Middle Miocene
stromatolites from the Ebro Basin show:

1. That δ13C and δ18O compositions through ≈ 2 metre-thick facies successions confirm that
the heavier isotope composition of stromatolites and muddy-grainy laminated limestones

NU

are due to higher evaporation/exchange and suggest a longer residence time of lake
waters. The lakes were saline at this time and extensive isotopic exchange occurred

MA

between lake water DIC and atmospheric CO2.

2. Textural and isotopic variations are coupled in the stromatolite lamination. The cyclic
isotopic variation in successive dark and light composite laminae in five stromatolite

ED

specimens suggest that dark laminae developed during drier conditions while the light
laminae developed during more humid conditions.

PT

3. δ13C and δ18O records from high resolution sampling across a 2.1 cm-thick stromatolite
section distinguish three orders of cyclic variation:
3rd order cycles, recorded by the simple laminae, possibly formed by seasonal P/E

CE



variations.

2nd order cycles represented by the dark and light composite laminae; each

AC



reflects, respectively, dominantly low and high P/E conditions during several years.



1st order cycles formed by the succession of a light and a dark composite lamina,
with increasing-upward isotopic values, reflecting lake level shallowing due to a
decrease in the P/E ratio.
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Captions of figures and tables
Figure 1. A) Location of the Ebro Basin in the northeast of the Iberian Peninsula. B) Study
area Sierra de Alcubierre and tectosedimentary units T5, T6 and T7 of the Miocene (Arenas
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and Pardo, 1999). Ages of the units are (Pérez Rivarés et al., 2018): T5 between 20.8 ± 0.66 Ma
and 16.2 ± 0.14 Ma (C5Cn.2n and C5Cn.1), T6 between 16.2 ± 0.14 Ma and 14.3 ± 0.14 Ma
(C5ADn) and T7 begun 14.3 ± 0.14 Ma ago and spanned to C5ABn (13.608 to 13.363 Ma). The
location of the sampled sections is indicated by a red line for Valle de Soler (VS), Puig Ladron
(PL), San Caprasio (SC) and Aldea del correo (AC).

Figure 2. Four representative stratigraphic sections from the Sierra de Alcubierre (modified

NU

from Arenas, 1993). Stromatolite specimens VS-22, PL-22’t, SC-141t, SC-197 and AC-9 were
sampled for the isotopic analyses. Position of the facies associations shown in Figures 6 and 7

MA

is also indicated.

Figure 3. Field views of the main facies in the Sierra de Alcubierre. A) Succession of marls
(M), thin planar stromatolites (Ls. 1), laminar gypsum (Gl) and laminated limestones with

ED

parallel lamination (Ll.3). B) Succession of domed stromatolites (Ls.3) and laminated
limestones with hummocky cross stratification (Ll.2). C) Succession of marls (M), thin planar

PT

stromatolites (Ls.1) and stratiform stromatolites (Ls.2). D) Laminated limestones with wavy
stratification (Ll.1) and stromatolite fragments on top of bioturbated facies (Lb).

CE

Figure 4. Two main facies associations distinguished in the Sierra de Alcubierre by Arenas
and Pardo (1999). A) Deepening and shallowing processes. B) Shallowing process. Facies

AC

symbols in Table 1.

Figure 5. Textural variations between the different types of laminae. A) Composite
alternating lamination; light porous and light dense alternation forming light composite
laminae (LCL) and dark dense laminae with intercalated thinner light porous laminae forming
dark composite laminae (DCL). B) Composite alternating lamination; porous laminae with thin
dark dense intercalations (LCL) and the succession of dark dense laminae (DCL). C) Composite
alternating lamination; dark composite laminae (DCL) alternating with porous simple laminae
(LP). D) Simple alternating lamination between dark dense and light porous laminae. E) and F)
Textural and color variations of the same sample, from thin section under petrographic optical
microscope (E) and polished section under binocular microscope (F).
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Figure 6. Facies succession VS from unit T5. A) Field view of bioturbated and laminated
limestones of the upper part of the succession. B) Field view of marls, stromatolite and
laminated limestones of the lower part of the succession. The hammer is 33 cm long. C)
Detailed vertical facies succession from VS section. D) Stable isotopic data from the different
facies of the facies succession. E) Water depth evolution inferred from sedimentary facies and
stable isotope composition.
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Figure 7. Facies succession SC from unit T6. A) Field view of the whole facies succession.
The hammer is 33 cm long. B) Field view of stromatolite and laminated limestones of the lower
part of the succession. C) Detailed vertical facies succession from San Caprasio section. D)
Stable isotopic data from the different facies of the facies succession. E) Water depth evolution
inferred from sedimentary facies and stable isotope composition.

Figure 8. Bulk sampling analyses from stromatolite specimens in unit T5. A) Cross section of

NU

specimen PL-22’t (left panel) with sampling microboreholes and location of Figure 10B. Right
panel shows stable isotope profile. B) Cross section of specimen VS-22 (left panel) with

MA

sampling microboreholes and stable isotope profile (right panel).
Figure 9. Bulk sampling analyses from stromatolite specimens in unit T6. A) Cross section of
specimen AC-9 with sampling microboreholes and stable isotope profile. B) Cross section of

ED

specimen SC-141t with sampling microboreholes and stable isotope profile.
Figure 10. Bulk sampling analyses from stromatolite specimen in unit T7. Cross section of

PT

specimen SC-197b with sampling microboreholes and stable isotope profile.
Figure 11. High-resolution sampling (HRS) stable isotope data from a portion of stromatolite

CE

PL-22’t (see Fig. 7A). A) Polished tablet for HRS with location of bulk analysis and the ranges of
samples. B) HRS δ18O and δ13C analyses correlated with their position in the polished tablet.

AC

Three orders of cyclicity are indicated: first order cycles correspond to successive composite
light and dark laminae with increasing stable isotope values; second order cycles correspond to
each composite lamina; and third order cycles to each couple of single light and dark laminae..
At the top of two 1st order cycles, the δ18Ocalcite values are slightly lower than the highest
isotopic values, located a few points below (n. 14 and 139). D) Bulk isotopic sampling analyses
(see Fig. 7A) correlated with the HRS. Note that the bulk isotopic analysis are coincident with
the corresponding mean values from HRS.
Figure 12. δ18O and δ13C plot: A) stromatolite facies in the different tectosedimentary units
(T5, T6 and T7). B) different facies in the Sierra de Alcubierre compared data from Arenas et al.
(1997).
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Figure 13. A) Schematic of the environmental factors controlling the development of each
lamina type. B) δ18O and δ13C ranges from high-resolution sampling (HRS) and corresponding
textural variations in thin section with inferred temporal and climatic conditions. C) Lamina
arrangement from thin section view of a stromatolite, with the three orders of cyclicity, typical
relative variations of bulk and HRS isotopic composition based on the data in this paper, and
the corresponding evolution of the P/E ratio.
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Table 1. Sedimentary facies, their textural and structural features, and depositional
interpretation in the Sierra de Alcubierre, summarized from Arenas et al. (1997). Stable
isotope values (δ18O and δ13C, ‰ VPDB) of the different facies (parenthesized values from
Arenas et al., 1997).

Table 2. Mean values and ranges of stable isotope composition (δ18O and δ13C, ‰ VPDB) of
composite light and dark stromatolite laminae for each specimen (SC-197b, SC-141, AC-9, PL-

AC

CE

PT

ED

MA

NU

22’t and VS-22) in the three tectosedimentary units (T5, T6, and T7).
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Table 1
Calcite δ18O
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weather wave level
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currents offshore
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facies

Stratiform
stromatolite

–2.7
± 1.3

–4.7
± 1.0

(–1.7
± 1.2)

(–3.2
± 2.6)

Boundstones.
Lamination composed
of simple laminae:
dark dense micrite,
light porous micrite to
microsparite, and light
dense micrite.
Combined in
composite dark and
light laminae

Domed
stromatolite

Microbial growth
structures in
shallow/marginal
lacustrine areas.
Moderate salinity
waters and varying
water depth and surge
action

Oncolites

Mudst
ones:
Fg, Fo

Green, grey and
ochre. Siliciclastic
sediment (clays and
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parallel
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Sandst
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Table 2
Mean values and ranges of stable isotope composition (δ18O and δ13C, ‰ VPDB) of composite light and dark
stromatolite laminae for each of the specimens (SC-197b, SC-141, AC-9, PL-22’t and VS-22) in the three
tectosedimentary units (T5, T6, and T7).

δ13Cmean

Unit

Sample

T7

SC197b

–4.1

SC-141

–1.9

AC-9

–1.2

PL-22’t

–0.9

VS-22

–1.4

T6

range

–4.7
to –
3.7
–2.0
to –
1.6
–1.3
to –
1.1
–1.0
to –
0.7
–1.5
to –
1.2

δ18Omean

–6.3
–5.0
–4.2
–5.1
–3.9

Dark laminae (‰ VPDB)
δ O18

range

–7.1
to –
4.9
–5.4
to –
4.4
–4.5
to –
3.8
–5.4
to –
4.7
–4.2
to –
3.6

δ13Cmean

–4.3
–1.5
–1.0
–0.5
–1.0

δ13Crange

–4.6
to –
4.0
–1.8
to –
1.3
–1.3
to –
0.9
–0.5
to –
0.5
–1.2
to –
0.9

δ18Omean

–5.6
–4.4

δ18Orange

–6.5
to –
5.0
–4.8
to –
4.1
–4.0
to –
3.4
–4.3
to –
4.1
–3.8
to –
3.1

Correl.
Coeff.

N

p value

–0.9

10

0.0005

+0.7

12

0.025

–3.8

+0.5

19

0.01

–4.1

+0.9

11

0.0005

–3.4

+0.5
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Light laminae (‰ VPDB)
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Highlights
1. Textural and isotopic variations are coupled in lacustrine stromatolite lamination
2. High-resolution sampling reflects three different orders of cyclicity
3. Lamination records seasonal to pluriannual precipitation/evaporation variations

AC

CE

PT

ED

MA

NU

SC
RI
PT

4. Studied specimens represent centennial-millennial records of lake level variations
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