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ABSTRACT

The significance of stromatolites as depositional environmental indicators and the underlying causes
of lamination in the lacustrine realm are poorly understood. Stromatolites in a ca 600 m thick
Miocene succession in the Ebro Basin are good candidates to shed light on these issues because they
are intimately related to other lacustrine carbonate and sulphate facies, grew under variable
environmental conditions and show distinct lamination patterns. These stromatolites are associated
with wave-related, clastic-carbonate laminated limestones. Both facies consist of calcite and variable
amounts of dolomite. Thin planar stromatolites (up to 10 cm thick and less than 6 m long) occurred in
very shallow water. These stromatolites represented first biological colonization after: (i) subaerial
exposure in the palustrine environment (i.e. at the beginning of deepening cycles); or (ii) erosion due
to surge action, then coating very irregular surfaces on laminated limestones (i.e. through shallowing
or deepening cycles). Sometimes they are associated with evaporative pumping. Stratiform
stromatolites (10 to 30 cm high and tens of metres long) and domed stromatolites (10 to 30 cm high
and long) developed in deeper settings, between the surge periods that produced hummocky cross-
stratification and horizontal lamination offshore. Changes in stromatolite lamina shape, and thus in the
growth forms through time, can be attributed to changes in water depth, whereas variations in lamina
continuity are linked to water energy and sediment supply. Growth of the stromatolites resulted from
in situ calcite precipitation and capture of minor amounts of fine-grained carbonate particles. Based
on texture, four types of simple laminae are distinguished. The simple micrite and microsparite
laminae can be grouped into light and dark composite laminae, which represent, respectively, high
and low Precipitation/Evaporation ratio periods. Different lamination patterns provide new ideas for
the interpretation of microbial laminations as a function of variations in climate-dependent parameters

(primarily the Precipitation/Evaporation ratio) over variable timescales.

Keywords Environmental indicators, lacustrine stromatolites, lamination patterns, morphogenesis

factors, saline carbonates, storm and fair-weather conditions.
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INTRODUCTION

Microbial laminated deposits/structures are common in many marine (Park, 1976; Riding, 2000; Reid
et al., 2003; Tang et al., 2014) and continental (Casanova, 1994; Linqvist, 1994; Cohen et al., 1997,
Zamarrefio et al., 1997) carbonate successions. Depositional and hydrological interpretations on the
distribution of stromatolites have commonly been based on the external and internal geometric
attributes of the stromatolites (Reid et al., 2003; Andres & Reid, 2006; Arenas & Pomar, 2010;
Jahnert & Collins, 2011; Bosak et al., 2013a, b; Awramik & Buccheim, 2015; Tosti & Riding, 2017).
Although the environmental significance (for example, water depth, current velocity, salinity,
sediment distribution) of stromatolites in marine realms is generally understood (Reid & Browne,
1991; Jahnert & Collins, 2012, 2013; Mercedes-Martin et al., 2014), the relationships between
stromatolites and other sedimentary facies in lacustrine systems is still open to debate (e.g. Awramik
& Buchheim, 2009; Noftke & Awramik, 2013; Renaut et al., 2013). With the exception of the studies
by Awramik & Buchheim (2009), Bouton et al. (2016), Létteron et al. (2018) and Vennin et al.
(2018), stromatolites in saline lacustrine environments have received little attention. In particular,
stromatolites and associated facies in lakes subject to temporal variations in water levels and
repetitious surge activity merit detailed sedimentological analyses in order that their impact on

stromatolite growth, at all scales, can be assessed.

The Miocene lacustrine succession in the north-central part of the Ebro Basin of north-east
Spain, which is up to ca 600 m thick and well-exposed over a vast area (Fig. 1), includes numerous
beds that are formed of well-preserved stromatolites (Figs 2 and 3). There, the spatial and temporal
relationships of the stromatolites to their associated lacustrine carbonate and sulphate facies are
clearly evident. This succession provides the basis for this study, which focuses on the: (i)
depositional setting of the stromatolites in the lacustrine depositional cycles; (ii) environmental
parameters, such as water energy and depth, and sediment supply, that controlled stromatolite
morphogenesis; and (iii) internal architecture of the stromatolites (i.e. textures and lamina

arrangements).
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The main aims of this study are to: (i) describe the external morphology of the stromatolites and
their associated facies in order to delineate the spatial distribution of the stromatolites relative to
fluctuations in the lake level; (ii) fully characterize internal growth forms and lamina shape in the
stromatolites so that the processes involved in their formation (storms, fair-weather conditions,
sediment supply and water level variations) can be accurately inferred; and (iii) analyse the different
types of laminae based on their texture and cyclic arrangement so that the temporal durations and

controlling climate parameters can be reasonably inferred.

Critically, this research shows that: (i) stromatolite development was commonly the first
biological colonization after subaerial exposure and/or subaqueous and subaerial erosional processes;
and (ii) the internal architecture of the stromatolites reflects climate-dependent parameters over
variable timescales. In so doing, this study provides new information regarding the development of
lacustrine stromatolites. They involve the proposal of models that explain the depositional
environment and the internal architecture through different time and space scales and incorporate
approximate temporal durations for the lamination patterns. The relations between lamina attributes,
internal growth forms, discontinuities and erosional features are set within the frame of depth versus
water energy and sediment supply. These proposals provide a basis for the interpretations of

depositional conditions and lamina-forming processes of other stromatolite-bearing sequences.

STRATIGRAPHIC AND GEOLOGICAL CONTEXT

The Ebro Basin, an Alpine basin in the northeast part of the Iberian Peninsula bounded by the
Pyrenean, Iberian and Catalonial coastal ranges (Fig. 1A), is usually considered the southernmost
foreland basin of the Pyrenees. There, the Palacocene to Miocene sedimentary succession is divided
into eight tectosedimentary units (T1 to T8; ., 2002; Pardo et al. 2004) that include marine
and continental deposits. From the Early Oligocene to the Middle Miocene, the basin was an

endorheic area that became filled with alluvial and fluvial sediments derived from the Pyrenean,
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Iberian and Catalonial ranges. These detrital sediments graded laterally into sulphate and carbonate
lacustrine sediments in the basin centre. In the Middle or Late Miocene, drainage was towards the
Mediterranean Sea. The phase of erosion that followed continues to the present day (Garcia-
Castellanos et al., 2003; Vazquez-Urbez et al., 2013). During the Pliocene and Quaternary, extensive
erosion sculpted several uplands in the central part of the basin. The Sierra de Alcubierre, which is the
focus of this study, is one of those uplands where strata are horizontal or dip at a low angle to the

south.

In the Sierra de Alcubierre, the conformable tectosedimentary units T5, T6 and T7 are well-
exposed (Figs 1B and 2). These units, which span from the Ramblian to the Aragonian (Burdigalian—
Serravallian) (Muiioz et al., 2002), have recently been dated precisely by magnetostratigraphic studies
(Pérez Rivarés et al., 2002; Pérez Rivarés, 2016). Unit T5 (Figs 1B and 3) comprises 350 m of
gypsum, marls, limestones and dolostones that grade laterally into limestones and marls to the east
and north. Further north, these lacustrine deposits pass laterally into fluvial mudstones and sandstones
(Fig. 2). Unit T6 (Figs 1B and 3), up to 135 m thick, is formed largely of limestones and marls that
include interbeds of gypsum towards the south-west. Unit T7 (Figs 1B and 3) includes 110 m of
mudstones, sandstones, limestones and marlstones. This is a portion from the complete record of T7,
which is found only in the western part of the basin (Mufloz et al., 2002; Pérez Rivarés, 2016). The
terrigenous sediments in these three units of this area came from the Pyrenean region (Arenas et al.,
1993). The stromatolites, which are the focus of this study, are composed mostly of calcite and less

abundant dolomite. They are distributed throughout units TS5, T6 and T7 (Figs 2 and 3).

SEDIMENTOLOGICAL FRAMEWORK

The sedimentological framework and facies scheme (Table 1) of the Miocene lacustrine and fluvial
succession in the central part of the Ebro Basin was established by Arenas (1993) and Arenas & Pardo

(1999). The facies are defined on the basis of lithology, sedimentary structures, pedogenetic
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characteristics and biological components (Table 1; Fig. 4). Three complete facies associations (FA1
to FA3 in Fig. 2) are present in units T5, T6 and T7. Each association, 0.5 to 3.0 m thick, comprises a
vertical facies succession that resulted from the superposition of laterally related environments due to
progradation, aggradation and/or retrogradation processes caused by changes in lake level through
time. The complete facies associations have been recognized in the field. Variants of these facies

associations result from the absence of one or more facies (Arenas & Pardo, 1999).

1 Facies Association 1 (FA1): The complete succession comprises, in ascending order, trough
cross-bedded sandstones (St) — ochre mudstones (Fo) — grey mudstones (Fg) — massive
limestones (Lm) — bioturbated limestones (Lb). This association formed in distal-alluvial plain
settings that were affected by expansion of carbonate lacustrine settings. This facies association,
common in units T5 and T7, does not contain stromatolites (Fig. 2).

2 Facies Association 2 (FA2): The complete succession comprises, in ascending order,
stromatolitic limestones (Ls) — laminated limestones (L1) — marls (M) — laminated
limestones (L1) — stromatolitic limestones (Ls) — massive limestones (Lm) — bioturbated
limestones (Lb), that formed in carbonate lacustrine settings that became progressively deeper,
with maximum depth represented by the marls, followed by shallowing. The stromatolites are
always associated with the laminated limestones (Fig. 2). The complete FA2 is found in units
T5 and T6, whereas only the shallowing upper part (L1 — Ls — Lm — Lb) is common in all of
the units.

3 Facies Association 3 (FA3): The complete succession comprises, in ascending order, marls
(M), grey mudstones (Fg), massive sandstones (Sm) — laminated gypsum (Gl), rippled gypsum
(Gr) - lenticular gypsum (Glen) — laminated limestones (LI), stromatolitic limestones (Ls) —
nodular gypsum (Gn), that formed in shallowing sulphate lacustrine settings. Stromatolites,
commonly associated with the laminated limestones, are rare in this facies association (Fig. 2):
FA3 is common in unit T5 and locally at the base of unit T6, particularly on the southern side of

the Sierra de Alcubierre.
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The most complete FA2, found in units TS and T6, represents a complex deepening—shallowing
cycle, in which marls (M) correspond to the deepest part. Their deposition is linked to water inputs
that led to the depth increase and lake expansion and supplied fine siliciclastic sediment. The
laminated and stromatolitic facies represent carbonate deposition in shallower, more saline conditions
during long periods of water residence in the lake and high evaporation, which is consistent with the
previous stable isotope analyses of the carbonates (Table 2; Arenas & Pardo, 1999). At the same time,
variable energy conditions are reflected by the sedimentary structures of the laminated limestones.
Hummocky cross-stratification (HCS) corresponds to both tri-dimensional hummock and swaley
morphologies and, more frequently, to megaripples, and can be up to 25 cm high and up to 2 m wide.
Irregular cross-cutting surfaces, gutters and coarse sand-size and pebble-size intraclast deposits
provide evidence of the erosion that took place. The massive and bioturbated facies at the end of FA2
represent lower salinities that reflect water dilution caused by the expansion of the freshwater lake.
This is inferred from the lower stable isotopic values of the massive and bioturbated facies relative to
the other facies (Arenas et al., 1997). Later drops in lake level caused widespread palustrine
conditions. In FA2, the different types of stromatolites and the related laminated limestones and
dolostones reflect variations in energy and water levels, both in the shallowing (M — L1 - Ls — Lm
— Lb) and deepening (Ls — L1 — M) parts of the cycle. Facies Association 3 (Fig. 2) represents
sulphate environments, in which thin stromatolites and laminated limestones developed during phases

of freshwater influx.

Arenas & Pardo (1999) and Arenas et al. (1999) developed a depositional model whereby high
lake levels led to freshwater carbonate deposition with massive and bioturbated limestones and marls
dominating (for example, in FA1 and FA2; Fig. 2). Conversely, low-lake levels led to the
development of playa-lake environments where sulphate and halite facies developed (for example, in
FA3; Fig. 2). The stromatolites and laminated limestones developed during the oscillations from high

to low lake levels, when saline carbonate lake conditions existed.
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METHODS AND MATERIALS

This study is based on the stratigraphic and sedimentological analyses of eight sections that include
stromatolites in units TS, T6 and T7 of the Miocene succession in the Sierra de Alcubierre (Figs 1 and
3) with the primary focus being on those parts of the sequence that contained stromatolites. One
hundred and eighty-three samples were collected with most being stromatolites. Polished sections,
small and large thin sections, and X-ray diffraction analyses (XRD) were produced from these
samples. These, together with the analyses provided by Arenas (1993), were used for the structural,

textural and mineralogical characterization of the carbonate deposits in the study area.

Field observations focused largely on their geometry and spatial relationships with other facies.
One hundred and twelve polished slabs and 147 thin sections were used to study the textures and
general structures of the stromatolites. In this work, the term micrite is used for calcite crystals <4 um
long, whereas dolomicrite is formed of dolomite crystals <4 um ng . Microsparite refers to calcite
crys sh r 4 10pum ng nd sparite is used for crystals >10 um (cf. T ck r & Wrigh , 1990;
Verrecchia et al., 1995; James & Jones, 2015). Fifty-two samples were ground and sieved (62 um) for
XRD analyses on a D-Max Rigaku diffractometer (Rigaku, Tokyo, Japan) equipped with a graphite
monochromator and CuKa radiation at the Servicio de Apoyo a la Investigacion (SA) at the
University of Zaragoza. Twenty-two samples (each ca 10 mm x 10 mm) were studied using scanning
electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS) at the University of
Alberta (Zeiss Sigma 300 VP-FESEM/EDS; Zeiss AG, Oberkochen, Germany) and the University of
Zrg (Cr Ziss ER LIN™FESE ; Zeiss AG, Oberkochen, Germany), operating at 3 to 15 kV

and 158 pA.

Seventy samples (one sample per lamina) were taken from the calcite stromatolites of units T5
(2 specimens; 37 laminae) and T6 (3 specimens; 33 laminae) for isotopic analyses (8'"°C and §'*0).
These analyses were undertaken so that the environmental interpretation of the different types of
laminae could be deduced. Only specimens formed solely of calcite were sampled. Powdered samples

were obtained on polished slabs using a micro-drill of 0.4 mm diameter (Navfram N120 Micromotor

This article is protected by copyright. All rights reserved.



25 000 rpm with electronic speed regulator). The isotopic analyses were done at the Serveis cientifico-
tecnics of the University of Barcelona (Spain) using a Thermo Finnigan MAT-252 mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) following standard procedures (Craig, 1965). The

is picrs st xprssdind% VPDB (Vienna Pee Dee Belemnite) calibrated with international

reference scales using the IAEA Certified Reference Material NBS-19. The error margin is £0.04 for

the 8'C and +0.12 for the §"%0.

MACROSCOPIC FEATURES OF STROMATOLITES AND ONCOLITES

The stromatolites, which are most common in units T5 and T6 (Figs 1 and 2), are typically associated
with the laminated limestones. In general, these stromatolites developed during relatively uniform
growth periods and are characterized by relative continuity of lamination through time. The
descriptions of external morphology, internal growth forms and lamina shape follow the descriptive
classification of Arenas et al. (1993) which is based largely on the terms defined in Kennard & Burne

(1989) (Fig. 5).

External geometry and internal growth forms of stromatolites and oncolites.

The external geometry of stromatolites is described by their length to height ratio (L:H) and their
shape. Based on external geometry observed in the field (outcrop scale; Fig. 6A to E), the
stromatolites are divided into: (i) thin planar stromatolites; (ii) stratiform stromatolites; and (iii)
domed stromatolites (Figs 6 and 7). Oncolites (Lo) are present locally (Fig. 7A). These terms are
applied to individual stromatolites. Several individual stromatolites are commonly found adjacent to

each other in the same layer.
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Thin planar stromatolites (Ls.1)

The thin planar stromatolites (Ls.1) have greater lateral extent than height (1 mm to 10 cm thick,
generally <2 m long but locally up to 6 m long), commonly have a L:H ratio of <60. They are
characterized by smooth, flat to undulatory, laterally continuous laminae. These stromatolites can
occur on regular to irregular substrates with the initial morphology of the stromatolite reflecting the
morphology of the underlying surface. In most cases, the thin planar stromatolites consist of a single
stromatolite body. In some examples, these stromatolites alternate with cm-thick beds of intraclast
packstones and rudstones of laminated limestones with ripples (L1.1; Table 1; Fig. 6E). The thin

planar stromatolites are divided into types la, 1b and 1c according to the morphology of their lamina.

e Ls.la, up to 5 cm thick, are characterized by flat, laterally continuous smooth laminae (Figs 6D,
6E and 7B).

e Ls.1b, up to 10 cm thick, are formed of gently undulating, laterally continuous smooth laminae;
locally the laminae form conspicuous isolated, conical or semicircular domes (Figs 6D, 7C and
7D).

e Ls.lc,up to 10 cm thick, are formed of strongly undulating and convex-up laminae, with
semicircular to semielliptical shapes in vertical cross section, forming small domes and non-
branching columns (Figs 6A and 7E). The columns are linked laterally with variable inter-
columnar space. In plan view, the columns are circular to elliptical, the latter with their long
axes parallel to each other. In a few examples, enveloping laminae entirely overlap the
underlying laminae (Fig. 5), with overturned lamina margins. They give rise to individual low-
synoptic relief (Fig. 5), irregular, semielliptical domes (Fig. 7E) that are set adjacent to one
another. These stromatolites are rooted on packstones and rudstones that are composed of
intraclast, some of them being stromatolite fragments, and the spaces between them are

occupied by marls and laminated limestones.
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Stratiform stromatolites (Ls.2)

The stratiform stromatolites, 10 cm to 30 cm high and 10 to 30 m long, with a L:H ratio >>100 (Fig.
6E), are tabular or gently domed. They typically occur above the thin planar stromatolites and are
always laterally and vertically related to laminated limestones. The stratiform stromatolites can, in
some cases, be correlated over distances of 8 km. The stratiform stromatolites are formed of several
internal growth forms (Fig. 5): domes, columns, and undulatory-laminated to flat-laminated forms of
variable dimensions. Commonly, stromatolites have a slightly undulatory, laterally continuous growth
form at the base (2 to 5 cm thick) that is overlain by columnar and domed internal growth forms (5 to
20 cm thick), though the opposite arrangement also exists. The domes and columns are commonly
linked to one another by bridges, but some remain isolated (Fig. 7F) and generally show no
preferential orientation in plan view (Fig. 6C). In columns and domes, with increasing width upwards,
the laminae are usually highly enveloping (Figs 5 and 7F to H) and involve laminae with overturned
margins (Figs 5 and 7E). Laminated limestones, including packstones and rudstones composed of
intraclast, and marls, occupy the spaces between domes and columns (Fig. 7G and H; see Fig.15C and

D below).

Domed stromatolites (Ls.3)

The domed stromatolites, 10 to 30 cm high, with a L:H of <1.5, are laterally related to the stratiform
stromatolites and the laminated limestones (commonly L1.2, with HCS) (Fig. 6B). The spaces between
the individual stromatolites are of variable dimensions and are occupied by deposits of laminated
limestones (L1.2 and L1.3). The internal growth forms of these stromatolites are the same as those of

the stratiform stromatolites (Fig. 7F).
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Oncolites (Lo)

Rare oncolites, 3 to 6 cm in diameter, are found at the base of some stratiform and domed
stromatolites forming the nucleus of stromatolite growth (Fig. 7A). The elliptical oncolites are
characterized by symmetric and/or asymmetrical coatings (0.5 to 5.0 cm thick) that developed around
nuclei formed of marlstone or laminated limestone-dolostone fragments. The laminae are smooth.
Small oncolites tend to have a symmetrical growth pattern whereas the larger oncolites have

asymmetrical growth in the younger laminae.

Lateral and vertical relations of the stromatolites: facies associations (FA)

Based on the morphologies of the stromatolites and their position in the shallowing and deepening

cycles, four variants of FA2 are recognized (Fig. 8A to D).

Stromatolites in deepening cycles, FA2-A (Fig. 84 and B).

There are two situations that occur in this case:

1 Stromatolites at the base of deepening cycles, FA2-A (Fig. 8A). Thin planar stromatolites
occur on top of bioturbated limestones (Figs 6A and 7D); the latter are characterized by
subaerial exposure features. These upper surface features are represented by very intense
bioturbation (root marks and nodulization) (Fig. 4E and F), desiccation cracks, Fe-rich
oxidized surfaces and centimetre to decimetre wide scours. Rip-up clasts with flatten oval and
very irregular shapes (0.2 to 0.5 mm long) from the underlying limestones (bioturbated facies)
and with laminar shape (0.3 to 1.0 mm long) from older stromatolites are commonly

incorporated into the basal parts of the stromatolites.
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2 Stromatolites through deepening cycles, FA2-B (Fig. 8B). Layers formed of thin planar
stromatolites and small domed stromatolites alternate with laminated limestones with HCS
(L1.2; Fig. 8B). Some of the stromatolites developed on erosional surfaces (Figs 6D and 7D)
that can be up to several centimetres deep. Stromatolites coat them by mimicking the eroded
substrate shapes. Erosional features are also visible in some of the stromatolites, as non-
continuous laminae at the upper part and stromatolite fragments that are locally found in the

spaces between the internal growth forms or form layers of stromatolite fragments.

Stromatolites in shallowing cycles (Fig. 8C and D)

There are two situations that occur in this case:

1 Thin planar stromatolites (Ls.1), stratiform stromatolites (Ls.3) or domed stromatolites (Ls.2)
that either alternate with or are located at the top of laminated limestones with ripples (L1.1) and
parallel lamination (L1.3; Fig. 8C), some being associated with nodular gypsum facies (Gn; Fig.

4A).

2 Thin planar stromatolites (Ls.1) followed by stratiform stromatolites (Ls.2) or domed
stromatolites (Ls. 3; Fig. 8D), passing vertically into laminated limestones with parallel
lamination (LI1.3) or with HCS (L1.2, Fig. 6B), followed by massive (Lm) and bioturbated facies

(Lb).

Distribution of stromatolites and oncolites through space and time

Thin planar stromatolites, stratiform and domed stromatolites occur in unit T5, with the best
development being in the northern part of the Sierra de Alcubierre (sections VS, PL, PS, AL and LN;
Fig. 1), where they are found in the deepening and shallowing portions of FA2 (Figs 2 and 8). In the

southern part of the Sierra, gypsum facies are common in unit TS (for example, sections BL, LF and
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SC; Figs 1 and 2), and only a few thin planar stromatolites and domed stromatolites are found in
section LF (Fig. 1). In this section, most stromatolites are found in the shallowing portion of FA2-C

(Figs 6A and 8C) and less commonly in FA3.

In unit T6, thin planar stromatolites, stratiform and domed stromatolites are also present, with
the best development being on the south side of the Sierra (i.e. sections BL, LF and SC sections),
where they are found in FA2 (Fig. 8). The occurrence of charophyte (thali) fragments, ooids and
sparite crystal laminae in or associated with the stromatolites is most common at the base of unit T6,
both in the north and east (sections PS and LN) and in the south of the Sierra (sections BL and SC).
Unit T7 only contains thin planar stromatolites as part of shallowing, commonly incomplete, FA2-C
(Fig. 8). Rare oncolites are present at the base of some domed stromatolites and stratiform

stromatolites in units TS5 and T6.

TYPES OF LAMINAE AND LAMINATION PATTERNS IN THE STROMATOLITES

Following Walter (1972) and Preiss (1972), who defined a lamina as: “h sm s ni f y ring”,

a single lamina is herein defined as a layer that is <10 mm thick, has a uniform texture, and is
separated from underlying and overlying laminae by boundaries that denote sharp to gradual changes
in colour and/or texture (cf. Arenas & Jones, 2017; Fig. 9A). Two or more simple laminae can be
grouped into a composite lamina (Arenas et al., 2015; Arenas & Jones, 2017). Each composite lamina
is distinguished from the underlying and overlying composite or simple laminae by changes in
thickness, colour and/or texture (Fig. 9B). The composite laminae can be formed of the same type or
different types of simple laminae. The stromatolites from Sierra de Alcubierre are formed largely of
micrite, dolomicrite, microsparite (Figs 9 and 10A to C) and scattered patches of sparite (Fig. 10D and

E). As such, they are fine-grained or micritic stromatolites sensu Riding (2000).
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The stromatolite laminae are always smooth, with variable cross-sectional shapes ranging from
flat, to undulatory, to gently to steeply convex (Figs 5, 9 and 10). Lateral changes in thickness
characterize many laminae. The stromatolites are formed of simple laminae that can be grouped into
two different types of composite laminae: dark composite laminae and light composite laminae (Fig.

11A and B).

Simple laminae (Fig. 11A)

Four types of simple laminae are defined based on their texture, colour and/or porosity (Figs 9, 10 and

11A).

1 Dark dense micrite laminae (DD). These laminae, 0.04 to 0.5 mm thick (mean ca 0.1 mm; N =
45) (Figs 9A and 10C), are composed of dark grey micrite, and usually darker towards the top
(Fig. 9B). Their thickness is generally uniform, and they have gradual or sharp bases and sharp
tops. The micrite is formed of densely packed subhedral to anhedral calcite crystals. Rare pores,
up to 40 pm long, commonly filled with subhedral calcite crystals, are typically aligned parallel to

bedding. These laminae contain scattered spherulitic bodies that are <10 um in diameter.

2 Light porous/clotted micrite to microsparite laminae (LP). These laminae, 0.1 to 1.3 mm thick
(mean ca 0.4 mm; N =79) (Figs 9A, 9B, 10A and 10C), are formed of light grey to light brown to
yellow porous micrite and microsparite. Their thickness varies laterally, increasing at the summits
of the domes and thinning downward and locally disappearing (Fig. 10A), and they typically
display clotted to clotted-micropeloidal fabrics, with clots <50 (10 to 20) um in diameter (Figs
10C and 11D). Porosity usually increases towards the top of the laminae. The pores (0.1 to 0.3
mm wide) are irregular, some being elliptical with their long axes perpendicular to lamination.
Some are filled with subhedral microsparite or microcrystalline gypsum crystals. Scattered

spherulites, ca 10 um in diameter, are present in some laminae.
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3 Light dense micrite laminae (LD). These laminae, 0.1 to 1.9 mm thick (mean ca 0.7 mm; N =
42) (Fig. 10F and G), are formed of light grey or light brown to yellow micrite. Their thickness
varies laterally. These laminae pass gradually upward into light porous/clotted micrite to
microsparite laminae (Fig. 10F and G). Disperse, small (0.1 to 0.5 mm) quartz grains and clay
minerals are present with bioclasts (mollusc, ostracod and charophyte fragments), intraclasts
(including stromatolite fragments) and ooids (0.12 to 0.75 mm diameter) (Fig. 10D and F). These
components are commonly aligned parallel to bedding. The light dense laminae are formed of

anhedral to subhedral calcite and dolomite crystals that are 1 to 5 pm long.

3 Fibrous laminae. These laminae, 0.01 to 0.3 mm thick (mean ca 0.1 mm; N = 15), commonly
alternate with the micrite laminae (both the porous and dark dense laminae). The constituent
sparite crystals have their long axes perpendicular to lamination (Fig. 10E and H). The
continuity of the fibrous laminae is variable, and lateral changes to dense micrite are common
(Fig. 10E). Fibrous laminae are conspicuous in the summit of some domes and columns. The
fibrous laminae are commonly found in stromatolites that contain allochemical grains (ooids,
intraclasts and bioclasts; Fig. 10D) and siliciclastics that are scattered within or aligned parallel

to light dense micrite laminae. Some coated grains include fibrous laminae.

Composite laminae (Fig. 11B)

The simple micrite and microsparite laminae can be grouped into two types of composite laminae

(Figs 9B, 10B and 11B).

1 Dark composite laminae (DCL), from 0.3 to 2.8 mm thick (mean ca 1.2 mm; N = 43), that are
formed of: (i) dark, dense micrite laminae that include intercalated, thinner light porous/clotted
micrite to microsparite laminae (DCL1); or (ii) successive dark dense micrite laminae (DCL?2).

They are formed of 2 to 30 simple laminae (Fig. 10B).
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2 Light composite laminae (LCL), from 0.6 to 6.4 mm thick (mean ca 2.4 mm; N = 32). They are
formed of: (i) a thick light porous lamina with thin dense dark simple lamina intercalated (LCL1);

or (ii) an alternation of porous and light dense laminae (LCL2; Figs 10B and 11B).

Lamination patterns

Based on the terms established by Monty (1976), three patterns of laminations are evident in the

stromatolites in the study area (Fig. 11C to H).

1 Simple alternating lamination. Alternating dark dense and light porous simple laminae (Fig.

11D).

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

11E).

3 Composite alternating lamination. Alternating dark composite laminae and light, either simple
or composite, laminae. The dark composite laminae can be both DCL1 and DCL2. The light
laminae can be both LCL1 and LCL2, and also a simple light porous lamina (Figs 9B, 10B, 10F

and 11F to H).

The stromatolites are composed of one or more types of the above lamination patterns (Fig. 11C). In
the latter case, the thickness of each type of lamination varies through space and time in the same

stromatolite.
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Microbial structures in the dark and light laminae

Evidence of microbes is not obvious. Arenas et al. (1993) also noted the rarity of microbial filaments
in the stromatolites of the Sierra de Alcubierre and concluded that ‘coccoid b ¢ ri’ were probably
responsible for stromatolite formation. Although filamentous bodies attributable to microbes are
present in some samples (for example, in samples from BL, PL, LF and SC sections; Fig. 12A and B),
they are not ubiquitous. The dark dense and the light porous/clotted laminae contain loose structures
or filament moulds (cf. Monty, 1976), 0.2 to 1.0 mm long and 0.02 to 0.06 mm diameter, that are
(sub)perpendicular to the bedding formed of micrite or sparite (Fig. 12A) and resemble filamentous
microbes. In some cases, the clotted-peloidal micrite in the light porous/clotted laminae delineate
elongate structures, up to 0.5 mm long and 0.01 mm thick, that are perpendicular or subperpendicular
to lamination (Fig. 12B). Some light porous/clotted laminae encompass convex-up or fan-like shapes,
up to 1 mm high, consisting of radially set filamentous bodies (Fig. 12C). These bodies probably

represent filamentous cyanobacteria that grew in small colonies.

STABLE ISOTOPE ANALYSES

The isotopic analyses from consecutive laminae mostly correspond to composite dark (N = 34) and
composite light laminae (N = 36) (Table S1). The alternation of both types of laminae shows cyclic
variations of the isotopic values in the five analysed specimens (Fig. 13). In each of them, the light
laminae have lower 8"°C and 5'®O values than the dark laminae. Individual and mean values of

samples in each specimen are provided in Table S1.
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INTERPRETATION: DEPOSITIONAL ENVIRONMENTAL CONDITIONS

Stromatolites through space and time

The distribution of stromatolites through space in units TS5 and T6 is consistent with growth in a
shallow, low-gradient, saline carbonate lake. The lake received most water and sediment input from
the north, and experienced extensive shoreline migrations (Arenas & Pardo, 1998, 1999). During
deposition of unit TS5, most of the stromatolites formed as a fringe in the northern areas of the Sierra
de Alcubierre, close to the shoreline. During deposition of unit T6, which corresponded to an overall
dilution of the carbonate lake (Figs 2 and 3), saline carbonate conditions were restricted to the more
southern areas during periods when lake levels were lower. Unit T7 contains only a few thin planar
stromatolites associated with laminated limestones with ripples in shallowing FA2-C and FA2-D (Fig.
8). These two facies encompass numerous ooids. In this lake context, the sparite-dominated texture is
favoured by humid conditions (cf. Casanova, 1994; Freytet & Verrecchia, 2002). This is consistent
with overall deposition conditions inferred for unit T7, i.e. progradation of a Pyrenean fluvial system,

migration of lake shoreline southward and occurrence of inter-channel ponds (Arenas & Pardo, 2000).

Significance of the stromatolites and oncolites in the lacustrine system

The occurrence of the microbial mats and their external morphologies varied as a function of water
depth and energy conditions (Fig. 8) in the saline carbonate lake environment where the stromatolites
formed. Stromatolites at the base of the deepening cycles (Figs 2 and 8A) represent the first microbial
colonization after prolonged subaerial exposure in the palustrine environment (Figs 4E, 4F and 6A).
The fact that stromatolites are the first facies that developed on top of bioturbated facies (i.e. with root
traces and nodulization) indicates that they developed in shallow and/or marginal lake areas. The
formation of stromatolite fragments and in situ erosion of some stromatolites resulted from erosion
that took place: (i) in very shallow to subaerial conditions, denounced by ripples and cracks on the
stromatolite surfaces; and (ii) under subaqueous conditions, from wave surge action associated with

storms during the formation of laminated limestones with ripples or with HCS (Fig. 14A and B). The
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thin planar stromatolites and the overlying domed stromatolites developed in response to an increase
in water depth, and consequent lake expansion. Laminated limestones with HCS suggests a relative
depth increase associated with periods of storm-induced waves (cf. Duke, 1985; Haines, 1988).
Subsequent laminated limestones with parallel lamination corresponds to offshore deposition by
storm-induced density currents after surge action (Fig. 14B). Marls higher in the sequence (for
example, in Fig. 8A) reflect increased deepening, linked to surface water inputs into the lake and,

thus, also represent lacustrine expansion.

Most of the thin planar stromatolites that alternate with the laminated limestones with parallel
lamination represent shallow, calm water conditions (Fig. 8C and D). Laminated limestones with
ripples and with parallel lamination formed as a result of sheet flows generated by water inputs that
generated deposits in marginal, shallow lake areas (cf. Eyles & Clark, 1986). The stromatolites
developed between periods when shore sheet flows and surges were active (Fig. 14A and C). This
notion is supported by the stromatolite fragments that were formed during the higher energy periods
(Fig. 15). The development of thin planar stromatolites and small domed stromatolites at the top of
the laminated limestones (Fig. 8C) took place in shallow water and were prone to subaerial exposure.
This inference is supported by the occurrence of gypsum nodules in the stromatolites. These nodules
formed through evaporative pumping associated with shallow water or exposure of the areas where
the stromatolites were growing (Figs 4A, 6A and 8C). In contrast, the domed stromatolites and
stratiform stromatolites developed as the water became deeper (cf. Awramik & Buchheim, 2015;
Roche et al., 2018). Higher water level and fair-weather conditions promoted vertical growth of the
domed stromatolites and stratiform stromatolites. The continuous vertical growth of the stromatolite
laminae and the lack of erosive features in the stromatolites are consistent with this interpretation. The
vertical and lateral association of stromatolites with laminated limestones with HCS and with parallel
lamination (Fig. 8B and D) suggests variable energy conditions (Fig. 15A and B) caused by storms
that disturbed the normal fair-weather conditions (cf. Dumas & Arnott, 2006; Awramik & Buchheim,
2009). Storm surge caused partial breakage of some of the stromatolites that produced stromatolite

fragments, which accumulated along the lake shore as laminae and between the columns and domes
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within any type of stromatolites. Storm surge also produced various erosional features, such as
irregular surfaces and gutters, on the substrate that were later coated by microbial mats (Fig. 15A and

B).

The massive limestones and bioturbated limestones at the top of the shallowing FA2-D (Fig.
8D) formed as a result of the input of freshwater that caused water dilution, lake expansion and
relative deepening (for example, WLI in Fig. 14A). Later water level drop led to the expansion of the

palustrine areas and subaerial exposure (cf. Arenas & Pardo, 1999).

To sum up, in the different situations in which stromatolites developed (Fig. 8), the
stromatolites reflect relative changes in water depth and hydrodynamic conditions (Fig. 14). Taking
into account the relationships between the stromatolites and the facies associated with them, and the
lateral relationships between those and other lacustrine carbonate facies, a sedimentary facies model
has been proposed for the Miocene stromatolite formation in the Sierra de Alcubierre (Fig. 14).
Following exposure and/or erosion of the lake floor by storm surge and currents, microbial mats
colonized the surfaces that were commonly irregular in morphology. Evidence of exposure and
erosion is provided by intense bioturbation (Fig. 4E and F), desiccation cracks, Fe-rich oxidized
surfaces and scours on bioturbated limestones, and irregular cross-cutting surfaces and gutters on
laminated limestones. The stromatolite growth was, however, periodically interrupted by desiccation
or by erosion caused by surge action associated with the formation of laminated limestones (for
example, breakage; Fig. 15A and B). The thin planar stromatolites grew in shallow water conditions
that occurred over large areas of the lake, which is supported by the lateral extension of this type in
the field. The change from these stromatolites to stratiform or domed stromatolite, and the change
from flat to convex-up growth forms reflect an increase in water depth. Rare oncolites that formed in

shallow water commonly acted as nuclei for the growth of the domal and columnar stromatolites.
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Internal structure of stromatolites: lamina shape, lamina arrangement and thickness variations

The three geometric types of stromatolites and the oncolites have the same textural features, lamina
shape variations and lamina arrangement, which indicates that the same types of building microbes
were responsible for all of them. If so, the changes of stromatolite morphology probably reflects

changes in the physical parameters.

Irregular lateral changes in lamina thickness, in some cases involving thicker growth on the
crests than in the valleys, are common features of many of the stromatolites (Fig. 10A, B and G).
These thickness changes are better related to the variable microbial growth and concomitant grain
trapping and calcification that reflect local conditions (for example, currents, water level, lightness or
turbidity), as proposed by Hofmann (1973), Monty (1976) and Bosak et al. (2012, 2013a). The upper
parts of the stromatolites (for example, crests of the domes and columns), for example, are the
preferred loci for microbes due to higher light intensity, reduced abrasion, and a higher supply of fine-
grained, suspended sediment (cf. Hand & Bartberger, 1988). Within individual stromatolites, changes

in the lamina shape through time are as follows (Fig. 16A and B):

1 An upward change from slightly undulatory at the base, to increasingly convex laminae
through time, forming domes and columns (Fig. 7C, F and G), that represent: (i) increasing
water depth where laminae are continuous between the linked columns and domes (for example,
Fig. 7C); or (ii) increasing water depth and higher energy levels if the laminae are discontinuous

(i.e. in unlinked and bridged columns and domes; Fig. 15C).

2 Anupward change from steep, multi-convex domes to gently convex to slightly undulate

laminae upward (Fig. 7H) that developed as water depth decreased.

Herein, a proposed model for internal stromatolite morphogenesis is based on lamina shape, lamina
continuity and internal growth forms of the stromatolites and their relation to associated facies (Fig.

16A and B). Domes and columns formed of laminae with dominant upright growth and high synoptic
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relief (Figs 7C, 7G, 7H and 15C) developed during rising lake levels (cf. Andres & Reid, 2006). As
level rise, the microbial growth, grain capture and concomitant mat calcification were enhanced, and
the upright development took place as the stromatolites reacted to the change in lake level. This is
consistent with the increased thickness of the light porous and light dense laminae towards the tops
(Fig. 10A). In contrast, domes and flat semi-elliptical forms with their lower synoptic relief (Figs 7E,
lower part of 7F and 14A) probably grew in stable, shallow water conditions. This type of
asymmetrical development, which is very common over irregular substrates, probably represents
water level close to, or at times slightly below, the top of the stromatolites, and perhaps without water

between domes and columns during some periods.

The preferential growth direction is explained by some authors (Golubic, 1973) as a
consequence of current direction. In this case, the random orientation of columns and domes (for
example, Fig. 7F, lower part) means that is impossible to infer the preferential directions of water
movement. Local environmental conditions greatly control column inclination (Hofmann, 1973).
From all of the above facts, in the study case, the main control on the highly asymmetrical growth of

stromatolites was water level.

Th ‘ nv ping’ nature of the laminae in many of the unlinked domes and columns (Fig. 15A
and B) and the synoptic relief are indicators of minimum water depth (Fig. 16A) and of sediment
supply to the inter-column and inter-dome spaces. Sediment supply must have been minimal when the
enveloping laminae developed (for example, Figs 7G, 7H and 15A) because there is no evidence that
sediment interfered with their growth. Moreover, in the discrete domes and columns, the dark laminae
extend further down than the light laminae. The light laminae gradually wedge downward and
eventually disappear and/or are covered by the dark laminae (Figs 7F, 7G and 15C). These features
may imply that the light laminae formed under changing energy conditions whereas the dark laminae
formed under stable water level. The lack of intraclasts or other grains within the dark laminae

supports this interpretation.
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Discontinuous growth of stromatolites and related erosional features

The laterally and vertically discontinuous laminae record a complex evolution of the microbial mats.
The colonization and growth of the microbes was periodically interrupted by erosion caused by
currents and waves. Subsequent deposition included filling of the inter-column and inter-dome spaces
and of the spaces between the individual stromatolites with the sediments that compose the laminated

limestones (with ripples and HCS and locally, coarse intraclasts and stromatolite fragments) (Fig. 15).

Several stages of microbial accretion and microbial interruption are evident in some
stromatolites (Fig. 15A and B). In contrast, continuous lamination throughout the thin planar
stromatolites and between the domes and columns in some of the domed stromatolites and stratiform

stromatolites (Fig. 7C and E) are indicative of low-energy conditions (Fig. 16A and B).

Interruption of the stromatolite growth is indicated by features of different scales. These include
erosional features in the stromatolites and inter-column spaces, and the presence of stromatolite
fragments in the laminated limestones. The fragments commonly form packstones and rudstones or
occur as isolated particles in the micrite of laminated limestones (Fig. 15C and D). The inter-dome
and inter-column spaces thus were loci where the microbial mats were not so well developed (cf.

Noftke & Awramik, 2013; Bosak et al., 2013b; Tosti & Riding, 2017).

In plan view, most of the domes and columns are irregular, but mostly rounded to elliptical in
shape (Fig. 6C). There are, however, rare examples of elongate forms that are aligned parallel to one

another (Ls.1b; Fig. 6C) and that probably grew in shallow water.

In the Miocene lake studied here, storm-surge return flow formed unidirectional currents. These
currents produced scouring (gutters) and other erosional features — on a macroscopic scale — in the
shallow marginal areas. At the same time, they transported detrital material toward inner lake areas,
producing laminated limestones with parallel lamination offshore (Fig. 14). In this context, the
irregular domes and columns, with enveloping laminae and dominant non-elongate shape of columns

in plan view, indicate low-energy and relatively stable water level during microbial accretion, which
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is not comparable to a context of continuous scouring between columns (Fig. 16A; cf. Tosti & Riding,
2017). The depositional scenario resembles some of the shallow Holocene lakes in the East African
Rift (for example, Lake Bogoria; Casanova, 1986, 1994; Renaut et al., 2013), despite the different
hydrological and tectonic context. In these Holocene lakes, stromatolites developed at intermediate

lake levels between freshwater, deltaic inputs and saline alkaline water levels.

COMPARISON WITH OTHER LACUSTRINE MICROBIALITES

Compared with the marine stromatolite record, few studies have focused on stromatolites found in
lacustrine systems. Exceptions include stromatolites found in some Cenozoic lacustrine basins,
including those in the East African Rift, where Casanova (1986, 1994) and Cohen et al. (1997)
described a variety of Late Miocene to Holocene examples. Other examples have been reported from
the Miocene of New Zealand (Lindqvist, 1994), where they are associated with largely siliciclastic
lake deposits, the Oligocene—Miocene of the French Central Massif (Bertrand-Sarfati et al., 1994;
Roche et al., 2018) and the Eocene Green River Formation in Utah, USA (Awramik & Buchheim,
2015; Chidsey et al., 2015; Della Porta, 2015). Examples of Pre-Cenozoic lacustrine stromatolites are
scant with the exception of studies from the Cretaceous of the Gyeongsang Basin in Korea (Woo, et
al. 2004; Nehza et al., 2009) and the Cameros Basin in Spain (Suarez-Gonzalez et al., 2014), from the
lower Cretaceous of the Codd Formation in Brazil (Bahniuk et al. 2015), from the Upper Jurassic—
Lower Cretaceous of Wessex Basin in the UK (Gallois et al., 2018), from the Triassic of the Arnstadt
Formation in Germany (Arp et al. 2005) and from the late Archean in Western Australia (Awramik &

Buchheim, 2009).

There are some similarities between the Oligocene to Miocene lacustrine stromatolites found in
the Limagne Basin (French Central Massif) and the stromatolites documented herein. Two main
characteristics can offer analogues: (i) the external morphology distribution, described by Roche et al.

(2018); and (ii) the lamina characteristics under microscope, studied by Bertrand-Sarfati et al. (1994)
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and Roche et al. (2018) in the same area. The major differences between Limagne Basin and Ebro
Basin stromatolites are related to the height of the domes, cones and coalescent columns. The
stromatolites from the Limagne Basin are up to 6 m high, whereas the domed and stratiform

stromatolites in the Ebro Basin are up to 30 cm high.

External morphologies, lake level and hydrodynamics

External morphologies have commonly been used as diagnostic features of water level variations
(Casanova, 1994; Chidsey et al., 2015; Muniz & Bosence 2015; Vennin et al. 2018). In the Limagne
Basin, the vertical transition from flat and cauliflower morphologies to domes, cones and coalescent
columns, resulted from an increase of the water level (Roche et al., 2018). In the Ebro Basin,
increases in water level are reflected by the upward change from flat laminated stromatolites to domed
or stratiform stromatolites. As noted by Della Porta (2015), similar flat and low relief stromatolites are
found in lake margins of recent lacustrine systems, including Lake Tanganyika ( East African Rift),

Pavilion Lake (Canada) and Lake Clifton and Marion Lake (Australia).

Cauliflower-like and dome-like morphologies (Roche et al., 2018), similar to the domed or
stratiform stromatolites in the Ebro Basin, have highly enveloping laminae. These morphologies are
interpreted to occur between flat (shallow) and cones and coalescent columns (deep) morphologies
(Roche et al. 2018). In stromatolites from the Green River Formation in the Uinta Basin, the upward
change to lower synoptic relief (Chidsey et al., 2015) is suggestive of shallowing processes.
Collectively, the available information suggests that the highly enveloping laminae and high synoptic

relief reflect deeper conditions (Fig. 16).

Roche et al. (2018) assumed that flat morphologies developed under lower energy conditions
than the cauliflower-shaped stromatolites that have a higher content of peloids and ooids as a result of
wave activity. In the Ebro Basin, thin planar stromatolites can be associated with erosional features,

and their laminae can include disperse peloids and ooids. As for the domed and stratiform
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stromatolites in the study area, they are not consistent with a ridge-runnel scenario with continuous
scouring between columns (cf. Bosak et al., 2013b). Similarly, they do not they form high and
elongated columns separated by narrow straight runnels, as has been described in Mesoproterozoic

stromatolites in China (Tosti & Riding, 2017).

The lateral relation between domed stromatolites and laminated limestones, indicative of surge
activity in the Ebro Basin, has also been recognized in the lacustrine stromatolites from Brazil (Muniz
& Bosence, 2015). There, the domed stromatolites are laterally associated with coarse grainy facies
forming cross and plane-parallel stratification and they are interpreted to have developed between

fair-weather and storm-weather conditions.

Lamina characteristics

The composite and simple laminae and the lamination patterns evident in the Ebro stromatolites are
also visible in some of the lacustrine stromatolites of other basins. The light and dark laminae in the
Ebro stromatolites are, for example, equivalent to the clear and dark layers found in the stromatolites
from the Limagne Basin (Bertrand-Sarfati et al. 1994). The cement-dominated microfabrics (Roche et
al., 2018) found in some of the stromatolites from the Limagne Basin are similar to fibrous laminae
found in the Ebro stromatolites. The composite dark dense laminae in the Ebro stromatolites are
equivalent to the micrite-dominated laminated or columnar microfabric described by Roche et al.

(2018).

The stromatolites from the Limagne Basin generally contain more well-preserved filamentous
microbes than Ebro stromatolites. In the Limagne stromatolites, filamentous microbes are common in
the upper parts of the cones and coalescent columns, but scarce in the flat and cauliflower
stromatolites (Roche, et al. 2018). Although filamentous microbes are also scarce in the flat and

cauliflower stromatolites from the Ebro Basin the reason for this is unknown.
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DISCUSSION

The relation between the gross morphology of stromatolites and water depth is also evident in other
lacustrine (e.g. Bertrand-Sarfati et al., 1994; Casanova, 1994; Zamarreio et al., 1997; Arenas et al.,
2007; Roche et al. 2018) and marine successions (e.g. Andres & Reid, 2006; Jahnert & Collins, 2013;
Mercedes-Martin et al., 2014; Tosti & Riding, 2017). Mathematical models that simulate stromatolite
morphologies (e.g. Grotzinger & Rothman 1996; Grotzinger & Knoll, 1999) have focused on some
aspects of microbial growth, but as pointed out by Reid et al. (2003) and Bosak et al. (2013a), they do
not relate morphogenesis with specific depth or variability on the energy conditions, or with
biological responses to such conditions. Based on the above-mentioned and other studies, parameters
such as water level fluctuation, water energy and sediment supply, considered in this study to
influence the stromatolite morphology, can be collectively considered important factors affecting

lacustrine stromatolite geometries.

The changes in the shape and arrangement of laminae, through space and time, evident in many
stromatolites, have generally been attributed to changes in water depth, water energy and/or sediment
supply (Logan et al., 1964; Hofmann, 1973; Riding, 2000; Dupraz, et al., 2006; Jahnert & Collins,
2013). The possibility that biocenosis may influence laminae morphology (Grotzinger & Rothman,
1986; Grotzinger & Knoll, 1999; Dupraz, et al., 2006), is still open to debate. In the study area, for
example, it is difficult to relate changes in lamina shape through time to different types of bacteria,

because these changes did not involve variations in textural features of the laminae.

Microbialite accretion and factors controlling calcification of microbial mats

Tosti & Riding (2017), based on Mesoproterozoic stromatolites from China, found that the
stromatolite columns have mainly non-enveloping laminae and frequent branching, and the fabrics in
these low-relief stromatolite columns and in the intervening spaces are similar. These authors

suggested that these features were consistent with a: “...low relative accretion rate and mats that
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accreted mainly by trapping fine-grained particles rather than by in situ precipitation...”. The low-
relief to moderate-relief stromatolites from the Ebro Basin with their distinct textures and structures in
the intervening sediments are different. The Ebro stromatolites contain little evidence of calcified
microbes (Fig. 12) apart from scattered examples found in the dark dense and light porous laminae.
Although there is some evidence that these features may have formed due to in sifu precipitation
processes, the textural variety of the laminae, the wide array of lamina arrangement and the dominant

micrite texture suggest that this was not the dominant process in stromatolite growth.

Calcification of the microbial mat is mostly linked to the CaCO; saturation levels of the water
(Merz-Preill & Riding, 1999; Arp et al., 2001; Pentecost, 2005; Pedley et al., 2009; Jones & Peng,
2014). In general, higher levels of calcite saturation tend to favour rapid calcite precipitation and in
many microbial deposits, the dense, fine-crystal layers reflect precipitation under warm conditions
when temperature and CO, outgassing were highest (cf. Kano et al., 2007; Gradzinski, 2010; Arp et
al., 2010; Manzo et al., 2012; Arenas et al., 2014). Thus, it is tentatively proposed that the
calcification of the Miocene stromatolites in the Ebro Basin took place primarily during warm
conditions. Moreover, heterotrophic decomposition of extracellular polymeric substances (EPS)
below the productive part of the microbial mat favours HCO™ and Ca-ion liberation (Dupraz et al.,
2009; Arp et al., 2010; Decho et al., 2005), which increases the saturation level with respect to calcite
and thus favours intra-calcite precipitation. Perhaps this process is enhanced when the development of

microbial mats on surface slows down or decreases.

Significance of the types of laminae and lamination in the Ebro Basin Miocene lacustrine

stromatolites

The ‘regularity’ of stromatolite lamina accretion is an intriguing issue because of the variety of
processes involved and the uncertainty about the time span represented by the different types of
laminae (Arenas & Jones, 2017). Most laminated microbialites encompass more than one style of

lamination (Monty, 1976; Casanova, 1994; Arenas et al., 2007; Suarez-Gonzalez et al., 2014) and
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several cyclicity ranks (Lindqvist, 1994; Seong-Joo et al., 2000; Storrie-Lombardi & Awramik, 2006;
Petryshyn et al., 2012; Arenas et al., 2015). In fine-grained stromatolites, the most common pattern is
an alternation of light porous and dark dense laminae that has been recognized in many different
depositional settings (Monty, 1976; Park, 1976; Bertrand-Sarfati et al., 1994; Zamarrefio et al., 1997;
Kano et al., 2007; Tang et al., 2014). In many ancient stromatolites and oncolites, this pattern has
been variously attributed to changes in temperature, precipitation and/or evaporation (Casanova,
1994; Lindqvist, 1994; Woo et al., 2004; Arenas et al., 2007). The duration represented by each
lamina-pair has generally been based on textural and geochemical evidence (Seong-Joo et al., 2000;
Riding, 2000; Arenas et al., 2015). Although each pair of laminae is usually attributed to one year of
growth (cf. Kano et al., 2007; Arp et al., 2010), other studies of present-day fluvial stromatolites have
shown that several laminae can form in a few months, with both periodic and non-periodic changes in
the magnitude of the environmental parameters that influence lamina formation (Gradzinski, 2010;
Vézquez-Urbez et al., 2010; Arenas et al., 2014). Daily to pluriannual laminations have been found in
stromatolites that grew in a wide variety of environments (Hofmann, 1973; Monty, 1976; Petryshyn et

al., 2012; Okumura et al., 2013).

The porous laminae found in some stromatolites have been attributed to cooler temperature
and/or rainy conditions, whereas the dense laminae have been linked to warmer and/or drier
conditions (e.g. Casanova, 1986, 1994; Frantz et al., 2014). These textural changes are generally
attributed to variations in microbial mat development and textural effects caused by changes in calcite
saturation of the water (e.g. Janssen et al., 1999; Reid et al., 2000; Manzo et al., 2012; Arenas &
Jones, 2017). In regions with strong seasonal contrasts in temperature and/or precipitation, these
textural variations of the laminae are normally consistent with stable isotope variations. Casanova
(1986, 1994), for example, considered the light and dark laminae in Holocene lacustrine stromatolites
to have formed by seasonal changes in the Precipitation/Evaporation ratio that affected the lake water
chemistry. Similarly, textural and 'O and 8"°C variations of the laminae in mid-Cretaceous
lacustrine stromatolites that grew in semiarid to arid conditions have been attributed to local climatic

conditions that caused temporal oscillations in lake salinity and productivity (Nezha et al., 2009). In
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fluvial environments, cyclic 8'*O variations have generally been attributed to seasonal variations in

temperature given that evaporation has little effect on isotope fractionation in this setting (Chafetz et

al., 1991; Andrews & Brasier, 2005; Kano et al., 2007; Osacar et al., 2013, 2016).

Stable isotope analyses (5"°C and §'*0) of successive laminae in two stratiform stromatolites,
and three thin planar stromatolites in the Sierra de Alcubierre (Table S1; Fig. 13; Martin-Bello et al.,
2017) show cyclic isotopic variations, with the light laminae having lower 8"°C and 'O values than
the dark laminae (Fig. 13). Therefore, in the closed-basin example studied here, the light laminae
would correspond to more humid conditions (i.e. rainy), with larger soil-derived CO, input, whereas
the dark dense laminae would form in drier conditions (cf. Leng and Marshall, 2004; Arp et al., 2005;

Martin-Bello et al., 2017).

The significance of fibrous laminae in terms of environmental conditions is poorly understood.
The fibrous laminae are attributed to early diagenesis products (Freytet & Verrecchia, 1999), but can
also be preserved primary textures (Grotzinger & Knoll, 1999). In the study area, fibrous textures are
considered primary features and might be linked to occurrence of specific microbes, as suggested by
Freytet and Verrecchia (1998), but there is not enough evidence to support this assumption in the
studied case. Fan microfabrics in lacustrine stromatolites of the Green River Formation have been
interpreted as formed by abiogenic precipitation in cooler and deeper conditions, compared with the
alternating micrite laminae (Frantz et al., 2014). The fibrous laminae may then represent more humid
conditions (as suggested by Peryt, 1983). This environmental context is consistent with the common
occurrence of fibrous laminae in unit T7 deposits, which overall deposited during wetter climate

periods respect to the underlying units TS5 and T6 (Arenas et al., 1997).

Integration of all available information indicates that different laminae developed at different
times of the year in response to seasonal changes in conditions. Thus, the following cycles are

evident:

This article is protected by copyright. All rights reserved.



e The light dense laminae with scattered allochems developed during the rainy season as
freshwater was added to the lake (Figs 10F and 11A)

e The light porous laminae developed during the spring-summer period when higher temperatures
promoted microbial growth (cf. Pentecost, 2005),

e The dense micrite laminae (Fig. 11A) were produced in the summer as evaporation increased.

It is possible that the winter records may be under-represented if the temperature was <10°C and
carbonate production ceased (Matsuoka et al., 2001; Brasier et al., 2010; Osacar et al., 2013; Arenas

et al., 2018).

Rhythmic and cyclothemic laminations (Fig. 11C) in the stromatolites might reflect yearly
cycles. Therefore, the various composite lamination patterns (Fig. 11C) represent complex variations
through longer periods (for example, pluriannual variations), each governed by either dry or humid
conditions (Fig. 17). For example, some dark composite laminae can reflect pluriannual periods of
dominant dry conditions (low Precipitation/Evaporation ratio). Frantz et al. (2014), based on high-
resolution chemical analyses, proposed decadal changes in the Precipitation/Evaporation ratio to
explain textural variations in Eocene stromatolites of the Green River Formation. These temporal
interpretations must, however, be taken as tentative proposals because some environmental
parameters can change over shorter time spans, so that intra-seasonal laminae may also occur (Arenas
& Jones, 2017). Further studies based on high resolution stable isotope and periodicity analyses of
lamination will help refine the lamination patterns and their relation to climatic parameters in the

Miocene sequence of the Ebro Basin.

CONCLUSIONS

Stratigraphic and detailed sedimentological analyses of stromatolites in Miocene lacustrine and distal
alluvial sequences of the Ebro Basin explains how climate and depositional environmental conditions

impacted their geometry, internal structure and texture at various temporal and spatial scales. These

This article is protected by copyright. All rights reserved.



stromatolites and the associated laminated limestones consist of calcite and less common dolomite
and formed during oscillations between high water levels (freshwater carbonate deposition) and low
water levels (sulphate deposition). The following conclusions relevant to the utility of stromatolites as

indicators of environmental conditions can be highlighted:

1 Three different morphological types of individual stromatolites (i.e. thin planar
stromatolites, domed stromatolites and stratiform stromatolites) selectively occurred at the
beginning of or through deepening cycles, and through or at the top of shallowing cycles
experienced by the lacustrine carbonate-depositing settings. Thus, they reflect changes in

water depth and concomitant salinity.

2 Stromatolites grew in shallow lake fringes at periods of fair-weather conditions. Surge
activity during storms interrupted their development and caused their partial erosion on

different scales.

3 Stromatolites are typically the first deposits on disturbed areas, such as surfaces affected by
prolonged subaerial exposure and/or erosional processes. In such conditions, microbial mats

are pioneers in colonizing harsh habitats, for example, saline and very shallow water.

4 Changes in lamina shape and lamina arrangement within the stromatolites (i.e. variations of
growth forms through time) reflect primarily water depth variations, whereas lamina
continuity through space and time within the undulatory-laminated to flat-laminated growth
forms, and between the domes and columns in the domed stromatolites and the stratiform

stromatolites reflect changes in water energy (i.e. through shear) and sediment supply.

5 The different types of simple laminae (dark dense micrite, light porous micrite and
microsparite, light dense micrite and fibrous calcite) and composite laminae record variations
in the magnitude of climate-related parameters, primarily the Precipitation/Evaporation ratio
and temperature, that likely affected the saturation state of water respect to calcite and the
accretion processes. Cyclic variations in 8"°C and 8"°0 of the light and dark laminae support

such assumptions.
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6 In situ calcite precipitation and minor capture of suspended fine-calcite particles may have

accounted for the textural changes between laminae.

7 Rhythmic and cyclothemic laminations may reflect yearly cycles in
Precipitation/Evaporation ratio, and the various composite lamination patterns pluriannual

variations in that ratio.
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FIGURE AND TABLE CAPTIONS

Fig. 1. (A) Location of the Ebro Basin in the north-east of the Iberian Peninsula. (B) Geological map
of the Sierra de Alcubierre, with the Miocene tectosedimentary units and main lithofacies (compiled
from Arenas, 1993 and Arenas & Pardo, 1999). Location of the studied sections is indicated; VS:
Valle de Soler; PL: Puig Ladron; PS: Puig Sabina; AC: Aldea del Correo; LN: Lanaja; SC: San

Caprasio; LF: Lasfachastis; BL: Barranco de la Loba.

Fig. 2. Diagram illustrating the three tectosedimentary units in the Sierra de Alcubierre and simplified
lateral changes between the different lithostratigraphic units and stromatolite occurrences. Three main
facies associations are shown (Facies Associations 1, 2 and 3; modified from Arenas et al., 1997). Lb,

Lm, Fg, Fo, St, Ls, LI, M, Sm, Gn, Glen and Gr refer to facies codes given in Table 1.

Fig. 3. Summarized stratigraphic sections in the Alcubierre Sierra and their correlation (compiled
from Arenas, 1993). (A) San Caprasio (SC) and (B) Puig Ladron (PL). Location of sections in Fig.
1B. (C) Detailed section of a portion of the San Caprasio section. Texture and lithology of facies
associations: Gy: gypsum; M: mudstone; W: wackestone; P: packstone; G: grainstone; B: boundstone;

F: fines; S: sandstones, with fine (Sf), medium (Sm) and coarse (Sm) grain size; G: gravel.

Fig. 4. Field views and thin sections of the main facies in the Sierra de Alcubierre. (A) Succession of
laminated limestones with ripples (L1.1), nodular gypsum (Gn), stromatolitic limestones (Ls) and
laminated limestones with ripples (L1.1). (B) Laminated limestones with ripples and wavy
stratification (L1.1). (C) Alternation of marls (M), with laminated limestones with hummocky cross-
stratification (HCS, L1.2) and parallel lamination (L1.3). Overlying L1.3, several layers consisting of
massive and bioturbated limestones (Lm and Lb) occur. (D) and (E) Laminated limestones under the
optical microscope. (D) Succession consisting of laminated limestones with parallel lamination (L1.3),
massive limestones (Lm), marls (M) and bioturbated limestones (Lb). (E) Succession of laminated

limestones with parallel lamination (L1.3), bioturbated limestones (Lb), stromatolites (Ls) and
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laminated limestones with parallel lamination (L1.3). (F) Succession of bioturbated limestones,
stromatolitic limestones (Ls) and laminated limestones with parallel lamination (L1.3). (G) Alternating
intraclast and quartz grain laminae and mudstone laminae. (H) Alternating ooid packstone and

mudstone.

Fig. 5. External morphology of the stromatolites based on field observations, their internal growth
forms, lamina shape and types of lamina margins in the studied area of the Ebro Basin, based on terms

defined in Kennard & Burne (1989).

Fig. 6. External morphologies of the stromatolites and associated carbonate facies based on field
observations. (A) Succession of bioturbated limestones (Lb), thin planar stromatolites (Ls.1c), and
laminated limestones with parallel lamination (L1.3). (B) Succession of marls (M), domed
stromatolites (Ls.3) and laminated limestones with hummocky cross-stratification (HCS; L1.2). (C)
Plan view of a stratiform stromatolite with circular morphologies from the constituent domes and
columns from a stratiform stromatolite (Ls.2). (D) Alternation of thin planar stromatolites (Ls.1a,
Ls.1b) with laminated limestones consisting of HCS (L1.2). Some of the stromatolites are covering
erosional surfaces (red dashed line). Laminated limestones with parallel lamination (L1.3) at the top.
(E) Succession of marls (M), alternating intraclastic limestone (L1.1) and thin planar stromatolites

(Ls.1a), stratiform stromatolite (Ls.2) and laminated limestones with parallel lamination (L1.3).

Fig. 7. Internal growth forms visible in polished sections (A) to (G) and field view (H) showing varied
geometry of stromatolites, oncolites and associated facies. (A) Oncolite (Lo). (B) Thin planar
stromatolites (Ls.1a) and overlying laminated limestones with parallel lamination (L1.3). (C) Thin
planar stromatolites (Ls.1b). (D) Succession of bioturbated limestones (Lb), thin planar stromatolites
(Ls.1b) and laminated limestones (LI.1 and LI1.3). Note fragments of facies Lb within L1.3. (E) Thin
planar stromatolites (Ls.1c) that developed on an intraclasts packstone-rudstone layer (L1.1). (F)
Portion of a domed stromatolite (Ls.3). (G) Portion of a stratiform stromatolite (Ls.2). (H) Field close-
up view of a stratiform stromatolite (Ls.2).

This article is protected by copyright. All rights reserved.



Fig. 8. Facies associations (FA) that include the different types of stromatolites in the Sierra de
Alcubierre. Four variants from carbonate FA2 in Fig. 2 (FA2-A, FA2-B, FA2-C and FA2-D),
modified from Martin-Bello et al. (2016). Texture and lithology of facies associations: Gy: gypsum;
M: mudstone; W: wackestone; P: packstone; G: grainstone; B: boundstone; F: fines; S: sandstones,
with fine (Sf), medium (Sm) and coarse (Sm) grain size; G: gravel. Colours and facies codes refer to

Table 1.

Fig. 9. The concepts of simple and composite laminae in stromatolites based on thin sections of the
Sierra de Alcubierre. (A) Dark dense (DD, red arrow) and light porous simple laminae (LP, blue
arrows). (B) Alternation of dark composite laminae (DCL) and light composite laminae (LCL). Light
composite laminae are formed of light porous (LP) laminae (blue arrow) with thin dark dense (DD)
simple lamina intercalations (red arrow). Each group of dominant dark dense simple laminae forms a

dark composite lamina.

Fig. 10. Photomicrographs (optical microscope) of the diverse types of stromatolite laminae and
lamination. (A) Micritic stromatolite with light dense (LD), light porous (LP) and dark dense laminae
forming dark composite laminae (DCL) in a conical morphology. (B) Stromatolite constituted by dark
dense and light porous simple laminae combined in different lamination patterns as for example dark
composite laminae (DCL) followed by light composite laminae LCL (Type C; Fig. 10). (C) Detail of
(B) showing dark dense laminae (DD) and light porous and microsparite laminae (LD). (D)
Stromatolite including fibrous laminae (white arrows), porous laminae (LP), light dense micrite
laminae (LD) with ooids and dark composite laminae (DCL). (E) Stromatolite including fibrous
laminae changing laterally to dark dense laminae. (F) Micritic stromatolite consisting of alternating
light dense micrite (LD) and light porous/clotted micrite to microsparite (LP) laminae forming a light
composite laminae (LCL), with dark composite laminae (DCL) towards the top (Type C; Fig. 10). (G)

Micritic stromatolite consisting of dark composite laminae (DCL) at the base, light porous micrite to
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microsparite laminae (LP), light dense micrite laminae (LD) and dark dense laminae (DD) (Type C;

Fig. 10). (H) Fibrous laminae with the crystal long axes perpendicular to the lamination.

Fig. 11. Types of laminae (A) and (B) and lamination patterns (C) to (H) in micritic stromatolites. (A)
Simple laminae: dark dense micrite (DD), light porous/clotted micrite to microsparite (LP), light
dense micrite (LD) and fibrous laminae. (B) Dark composite laminae (DCL). DC1: dark dense micrite
laminae that alternate with thinner light porous/clotted micrite to microsparite laminae. DC2:
successive dark dense micrite laminae. Light composite laminae (LCL). LC1: thick light
porous/clotted micrite to microsparite lamina with thin dark dense micrite, simple lamina
intercalations. LC2: alternation of light porous/clotted micrite to microsparite laminae and light dense
micrite laminae. (C) Three types of lamination patterns in the micritic stromatolites exemplified by

images (D) to (H).

Fig. 12. Microbial evidence. (A) Palisade of filamentous bodies (red arrows) set perpendicular to
lamination. (B) Elongate shapes (sub)perpendicular to lamination that consist of dense micrite (red
arrows). (C) Domed or fan-like shapes in a light porous/clotted micrite to microsparite lamina,

delineated at the top by a dark dense micrite lamina (red arrows).

Fig. 13. (A) Cross-section of the upper part of a thin planar stromatolite and the correspondent stable
isotopic profile. (B) Cross-section of the lower part of the same thin planar stromatolite and the
correspondent stable isotopic profile. Samples belongs to unit T6 in section SC. In some cases, one
value represents the average of several samples. 1: light laminae; d: dark laminae (data compiled from

Martin-Bello et al., 2017).

Fig. 14. Conceptual facies model for Miocene stromatolite formation in the Sierra de Alcubierre (not
to scale): (A), (B) and (C) correspond to intermediate lake water levels (WL2, saline carbonates)
between high water level (WL1, freshwater carbonates, facies Lm, Lb) and low lake level (sulphate
precipitation, not shown in the figure). (A) and (C) Fair-weather conditions, with stromatolite (Ls) and
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laminated limestones (L1.1) formation. Note that previous high water lake level (WL1) led to massive
and bioturbated facies formation in freshwater (Lm and Lb). During WL2, the deposition areas with
Lm and Lb became exposed and underwent desiccation, brecciation and other subaerial processes (i.e.
channel incision). (B) Storm conditions, with formation of hummocky cross-stratification (L1.2) and

breakage of stromatolites.

Fig. 15. Examples of discontinuous stromatolite internal growth forms associated with laminated
limestones (LI) and erosion phases. Polished samples from sections SC [(A) and (B); unit T6] and VS
[(C) and (D; unit T5]. In (B) and (D), numbers correspond to stromatolite phases and letters to facies
LI Note in (A) and (B) the irregular surface of phase E, clearly produced by erosion of facies LI.1
deposits, later coated by stromatolites Ls.1 (phase 4), with highly enveloping laminae. Note in (C) and
(D) the occurrence of intraclasts deposits between columns, and the enveloping character of the
stromatolite laminae.

Fig. 16. (A) Variations of stromatolite lamina shape, lamina continuity and internal growth forms as a
function of water depth, energy and sediment supply. (B) Summary of the factors that control the

external geometry and internal structure of stromatolites.

Fig. 17. Summary of textural types of laminae and lamination patterns as a function of the

Precipitation/Evaporation rate (P/E) and time elapsed (T).

Table 1. Textural and structural features, and depositional interpretation of the different facies,

summarized from Arenas et al. (1997, 2007).

Table 2. Mineralogy and stable isotope values of the different facies and subfacies in the studied
tectosedimentary units (TSU). Mineralogical percentages are semi-quantitative estimates from XRD
of calcite, dolomite, aragonite, quartz and feldspar, clay minerals and calcium sulphates. The stable
isotope values (%o VPDB) are compiled from: (1) Arenas & Pardo (1999) (parenthesized values), and

(2) Martin-Bello et al. (2017).
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Table S1. 8"°C and 8"0 values of successive laminae in three stromatolite specimens. SC-31p: unit

T6, section SC; SC-141: unit T6, section SC; VS-22: unit T5 in section VS.
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Facies and subfacies

Figures

Texture and components

Sedimentary structures

Interpretation

Bioturbated limestones: Lb

4C, 4D, 4E, 4F, 6A and
7B

Mudstones and wackestones.
Gastropods, ostracods and charophytes

Bioturbation (root traces),
desiccation cracks, nodules and
breccias

Palustrine conditions; shallowing of previous
fresh water ponded areas

Massive limestones: Lm

4C and 4H

Mudstones and wackestones.
Gastropods, ostracods and charophytes

Structureless, non-laminated. If
present, weak bioturbation (root
traces)

Freshwater, shallow lacustrine areas.
Permanent water supply

Laminated
limestones:
LI

LI.1 4A, 4B, 7Cand 7D
Ll.2 4C, 6B and 6D
i 4C, 4D, 4E, 4F, 4G, 4H,

6A, 6D, 6E, 7B and 7D

Micrite and dolomicrite with millimetre to
centimetre detrital laminae and lenses.
Detritals include quartz, intraclasts, coated
grains, ooids and bioclasts. Carbonate grains
commonly form packstones and rare
rudstones. Silicate grains constitute very
fine to coarse sandstones

Lenticular or wavy stratification

Wave action during fair-weather conditions,
above storm-surge level

Hummocky cross-stratification

Dominant storm-surge action below fair-
weather wave level

Parallel lamination

Shore sheet flows or inner turbidite-like
currents offshore

4C, 6B and 6E

Fine siliciclastic (clays and silts) sediment
and lime mud.

Gastropods, ostracods, charophytes and
bioturbation

Structureless or with horizontal
lamination or lenticular stratification

Settle-out of fine sediment in offshore lake
areas in relation to water inputs

4A, 6A, 6D, 6E, 7B, 7C

Ls. 1
Stromatolitic and 7D
limestones: Ls Ls. 2 6E and 7F

Ls. 3 6B, 7G and 7H
Oncolitic limestones: Lo 7A

Sandstones: Sm, Sr and St

Rippled & Laminated gypsum:
Gr and Gl

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

Thin planar stromatolites

Stratiform stromatolite

Domed stromatolite

Oncolites

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

Siliciclastic sediment (clays and silts)

Green, grey and ochre. Structureless
or parallel lamination

Nearshore lake areas or alluvial plains
surrounding lacustrine areas. Locally deltaic
deposits

Siliciclastic sand-size sediment

Massive, rippled and trough cross-
stratification

Sheet flows and channels of alluvial plain near
or within the lake areas.

Alabastrine, saccharoid

Nodules, grouped in beds or isolated
within previous deposits

Evaporative processes in saline mud flats

Alabastrine, saccharoid

Lenticular bedding and rarely
forming laminae

Gypsum precipitation in water lake and
interstitial within the sediment

Alabastrine, saccharoid

Parallel and rippled lamination, and
lenticular bedding

Gypsum precipitation in hypersaline lake
water
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