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ABSTRACT

This work provides new insights to assess the factors controlling carbonate
deposition in the siliciclastic fluvial systems of rift basins. Sedimentological
and stable-isotope data of microbialites and associated carbonate facies,
along with regional geological information, are shown to reveal the influence
of climate and tectonics on the occurrence and attributes of carbonate
deposits in these settings. The Vega Formation – a 150 m thick Lower Kimmeridgian siliciclastic fluvial sequence in Asturias Province (northern
Spain) – constitutes a candidate for this approach. This unit includes varied
facies (stromatolites; rudstones, packstones and wackestones containing oncoids, intraclasts, charophytes and shell bioclasts; marlstones and polygenic
calcareous conglomerates) that formed in a low-gradient fluvial–lacustrine
system consisting of shallow, low-sinuosity oncoid-bearing channels and
pools within marshy areas, with sporadic coarse alluvial deposition. The
sedimentological attributes indicate common erosion by channel overflow
and rapid lateral changes of subenvironments caused by water-discharge
variations. The carbonate fluvial–lacustrine system developed near uplifted
marine Jurassic rocks. The occurrence of the system was conditioned by normal faults (active during the deposition of the unit) that favoured: (i) springs
of HCO3–Ca-rich water from a Rhaetian–Sinemurian carbonate rock aquifer;
and (ii) carbonate deposition in areas partially isolated from the adjacent
siliciclastic fluvial system. The microbialite d13C and d18O values support
deposition in a hydrologically open system, fed by ambient-temperature
meteoric water, with riparian vegetation. Three types of lamination in the
stromatolites and oncoids reflect distinct morphological types of cyanobacterial communities. The textural pattern of lamination parallels d13C and
d18O changes, suggesting short-term cycles of precipitation and temperature.
A moderately to strongly contrasted seasonal and/or pluriannual precipitation regime is inferred from the cyclic d13C pattern of the lamination and
from the discontinuous and asymmetrical growth of oncoids. Thus, the isotopic and sedimentological attributes of the carbonate deposits were linked
to short-term climate changes associated with semi-arid conditions, consistent with the studied climatic zone.
Keywords Allocyclic factors, carbonates, fluvial–lacustrine facies model,
microbialites, rift basin.
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INTRODUCTION
Laminated microbialites (i.e. stromatolites and
oncolites) are common structures of fluvial and
lacustrine environments in different types of
basins throughout the geological record. Many
ancient oncoidal and associated carbonate
deposits are reported to occur mainly in fluvial
and fluvial–lacustrine systems (Leinfelder &
Hartkopf-Fr€
oder, 1990; Zamarre~
no et al., 1997;
Hern
andez G
omez, 2000; Mel
endez & G
omezFern
andez, 2000; Arenas et al., 2007; Astibia
et al., 2012). During the Late Jurassic–Early Cretaceous these deposits were particularly abundant in relation to syn-rift fluvial and lacustrine
systems (Leinfelder, 1985; Perry, 1994; Hernandez G
omez, 2000; Mel
endez & G
omez-Fernandez, 2000; Shapiro et al., 2009; Bosence, 2012);
their occurrence and evolution have been
explained in terms of both tectonic and climatic
factors. Tectonics primarily control the origin
and evolution of such continental basins, the
extent and lithology of catchment areas and the
preservation potential of deposits through subsidence (Miall, 1996). Most fluvial and fluvial–
lacustrine carbonate systems are principally
linked to water supplies from carbonate-rock
catchments and aquifers, which are directly
related to climate and bedrock structure
~ ez & Garcıa del Cura, 1983; Evans, 1999;
(Ord
on
Dunagan & Turner, 2004; Arenas-Abad et al.,
2010).
Microbial lamination records a complex interaction of physical, chemical and biological
parameters (Monty, 1976; Golubic, 1991; MerzPreiß & Riding, 1999; Riding, 2000; Noffke &
Awramik, 2013) that greatly depend on climate
and hydrology. The analysis of lamination in
ancient microbialites has been the focus of many
sedimentological works (Zamarre~
no et al., 1997;
Seong-Joo et al., 2000; Su
arez-Gonz
alez et al.,
2014). However, the interpretation of the environmental and temporal significance of lamination from thickness and textural features is not
always straightforward and unequivocal explanations are uncommon (Seong-Joo et al., 2000;
Storrie-Lombardi & Awramik, 2006; Petryshyn
et al., 2012). The stable-isotope composition
(d13C and d18O) reveals that lamination in microbialites can record short-term climatic and
hydrological changes on different time scales
(i.e. seasonal, interannual and decadal); therefore, laminated microbialites are considered
high-resolution records of palaeoenvironmental
conditions (Chafetz et al., 1991; Woo et al.,

2004; Andrews & Brasier, 2005; Osacar et al.,
2013).
The Late Jurassic record of Asturias (northern
Spain, Fig. 1) mostly consists of a fluvial siliciclastic unit overlain by shelf lagoonal and deltaic
sandstone, limestone and marl deposits, all of
which formed in the extensional tectonic regime
that affected the region from the beginning of the
Late Jurassic to the Early Cretaceous (GarcıaRamos et al., 2011). The middle and distal fluvial deposits (mudstones and sandstones, Vega
Formation) of the siliciclastic unit (Kimmeridgian) contain several limestone beds consisting
of oncoids, intraclasts and bioclasts, along with
calcareous conglomerate beds, that are interbedded at different stratigraphic positions (GarcıaRamos et al., 2010a,b). These carbonate deposits
are the main focus of this work. Their distinct
facies, their occurrence within a siliciclastic
sequence and their close association with normal
faults in the underlying marine Jurassic
sequence provide an excellent scenario for discussion of the combined influence of tectonics
and climate on the fluvial environment. In addition, well-preserved laminated structures in the
oncoids provide an opportunity to examine the
effects of environmental factors on microbial
deposits through textural and stable-isotope
analyses.
Based on the sedimentological and stable-isotope analyses of the carbonate deposits in the
Vega Formation, complemented with regional
stratigraphic data, the purpose of this work was:
(i) to characterize the different carbonate facies
and depositional environments and propose a
sedimentary facies model that explains their distribution and evolution through space and time;
(ii) to infer the climatic conditions and their
imprint in the microbial laminated deposits; and
(iii) to discern the influence of climate and tectonics on the occurrence and evolution of the
carbonate deposits. The results provide new
insights that may help to interpret other examples in which carbonate deposits develop in
association with siliciclastic fluvial systems in
rift basins.
GEOLOGICAL SETTING – SEDIMENTOLOGY
AND PALAEOGEOGRAPHY OF THE
JURASSIC IN THE STUDIED AREA
The most spectacular and best-preserved Jurassic outcrops in Asturias (northern Spain) extend
almost continuously along a narrow section of
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Fig. 1. Location (A) and geological map of the area (B), with the main studied sections: 1 – La Griega–Lastres;
2 – Vega; 3 – Abeu; 4 – La Fumarea; 5 – Fuente del Gato.

coast (ca 60 km long) between the Cabo Torres,
in Gij
on, and Arra beach, in Ribadesella (GarcıaRamos et al., 2011; Fig. 1). The Jurassic outcrops
are part of the so-called Gij
on-Villaviciosa Basin
(Ramırez del Pozo, 1969), whose western end is
bounded by the Veri~
na fault, located 2 km west
of Gij
on (Lepvrier & Martınez Garcıa, 1990). The
basin extends eastward to the Ribadesella fault,
coinciding with Arra beach (Alonso et al.,
2009). The Jurassic to Cenozoic rocks in eastern
Asturias (Fig. 1B) overlie diverse Variscan units
(Precambrian to Carboniferous of the Cantabrian
Zone) and Permian–Triassic units. Further west
and south, outside of Fig. 1B, mostly Variscan
pre-Devonian rocks crop out (Western Asturian–
Leonese Zone) (Aramburu & Bastida, 1995).
The Jurassic record of Asturias (Fig. 2A)
begins with a succession of limestones,
dolostones and marls (Gij
on Formation) that

originated on a low and irregular coast, rich in
carbonate muds and evaporites (coastal sabkha).
This succession also includes some stratiform
calcareous breccias of metre-scale thicknesses.
Their origin is related to dissolution of gypsum
layers intercalated among highly fractured limestones (collapse breccias; Valenzuela et al.,
1986; Garcıa-Ramos et al., 2006).
During the Late Sinemurian, a gradual relative
rise in the sea-level caused a great part of the
region to be submerged, at times to depths
greater than 100 m. The Rodiles Formation represents the resulting marine deposits. This formation has two distinct parts (Fig. 2A): the
lower part is made up of nodular limestones
with several thin marly layers, representing the
proximal portion of a carbonate ramp; the
overlying part features layers of limestones and
marls, with tabular geometry and rhythmic
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Fig. 2. (A) General stratigraphic sections of the Jurassic in Asturias (present coastal sectors). Modified from
Garcıa-Ramos et al. (2006, 2011). (B) and (C) Detailed stratigraphic sections with carbonate intervals (see Fig. 1B
for location). (D) Legend for (B) and (C) – Abeu and Vega sections. Texture and lithology of stratigraphic sections
(B) and (C): M – mudstone; W – wackestone; P – packstone; G – grainstone; B – boundstone; F – floatstone;
R – rudstone. M-F – marls and fines; S – sand; G – gravel.

character, representing the middle and external
portions of the ramp (Valenzuela et al., 1986;
B
adenas et al., 2012).
At the beginning of the Late Jurassic, a drastic
change in the landscape occurred due the activity of extensional faults, which eventually
produced the uplift and emergence of part of the
territory – including a great area of Asturias,
which was submerged during the Early and

Middle Jurassic – giving rise to new coastlines
and emerged lands that were soon colonized by
dinosaurs and other coetaneous vertebrates. The
uppermost carbonate marine succession was erosively truncated by Late Jurassic siliciclastic
fluvial sediments. The youngest marine rocks
underlying the fluvial succession are Early
Bajocian in age (Suarez Vega, 1974). This tectonic activity, controlled by extensional faults,
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represented the first stages of rifting that ended
in the Early Cretaceous. The activity generated
an uplifted area in the south-western part of the
region, within the Western Asturian–Leonese
Zone, whose erosion provided the first contributions of siliciclastic continental sediments to the
basin (Garcıa-Ramos, 1997). Then, karstification
of the emerged marine carbonate successions of
the uppermost Triassic and Lower and Middle
Jurassic occurred, leading to the formation of
decalcification clays, collapse breccias and palaeovalleys excavated in the underlying calcareous rocks (Garcıa-Ramos et al., 2006).
In the western part of the basin (sector 1 in
Figs 1B and 2A), coarse clastic sediments of
alluvial origin accumulated, initially filling the
palaeovalleys and karstic cavities. The succession is composed mainly of siliceous conglomerates, with small intercalations of sandstones,
and red mudstones with calcareous palaeosols,
arranged vertically into metre-scale finingupward cycles. These rocks constitute the La
~
Nora
Formation. To the north-east (sector 2 in
~
Figs 1B and 2A), the La Nora
Formation grades
laterally to alternating white, grey and reddish
sandstones and red mudstones with several conglomeratic beds (Vega Formation), all of which
are siliceous in nature, likewise arranged in
minor fining-upward cycles within a major cycle
of the same character (Garcıa-Ramos et al.,
2010a). These rocks represent fluvial deposits
formed by ephemeral and highly sinuous
streams separated by extensive floodplains on
which calcareous palaeosols (calcretes) developed (Garcıa-Ramos et al., 2010a; Gutierrez &
Sheldon, 2012). Deposits consisting of intraclastic and oncoidal limestones, as well as sparse
polygenic calcareous conglomerates, are interbedded within the siliciclastic fluvial succession. These limestones were interpreted to
represent deposition in ponds partly fed by a
number of freshwater carbonate-rich springs
coming from faulted zones of the uppermost Triassic–Lower Jurassic carbonate rocks (Garcıa-Ramos et al., 2010b). These limestone strata and
the associated polygenic conglomeratic beds of
the Vega Formation are the main focus of this
work (Fig. 2).
Another relative rise in the sea-level drove the
coastline into the interior of present Asturias. A
restricted shallow sea developed (a shelf
lagoon), separated from the ocean by a threshold
or barrier of tectonic origin that impeded the
entry of marine fauna. A thick sequence of calcareous dark muds, rich in organic matter and
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brackish invertebrate fauna (bivalves, gastropods
and ostracods), accumulated (Tere~
nes Formation; F€
ursich et al., 2012). This area also served
as a refuge for crocodiles, turtles and fishes. Interbedded mudstones, sandstones, marls and
minor limestones that formed in fluvial-dominated deltaic systems constitute the Lastres Formation (Garcıa-Ramos et al., 2006, 2011),
completing the Jurassic succession in this region.

The Vega Formation: studied sections
The Vega Formation crops out as incomplete sections in different fault-affected areas of Asturias,
rendering it difficult to accurately measure the
total thickness of the unit. The estimated thickness is ca 150 m. The unit contains several limestone and polygenic calcareous conglomerate
strata with distinct facies that are interbedded at
different stratigraphic positions throughout the
siliciclastic sequence (Figs 2 and 3).
The studied sections that contain limestone
intervals are distributed in the north-east (sector
2; Fig. 1B) and in the south-west (sector 3;
Fig. 1B). The lithostratigraphic attribution of
limestones in sector 3 has not yet been formally
established, but their stratigraphic position and
abundance of oncoidal facies support their
occurrence in a time-equivalent unit to the Vega
Formation. For the purposes of this study, the
oncoidal limestones in sector 3 are considered
to belong to the Vega Formation. In sector 3,
where the formation is thinner and finer relative
to sector 2, the total thickness of limestone intervals is greater than along the coast (sector 2),
where thicker siliciclastic deposits occur. In the
south-western outcrops (sector 3), although the
exposures are poor, the thickness of single limestone intervals is estimated to be ca 3 m. These
limestones, formerly termed pisolitic limestones
(Ramırez del Pozo, 1969), chiefly correspond to
oncoidal rudstones. In the north-eastern outcrops (sector 2), single limestone intervals are
up to ca 4 m thick, and commonly have sharp
contacts with the underlying and overlying siliceous sandstone and mudstone deposits. These
limestones consist of decimetre-thick to metrethick tabular and gently lenticular strata of
intraclast–oncoid rudstones and packstones, bioclast (bivalve, ostracod and charophyte) and intraclast wackestones, and rare stromatolites
(Fig. 2B and C). Conglomeratic beds (mostly of
polygenic calcareous clasts) occur underlying
and within the limestone succession (for example, in section 1). Locally, the conglomerates
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Fig. 3. Field views of limestone and marlstone beds (arrows) and associated conglomerates interbedded within
the siliciclastic deposits of the Vega Formation. (A) Polygenic calcareous conglomerates overlain by an oncoid
rudstone (La Griega section). (B) Detail of conglomerate texture: these are mostly composed of calcareous clasts
(light grey-coloured and dark reddish-coloured marine Jurassic rocks and limestones of the Vega Formation) and
less abundant siliciclastic clasts (quartz grains and reddish mudstones). (C) Vega section; note the gypsum veins
and pedogenic features (calcite nodules and bioturbation) in the thick mudstone beds at the base. Persons for
scale are ca 1.8 m tall. (D) Detail of (C) showing tabular, lenticular and gentle channel-shaped geometry of limestone and marlstone strata. The interval between the arrows is ca 2 m thick. (E) and (F) – Abeu section: (E) Gentle
channel-shaped deposit consisting of oncoid–intraclast rudstones; person for scale is ca 1.8 m tall. (F) Rudstone
containing mostly intraclasts; note the darker grey colour at the top (see Fig. 1B for location).
© 2014 The Authors. Sedimentology © 2014 International Association of Sedimentologists, Sedimentology, 62, 1149–1183
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can be up to 3 m thick (Fig. 2B). Occasionally,
tabular beds, up to 10 cm thick, of siliceous
sandstones and microconglomerates are found to
be interbedded with the limestone strata (for
example, in sections 1 and 4; Fig. 1B).
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tional standard NBS-19 (d13CV-PDB = +195& and
d18OV-PDB = 220&) was used. The results are
reported in d& notation relative to Vienna Pee
Dee Belemnite (V-PDB). The overall reproducibility was better than 004& for d13C and 012&
for d18O. The results of the mineralogical and isotopic analyses are shown in Appendices 1 and 2.

METHODS
Samples of different carbonate facies from the
studied sections were collected for analysis of
their textural features, mineralogy and stableisotope compositions. A total of 29 thin sections
and 35 polished slabs were prepared for inspection by means of optical microscopy. Eight
samples were examined by scanning electron
microscopy using a JEOL JSM 6400 (JEOL Limited, Tokyo, Japan) of the Servicio de Microscopıa Electr
onica at the University of Zaragoza
(Spain). Unfortunately, the results were poor in
relation to microbial remain findings.
Samples were selected for mineralogy and for
stable-isotope analyses after inspection with a
petrographic microscope. The samples were
obtained from the correlative polished slabs,
selecting the parts of the rock with minimum
presence of cements or recrystallization features
(as determined in the thin sections). For the
mineralogical analysis, samples were ground
and sieved (53 lm). For the stable-isotope analysis, powdered samples of rock were obtained
through drilling (with a microdrill) in the
selected areas, which were magnified with a stereo microscope. These samples corresponded to
light and dark laminated intervals in the microbialites, as well as bulk oncoid coatings and the
matrix between oncoids.
The mineralogical composition of 17 samples
was determined by X-ray diffraction (XRD). The
analyses were carried out at the X-ray Diffraction
and Fluorescence Analysis Service of the University of Zaragoza (Spain) using a D-Max Rigaku diffractometer (Rigaku Corporation, Tokyo, Japan)
equipped with a graphite monochromator and
CuKa radiation.
The stable-isotope ratios (d13C and d18O) of 46
calcite samples were determined at the Servicios
Cientıfico-T
ecnicos (CCIT-UB Serveis) of the University of Barcelona (Spain). The d13C and d18O
values were measured in a mass spectrometer
(MAT-252, Thermo Finnigan; Thermo Fisher Scientific, Waltham, MA, USA) via CO2 obtained in
a Carbonate Kiel Device III (Thermo Finnigan)
by the reaction of samples with 100% H3PO4
at 70°C for 3 min (McCrea, 1950). The interna-

CARBONATE DEPOSITS OF THE VEGA
FORMATION
The carbonate deposits of the Vega Formation
consist of several limestone beds and polygenic
conglomeratic beds interbedded at different
stratigraphic positions within the general fluvial
sequence of siliceous mudstones, sandstones and
conglomerates (Fig. 2). The limestone samples
consist of calcite, minor quartz and less abundant phyllosilicates (muscovite and kaolinite), as
determined by XRD and microscope analyses
(Appendix 1). These siliceous detrital particles
(determined through optical microscopy) commonly represent 1 to 10% of the sample, but in
some cases as much as 35%. Therefore, some
samples correspond to quartz-rich limestones.
Samples containing calcite and up to 76% of siliceous grains correspond to siliceous–calcareous
sandstones and microconglomerates. Based on
the textural characteristics, several carbonate
facies are distinguished (Table 1). The most
abundant limestone facies are the oncoid rudstones, followed by the oncoid–intraclast rudstones and packstones. These two facies are
present in all studied sections (Table 1).

Polygenic calcareous conglomerates (Co)
The conglomerates, exceptionally up to 4 m
thick, are arranged in decimetre-thick tabular
and lenticular (channel-shaped) strata that generally occur as isolated bodies within the siliciclastic mudstones and also are associated with
the limestone intervals (for example, in sections
1 and 3), commonly underlying them (Fig. 3A);
they either fine-upward or lack grain-size variation. Commonly, these bodies are structureless,
but in certain cases they exhibit trough crossstratification and horizontal stratification.
These are clast-supported rocks composed of
carbonate clasts from different underlying Jurassic marine units and from limestones of the
Vega Formation. Less abundant and smaller
siliceous clasts (mainly of fine sandstones and
siltstones/mudstones) are also present (Fig. 3B).
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Clast-supported. Angular to
rounded calcareous clasts
(up to 15 cm long) from marine
Lower and Middle Jurassic and
carbonate Vega Formation deposits.
Less abundant, siliciclastics (up to
1 cm long) from the Vega Formation

Polygenic calcareous
conglomerates (Co)
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GV: La Griega; VV: Vega; AV: Abeu; LV: Lastres; LF: La Fumarea; FG: Fuente del Gato. Facies in sections – R: Rare, C: Common, D: Dominant. Detrital
grains of quartz: –, Almost absent; +, scarce; ++, abundant; +++, very abundant.

Detrital quartz in
matrix of limestones

Tabular strata centimetre
thick, exceptionally 07 m
thick. Root traces

Scattered intraclasts

Marlstones and marly
limestones (M)

Tabular and gently lenticular
strata up to 1 m thick, finingupward or without vertical
grain-size evolution.
Structureless or with crude
horizontal and trough crossstratification

Tabular strata centimetre to
decimetre-thick. Root traces
and carbonate nodules

Intraclast–bioclast
Intraclasts. Ostracods. Bivalve
wackestones (Lib, Lbi) molluscs

Calcareous, and less
common siliceous,
coarse sand-sized
grains

Tabular bodies up to 5 cm
thick. Flat to slightly undulate lamination

Lenticular strata up to 06 m
thick. Structureless

Micrite and less
common
spar cement

Intraclasts up to 2 cm long.
Calcite-coated charophyte stems
(cross-sections). Oncoids up to
3 cm long

Oncoid–charophyte
bioclast–intraclast
packstones and
rudstones (Lich)

Stromatolites (Ls)

C

C

Tabular and slightly lenticular bodies, centimetre to
13 m thick. Structureless

Micrite. Variable
amount of spar
cement and
siliceous
sand-sized grains

Intraclasts up to 20 cm long
composed of massive and
peloidal micrite, broken oncoids
and microbial mats. Oncoids, up
to 10 cm long. Rare coated grains.
Locally, moulds and fragments of
coaly flora (up to 05 m long)

Oncoid–intraclast
rudstones, packstones
and wackestones (Li)

C

C

Tabular and slightly lenticuar D
bodies, centimetre to 1 m
thick. Horizontal and trough
cross-stratification. Finingupward evolution

Micrite. Rare spar
cement

Oncoids up to 12 cm long. Rare
intraclasts (broken oncoids and
massive micrite) and ooids

1 GV 2 VV 3 AV 1 LV 4 LF 5 FG

Oncoid rudstones
(Lo)

Matrix/cement

Sections (Fig. 1B)

Components/texture

Thickness and geometry
of strata. Sedimentary
structures

Main characteristics of the different carbonate facies of the Vega Formation.

Carbonate facies

Table 1.
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The varied colour of clasts led to them being
described as ‘poudingues fleuris’ (Ciry, 1940;
Rat, 1962; Hern
andez G
omez, 2000). Similar
conglomerates have been described in the
Camp
oo Group (Upper Jurassic–Lower Cretaceous) in northern Spain (Pujalte et al., 1996).
In the study area, the clasts are poorly sorted;
the carbonate clasts range from a few millimetres to 15 cm in diameter and are poorly to
well-rounded. The siliceous clasts are up to
1 cm in diameter and range from angular to subrounded. The matrix consists of sand-sized carbonate detrital particles and very minor
siliceous particles.
These deposits formed through deposition of
coarse sediments by mostly sheet-like and gently
channelized currents. The clast sizes and the
association of the conglomerate deposits with siliciclastic mudstones suggest that this facies
formed in middle to distal areas of alluvial fans.
A similar interpretation was made for the microconglomerates containing microbialite intraclasts
in the Upper Oligocene alluvial deposits of
north-eastern Spain (Parcerisa et al., 2006). In
general, these deposits are associated with highenergy to moderate-energy events in alluvial
fans (Miall, 1996; L
opez-G
omez & Arche, 1997;
Kumar et al., 2007). In the study area, the conglomerate composition indicates that the alluvial
fans were sourced from the Jurassic marine limestones and, downstream, the ephemeral currents
flowed over deposits of the concurrent carbonate
and siliciclastic fluvial systems of the Vega
Formation.

Stromatolites (Ls)
Stromatolites are rare and limited to a few planar layers up to 5 cm thick, interbedded within
oncoidal limestone strata in the La Griega section (Fig. 4A). More commonly, fragments of
stromatolitic deposits are found as intraclasts of
highly variable size and shape in the oncoidal
and intraclastic limestones at a number of sites
(Fig. 4B and C). The lamination of stromatolites
is flat to slightly wavy. Both the internal structure and the texture are similar to those of oncoids that are described in detail below.
The limited exposure of stromatolitic deposits
precludes a precise interpretation. In other fluvial
carbonate-rich contexts, stromatolites represent
both low-energy conditions (for example, linked
to final deposition in abandoned channels and
pools; Leinfelder, 1985; Arenas et al., 2007) and
high-energy conditions (for example, fluvial
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stretches with increased slope; Vazquez-Urbez
et al., 2010, 2012). The lack of geometrical attributes and associated facies indicative of highslope depositional areas in the studied context
suggests that stromatolites probably formed in
calm to low-energy conditions after the waning
of energy in fluvial channels or in shallow pools,
some of which could have formed through the
isolation of oncoidal channels. A similar interpretation was given to stromatolites of the Kimmeridgian in Portugal (Leinfelder, 1985), the
Tertiary in the Ebro Basin (Zamarre~
no et al.,
1997; Vazquez-Urbez et al., 2013) and the Quaternary of Lake Natron (Casanova, 1994). During
high-energy episodes produced by increased
water discharge, stromatolites and associated
deposits (for example, oncoidal and bioclastic
facies) would have been eroded, and their fragments redeposited in nearby fluvial areas, mostly
in channels.

Oncoid rudstones (Lo)
Deposits composed of this facies are common in
all sections and consist of tabular, undulate and
lenticular strata, with channel-shaped bases in
places, that are decimetres to 1 m thick
(Figs 3A, 3C and 4D). The strata can be grouped
into tabular or lenticular intervals up to 15 m
thick, commonly associated with deposits of
other carbonate facies within thicker tabular
intervals (up to 4 m thick, in the Vega section;
Fig. 2C). In some cases, the strata show coarse
horizontal
and
trough
cross-stratification
(Fig. 4D and E). The general trend of the individual strata is usually fining-upward, based on
the size and/or volume of allochems. In some
cases, strata composed of this facies contain
dark grey-coloured intraclasts and oncoids at the
top. Oncoid–intraclast rudstones overlie this
facies.
This facies is composed of oncoids and commonly includes a small percentage of broken
oncoids, calcite-coated phytoclasts, stromatolite
fragments, isolated microbial calcite bodies and/
or rare coated grains. Ooids may also be present
in certain sites (for example, section 1), locally
forming packstones and grainstones. Dark grey
to light grey, massive micritic fragments also
occur. In general, these components range from
submillimetre to 28 cm long (Figs 4C to E and
5A to E). The matrix is composed of micrite and
occasionally rounded micrite intraclast wackestone to packstone (Figs 5F and 6A). Spar
cement is not abundant. Detrital siliceous
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Fig. 4. Field views of stromatolites and oncoid rudstones of the Vega Formation. (A) Undulate layer of
stromatolites among an oncoid rudstone. (B) Oncoids and an overturned stromatolite or oncoidal fragment.
Note the round nuclei in certain oncoids. (C) Oncoid rudstone containing a convex-up stromatolite fragment.
(D) Gentle channel-shaped surfaces and trough cross-stratification in an oncoid rudstone. Note the finingupward evolution of oncoids within the layers. (E) Irregular and gentle channel-shaped surfaces bounding the
fining-upward layers in an oncoid rudstone. (F) Oncoid–intraclast rudstone passing upward into an intraclast
packstone.
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Fig. 5. Field views and hand samples of oncoids and oncoid rudstones. (A) and (B) Rudstones containing oncoids
with elliptical and round sections. Asymmetrical and truncated oncoids are indicated by arrows. Note the stromatolite fragment in (B). (C) and (D) Asymmetrical oncoids developed on bivalves. (E) Rudstones containing symmetrical
and asymmetrical (arrowed) oncoids developed on various nuclei including grey-coloured limestone and yellow to
red-coloured mudstone extraclasts, as well as intraclasts. Note the small particles of these compositions among the
oncoids. (F) Partial view of an asymmetrical oncoid developed on an intraclast consisting of bioclast–intraclast packstone. Surrounding mass: micrite intraclasts, ooids and smaller oncoids (with sparry nuclei) within spar cement.
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Fig. 6. Photomicrographs (optical microscope) of oncoids and types of lamination. (A) Oncoid rudstone. Note the
asymmetrical growth on the laminated nucleus and erosion of the outer laminae. (B) Slightly wavy laminae in an
oncoid (type 1 lamination). (C) and (D) Domed and columnar structures (type 3 lamination) at the base and chiefly
flat laminae toward the top of (C). Note the lateral change from small domes to flat laminae at the base of (D). (E)
Wavy and irregular laminae (type 2 lamination). (F) Columnar structure that characterizes type 3 lamination.

particles (mostly single quartz grains, up to
1 mm in diameter, and mudstone clasts, up to
5 mm in diameter) can be found scattered in the
matrix (Figs 5E, 7C and 8D).
In general, the oncoidal deposits formed in wide
and shallow channels of low sinuosity and in

ponds, where oncoids developed in slow-flowing
conditions, as recognized in modern rivers and
~ ez et al., 1980; H€agele et al., 2006),
lakes (Ord
on
and in many ancient fluvial and lacustrine
systems (Leinfelder & Hartkopf-Fr€
oder, 1990;
Zamarre~
no et al., 1997; Arenas et al., 2007;
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Fig. 7. Type 2 lamination and associated microbial bush-like bodies (optical microscope). (A) Wavy and
irregular laminae with bush-like bodies. (B) Detail of (A) showing the bush-like arrangement of spar and
micrite. (C) Fragment of laminated microbial deposit in a quartz-rich rudstone that evokes a mat of
intertwined, closely packed filaments. (D) Detail of (C), showing a bush-like body of filaments. (E) Laminated
bush-like body made of micrite and spar filaments. (F) Adjoining bush-like bodies forming a palisade. Note
the evolution toward micrite-rich laminae at the top. (G) Two stacked bush-like bodies with micrite-rich
laminae at their tops.
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D

Fig. 8. Type 2 lamination and associated microbial fan-like bodies (optical microscope). (A) Irregular lamination
made of adjacent fan-like bodies consisting of radially arranged filaments. Note the truncation by detrital deposits
at the top (arrowed). (B) and (C) Detail of adjacent fan-like bodies consisting of radially arranged filaments. Note
the lamination within the fan-like bodies. (D) Laminated fan-like body consisting of radially arranged filaments in
a quartz-rich intraclastic rudstone.

Shapiro et al., 2009; V
azquez-Urbez et al., 2013).
Fining-upward sequences result from waning
energy conditions in channels, ending with the
~ ez & Garcıa
filling of the channels or ponds (Ord
on
del Cura, 1983; Arenas et al., 2000; Mel
endez &
G
omez-Fern
andez, 2000). The common presence
of broken limestone particles provides evidence of
higher energy episodes that resulted in partial
abrasion and breakage of bed-load particles (i.e.
oncoids) and the erosion of previous deposits
formed in nearby ponded areas and fluvial
channels (for example, micrite-rich deposits and
stromatolites) and palustrine fringes (in situ
calcite-coated stems). The fragments of such
deposits were incorporated as bed-load into the
oncoidal channels and/or deposited on inactive
fluvial areas (ponded floodplain areas). Similar
processes were interpreted from Tertiary
sequences in north-east Spain (Arenas et al., 2007;

Vazquez-Urbez et al., 2013). The presence of extraclasts mixed with oncoids and intraclasts in certain sections suggests that these higher energy
episodes also affected nearby siliciclastic deposits.

Morphology and structure of oncoids
Oncoids are present in all studied sections,
either as the main allochem component or associated with fragments of stromatolites and massive micritic limestones. The size of oncoids
varies from a few millimetres to 10 cm in length,
and exceptionally up to 12 cm in length. Typically, they are between 3 cm and 8 cm long
(Figs 4 and 5). The largest specimens are in the
La Griega section; they can be subspherical,
ovoid, cylindrical and discoid in shape. The
most abundant examples are ovoid and cylindrical (Fig. 5). The outer surfaces range from
smooth to slightly knobby. The nuclei are heter-
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ogeneous. In some cases, their shapes resemble
plant stems and bivalve shells (Figs 4B, 5A, 5C
and 5D), the latter identified as freshwater bivalves (Delvene et al., 2013); these nuclei are filled
with coarse spar calcite and less commonly are
empty. In other cases, the nuclei consist of an
intraclast (either massive or laminated microbial
limestone), a mixture of intraclasts and extraclasts (mostly quartz) or siliceous extraclasts
(Figs 5A, 5E, 5F and 6A).
The thickness of the oncoid coatings varies
from a few millimetres to 6 cm and is mostly
symmetrical around the nuclei (symmetrical or
slightly asymmetrical cortices; Figs 5B and 6B),
although highly asymmetrical cortices exist
(Figs 5C and 6A). In hand sample sections, the
laminae are smooth or slightly wavy and mostly
continuous (Fig. 5B and E). The outermost laminae tend to be smooth to gently wavy.

tially, these correspond to the three lamination
types defined by Arenas et al. (2007) in the
Eocene and Oligocene continental microbialite
deposits of Mallorca (Spain).

Microscopic features of laminated
microbialites (oncoids and stromatolites)
The entire and broken oncoids, calcite-coated
phytoclasts and stromatolites (in situ and
detached) exhibit similar microscopic characteristics in terms of lamination and microbial
components. The differences between the studied sections are related to the relative abundance of distinct types of microbial structures
(i.e. types of lamination and microbial bodies, as
described below).
Typically, the lamination consists of alternating light (spar, microspar and micritic calcite)
and dark (micrite calcite) laminae (Figs 6, 7A, 7F
and 7G). Single light and dark laminae vary
widely in thickness: light laminae are between
80 lm and 1 mm thick, and dark laminae are
between 30 lm and 400 lm thick. Light and dark
composite intervals made of several single light
and dark laminae are present (Figs 6C, 6D and
9A to C); the thickness of these composite intervals can be up to 1 mm, and in certain cases up
to several millimetres. These intervals can be
distinguished with naked-eye observations of
hand samples. Several oncoids include massive
intervals of thrombolitic texture (up to 200 lm
thick) intercalated between the thinly laminated
intervals. Within certain oncoids and stromatolites, fragmented laminae, along with quartz
grains in some cases, and sharp vertical changes
in colour occur (Figs 6A, 6C, 6D and 8A).
Based on the shape and mode of vertical
arrangement of the laminae and the morphological types of microbial bodies, three broad types
of lamination have been distinguished. Essen-

Wavy or irregular thick lamination (type 2)
exhibits a wide variety of lamina shapes: undulate, festooned and single and multiconvex
(Figs 6E, 7A, 7F, 7G and 8A to C). The light
laminae are 200 lm to 1 mm thick, and the dark
laminae are 100 to 400 lm thick. Based on the
arrangement of the microbial filamentous bodies,
two types of microbial bodies are distinguished:

Smooth to slightly wavy thin lamination (type
1; light laminae: 80 to 300 lm thick; dark laminae: 50 to 150 lm thick) is not volumetrically
abundant and mostly appears laterally and vertically associated with lamination of types 2 and
3. This type forms continuous intervals up to
1 mm thick (Fig. 6A to D). These intervals may
cap wavy or domed structures. The microbial
remains consist of single or grouped, mostly
unbranched, micrite filamentous bodies that
extend upward through one or two laminae
(Fig. 6B and C). These bodies appear similar to
the modern genus Phormidium. This type of
arrangement has been found in oncoids of sections 1, 3 and 5 (see Fig. 1 for location).

1 Bush-like bodies composed of thick tufts that
may laterally coalesce forming palisade-like
units, up to 7 mm high (Figs 6E and 7A to F).
Some of these bodies resemble certain modern
cyanobacteria of the genera Dichothix and certain filamentous algae, such as, perhaps, Vaucheria (Zamarre~
no et al., 1997; Freytet &
Verrecchia, 1998). Very similar structures in
recent oncoids correspond to Schizothrix calcicola (H€agele et al., 2006). Bush-like bodies are
particularly abundant in the oncoids of sections
3, 4 and 5.
2 Hemispherical, fan-like bodies (in sagittal
cross-section) composed of radially oriented,
mostly branched filamentous bodies (Fig. 8).
The fans may appear isolated or laterally linked,
and are up to 25 mm high. Their shape resembles certain modern cyanobacteria of the genera
Rivularia and Gloeotrichia (Freytet & Verrecchia,
1998; Caudwell et al., 2001). Similar radial filament arrangements in modern oncoids correspond to Rivularia haematites (H€agele et al.,
2006; Pentecost & Franke, 2010). This type of
microbial body is present in all studied sections.
Both the bush-like and fan-like microbial
bodies can be laminated, featuring alternating
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light and dark parts that generally grade outward into darker and more micritic laminae
(Figs 7E, 7F and 8). A similar lamination tendency was described by Caudwell et al. (2001)
and H€
agele et al. (2006) in microbial bodies
composed of radially oriented filaments.
Domed, pseudocolumnar and columnar lamination (type 3) consists of alternating laminae of
light microspar and spar (50 to 300 lm thick)
and dark micrite (50 to 100 lm thick). The base
of these structures can be made of peloidal micrite. The laminae are single convex, multiconvex or closed parabolic, discontinuous in domes
and columns and semicontinuous in pseudocolumns (Fig. 9). The domes and columns are up
to 12 mm high. Isolated or loosely grouped,
unbranched micrite filamentous bodies extend
across two to four laminae, with a roughly radial
orientation (Fig. 9C to G). These micrite bodies
correspond to cyanobacterial remains that
resemble the modern genus Calothrix (H€agele
et al., 2006).
The lamination of type 2 is more common at
the base of the microbialites, whereas the lamination of type 3 is more common toward the
outer part, although different arrangements exist.
The lamination of type 1 is interlayered with
both types 2 and 3.
Most oncoids show a distinctive arrangement
consisting of bush-shaped and fan-shaped
bodies or domed and columnar structures at the
base, which gradually pass upward into thinner,
more continuous and smoother laminae, in some
cases ending up with the type 1 lamination
(Figs 6C, 6D, 7F and 7G). In general, the lower
part of every unit is more porous and/or lighter
in colour (microspar-rich and light micrite-rich)
than the upper part, which tends to be denser
and/or darker (micrite-rich) in colour. Up to five
consecutive units can be seen in some oncoids.

Oncoid–intraclast rudstones, packstones and
wackestones (Li)
This facies forms tabular, undulate and lenticular
strata, in places with channel-shaped bases.
These strata can be decimetre to 13 m thick
(Figs 2B, 2C and 3C to F). These strata are
usually grouped into tabular units (up to 25 m
thick) and generally overlie the oncoid rudstones.
Fining-upward sequences, based on the size of
allochems and/or the abundance of matrix, are
observed in the Vega section (Fig. 2C), where
rudstone–packstone–wackestone/floatstone suc-

cessions, decimetre to 13 m thick, are present.
However, certain strata feature the largest
intraclasts at their tops (for example, the Abeu
section). In that section, the carbonate unit composed of this facies has a darker grey colour at
the top (Fig. 3F).
This facies is composed of intraclasts and
minor oncoids (complete and broken) of highly
variable size and shape (Fig. 10A to C). The intraclasts are varied in nature and include laminated microbial deposits (oncoids and probably
stromatolites), single or grouped bush-like and
fan-like microbial bodies, and dark grey to light
grey coloured massive and peloidal micrite and
intraclastic limestones (Fig. 10E to F). The intraclasts, subrounded to subangular, range from
millimetre to 20 cm long (exceptionally, 30 cm
long). The most angular are those of the laminated microbial particles. External moulds and
fragments of coaly vegetal matter (mostly stems)
can reach 50 cm long. The complete oncoids are
millimetre to 12 cm long. The matrix between
these components is micrite, and in places consists of intraclast wackestone. Variable amounts
of spar cement are present. Detrital siliceous
grains (mostly of quartz), up to 1 to 2 mm in
diameter, can be abundant in the matrix of certain samples (for example, sections 1 and 3; Fig.
10E and F). Occasionally, yellowish to brownish
rounded particles of siliceous mudstones are
present.
This facies formed through deposition in fluvial channels and overbank areas, including
ponded zones. The allochems provide evidence
of erosion of earlier carbonate deposits formed
in nearby ponded areas (micrite-rich deposits
and stromatolites), the palustrine fringes (in situ
coated stems) and fluvial channels (oncoidal
deposits). The high quantity of extraclasts
mixed with intraclasts in certain sections supports the hypothesis that erosion affected nearby
siliciclastic deposits as well (for example, sandy
and silty sediments). During high-discharge
periods, carbonate fragments and siliceous
grains were incorporated as bed-load into the
channels and/or deposited in the interchannel
areas. Fining-upward deposits represent the fill
of channels in waning conditions; the coarser
deposits at the top of certain beds correspond to
high-discharge conditions during flooding on
overbank areas. Similar processes were interpreted from Tertiary sequences in north-east
Spain (Arenas et al., 2007; Vazquez-Urbez et al.,
2013). The deposits composed dominantly of
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Fig. 9. Type 3 lamination and associated microbial fan-like bodies (optical microscope). (A) Stacked domes with
continuous and discontinuous laminae. (B) Stacked intervals composed of laminated domes. Note the lateral variation in thickness of one of them. (C) Upward evolution from domed lamination at the base toward continuous, slightly
wavy lamination at the top. (D) Detail of the laminae in the domes. Note the presence of loose micrite filaments with a
radial orientation. (E) Upward evolution from flat and slightly domed to domed to columnar lamination. Note the
presence of loose micrite filaments subperpendicular to the laminae. (F) Upward evolution from slightly domed to
slightly wavy lamination with darker and micrite-rich laminae toward the top. Note the existence of radially arranged
micrite filaments. (G) Detail of the lamination in a column, with micrite filaments subperpendicular to the laminae.
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Fig. 10. Field views (A to C) and photomicrographs (optical microscope, D to F) of oncoid–intraclast rudstones
and packstones. (A) and (B) Plan view of a rudstone. (C) Highly heterometric intraclasts from base to top. (D) Massive and laminated, mostly angular, intraclasts and oncoid (laminated calcite coating a stem). Note the abundance
of detrital quartz grains. (E) and (F) Packstones containing intraclasts, mostly stromatolitic or oncolitic in (E) and
micritic in (F), with detrital quartz grains.

intraclasts represent higher energy conditions
during which oncoid formation was reduced.
The dark grey colour at the top of certain

deposits suggests stagnation during the final filling process of abandoned channel reaches and
pools. Darker grey-coloured intraclasts probably
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formed from erosion of organic-matter-rich stagnant zones (Platt, 1989).

Oncoid–charophyte bioclast–intraclast
packstones and rudstones (Lich)
This facies forms the base of gently lenticular
strata that are up to 1 m thick and are mostly
composed of oncoid rudstones in the Vega section (Figs 2C, 3C and 3D). The attributes of intraclasts and oncoids of this facies are identical
to those described above, although the overall
size of these allochems is smaller (submillimetre
to 2 cm long). Commonly, micritic intraclasts
are dominant. The charophyte remains are
observed as cross-sections of stems coated by
calcite, both laminated and non-laminated,
scattered among the other allochems (Fig. 11A
and B).

A

C

1167

These deposits represent deposition in
shallow fluvial channels and overbank areas following erosion of previous sediments formed in
the adjacent ponded areas where charophytes
could dwell and oncoids could form. Alternatively, these deposits could have formed through
deposition in ponded areas after lacustrine
sediment remobilization due to overflowing of
oncoid-bearing channels (Arenas et al., 2007).

Intraclast–bioclast wackestones (Lib/Lbi)
The deposits of this facies are not abundant and
have only been found in the Vega section
(Fig. 2C), forming centimetre-thick to decimetrethick beds interbedded within the intraclastic
limestones (Li). In one case, facies Lib constitutes the upper part of a 07 m thick body with
a rather planar base (with sauropod tracks) and

B

D

Fig. 11. (A) and (B) Photomicrographs (optical microscope) of packstones and rudstones containing massive
micritic intraclasts, charophyte stems and small oncoids. Note that some charophyte stems are coated by massive
and laminated micrite. (C) and (D) Photomicrographs (optical microscope) of wackestones containing intraclasts
and bioclasts (bivalves and ostracods), with scattered quartz grains.
© 2014 The Authors. Sedimentology © 2014 International Association of Sedimentologists, Sedimentology, 62, 1149–1183
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an undulate top (Fig. 3D) made of packstones/
rudstones containing heterogeneous particles
(carbonate intraclasts, detrital quartz and red to
orange
siliceous
mudstone
fragments).
This bioclast–intraclast wackestone exhibits
nodulization.
Depending on the abundance of intraclasts,
this facies is termed Lib (intraclastic and bioclastic) and Lbi (less abundant intraclasts).
Locally, packstones and mudstones–wackestones are present. Intraclasts are submillimetre
to millimetre long, mostly rounded to subangular grains of massive and peloidal micrite. The
bioclasts consist of ostracods (separate valves)
and bivalve molluscs (broken shells). Detrital
quartz grains are present in small amounts
(Fig. 11C and D).
This facies formed in small shallow lakes
(shallow ponded areas) in which ostracods and
freshwater bivalves dwelled (Platt, 1989).
These areas developed after, or were affected
by, high-discharge events (for example, channel overflow) that involved partial erosion of
deposits of the carbonate system and the siliciclastic floodplain that had been subject to
intense desiccation (with the development of
palaeosols). In the Oligocene deposits of Mallorca, bioclastic facies at the top of finingupward sequences were interpreted as the final
fill stage of oncoidal channels with lacustrine
sedimentation (Arenas et al., 2007). The marginal lacustrine facies of the Morrison Formation (Late Jurassic, western USA) include
intraclastic and bioclastic limestones with pedogenic features that represent deposition on
low-gradient lake margins and in secondary
ponds subject to desiccation and reworking
(Dunagan & Turner, 2004).

Marlstones and marly limestones (M)
These form thin tabular beds (commonly up
5 cm thick, and exceptionally 07 m thick), generally structureless, and are interbedded with
strata of intraclastic packstones (Figs 2B, 2C and
3C). Marlstones and marly limestones are greycoloured and can contain millimetre-long scattered intraclasts of dark grey limestones. In some
cases, root traces are present.
Marls and marly lime mud formed as a result
of surface water input with fine siliciclastic
detritus into small lakes or ponded areas, which
caused a rise of water level, followed by the settling of the particles (Dunagan & Turner, 2004);
increasing lime mud deposition resumed after

the inflow waned. Hydrophilous plants could
dwell in such muddy areas (Platt, 1989; ArenasAbad et al., 2010).

FACIES ASSOCIATIONS AND
SEDIMENTARY FACIES MODEL

Facies associations
Four main facies associations (FA) were distinguished. Three of these represent subenvironments and processes of the studied carbonate
system (Fig. 12A): (i) channels and overbank
areas; (ii) channels/overbank areas to lacustrine
areas; and (iii) middle-distal alluvial fan areas.
Facies association 1 reflects deposition in lowsinuosity channels, mostly with oncoids and
minor intraclasts, which flowed through a tufapalustrine area. Stromatolites represent the final
fill in lower energy conditions. Higher discharge
processes that caused channel overflow and erosion of interchannel areas produced intraclastic
deposits. The alternation of these two facies (Lo
and Li) thus record changing energy conditions.
Facies association 2 records the development of
ponded areas both in abandoned channelized
areas and depressions in the overbank/interchannel areas. The ponds were habitat for freshwater bivalves, charophytes and ostracods
(facies Lib, Lbi and Lich) and could be affected
by erosion during higher discharge events.
Facies association 3 corresponds to deposition
by sheet-like and gently channelized flows from
alluvial fans that entered the carbonate fluvial–
lacustrine system, resulting in deposition of calcareous and minor siliciclastic extraclasts and
carbonate allochems as tabular bodies. After
such alluvial events (represented by facies Co),
carbonate deposition resumed (facies Lo and Li).
Similar facies associations have been described
by Vazquez-Urbez et al. (2013) in the Ebro Basin
(Spain). Finally, facies association 4 (inferred
from Garcıa-Ramos et al., 2010a) represents
coarse siliceous sand deposition by high-sinuosity channels (facies St) in a wide floodplain
(facies Fm) that experienced desiccation and
pedogenesis (Platt, 1995; Gutierrez & Sheldon,
2012).

Sedimentary facies model
Carbonate sedimentation in the Vega Formation
took place in shallow, low sinuosity channels
and pools within a marshy area (Fig. 12B) that,
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Fig. 12. Facies associations (A) and the sedimentary facies model (B) of the fluvial–lacustrine carbonate deposits
of the Vega Formation. Explanation in the text – Facies association 4 is inferred from information of Garcıa-Ramos
et al. (2010a). Labels of carbonate facies are those defined in this work. St: siliceous sandstones with cross-stratification. Fm: siliceous mudstones.

as a whole, might be envisaged as a wetland
within the east/north-eastward-flowing siliciclastic fluvial system. A broadly similar scenario was
proposed for the Kimmeridgian oncoid-rich limestones of Portugal (Leinfelder, 1985), albeit without the connection to sea water and associated
salinity variations in the Vega case. The studied
carbonate fluvial–lacustrine system of Asturias

was characterized by the large-scale development
of oncoids and tufaceous palustrine facies, and
fits the classification of a low-gradient fluvial carbonate system (cf. classification of Arenas-Abad
et al., 2010). Commonly, a high content of HCO3
and Ca++ in the water is required to form these
facies, and these components are generally sup~ ez &
plied by carbonate-hosted aquifers (Ord
on
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Garcıa del Cura, 1983; Hern
andez G
omez, 2000;
Pedley, 2009; Arenas-Abad et al., 2010; V
azquezUrbez et al., 2013). Nonetheless, the sources for
carbonate sediment also include land transport of
carbonates as bed-load, suspended and dissolved
particles from older calcareous rocks, which
might be particularly important in distal areas of
fluvial systems (Gierlowski-Kordesch, 1998).
Many carbonate deposits described in distal areas
and floodplains of fluvial systems correspond to
lacustrine and palustrine environments in which
HCO3 and Ca++ ions are primarily supplied
through surface flows (Pla-Pueyo et al., 2009;
Gierlowski-Kordesch et al., 2013). The distribution of the studied carbonate deposits in the present interior area (sector 3; Fig. 1B) along normal
faults that affected the uppermost Triassic to Middle Jurassic rocks in the Late Jurassic suggests the
existence of water springs from an uppermost Triassic–Lower Jurassic rock aquifer emerging from
the fractured zone (Garcıa-Ramos et al., 2010b).
Similarly, in the outcrops along the modern coast
(for example, in La Griega, section 1, Fig. 1B), the
close relationship between certain channelshaped deposits and normal faults also suggests
water springs as the main water source of the carbonate system (Garcıa-Ramos et al., 2010b). The
association of water springs and faults was also
proposed by Hern
andez et al. (1998) for the Kimmeridgian–Berriasian travertines to the south-east
of the studied area. Evans (1999) suggested a
structural control for the occurrence of Eocene
tufas and travertines in the Chaldron Formation
(USA), in which the groundwater discharge was
influenced by fractures.
The extent of the studied fluvial–lacustrine
carbonate system is difficult to estimate given
the physical disconnections of the outcrops due
to tectonics and the scarcity of outcrops, which
impedes precise correlation among the sections.
The deposits crop out in areas that are more
than 50 km apart.
The oncoids formed in slow-moving water
conditions in shallow, wide channels and
interchannel and intrachannel ponds subject to
continuous or episodic water movement. The
continuous and isopachous lamination, without
lateral changes in the type of lamination around
the oncoids, suggest continuous or episodic
movement of the oncoids that allowed cyanobacteria and small algae to grow continuously on all
sides of the oncoids. The asymmetrical or discontinuous growth observed in certain oncoids
probably resulted from longer periods of motionlessness (Freytet & Plaziat, 1982). Moreover, the

presence of sharp vertical changes in colour and
erosional features within the microbial lamination indicate periods of interruption in oncoid
accretion (for example, as recognized in the
Camp
oo Group, Upper Jurassic–Lower Cretaceous
of northern Spain by Hernandez G
omez, 2000)
which could be linked to periods of both desiccation and increased energy.
The existence of vegetated areas (hydrophilous grassy plants) in the channels and interchannel ponds is suggested by the nature of the
oncoid nuclei (in most cases, moulds of plant
stems) and the presence of calcite-coated phytoclasts (fragments of calcite-coated stems) in the
oncoidal and intraclastic facies. The submerged
parts of these plants were coated by calcite with
the same structure of microbial lamination as in
the oncoids. During storms or increased discharge, coated and uncoated parts of plants
would be broken and deposited nearby, and the
coated fragments would be preserved as phytoclasts. Alternatively, coated and uncoated plants
also served as nuclei for the development of
oncoids (Dieguez et al., 2009; Vazquez-Urbez
et al., 2012). However, the deposits made of in
situ plants (i.e. stem boundstones) are almost
absent, which suggests the common occurrence
of erosion processes in these marshy areas. Erosion events are also suggested by the abundance
of broken particles of different nature (oncoids,
stromatolites and massive limestones) that are
mixed with entire oncoids and that probably
resulted from increased discharge and overbank
flooding. High discharge would affect ponds in
which the bioclastic facies formed. Together,
these observations indicate the great mobility
and shallowness of the carbonate fluvial channels and common overflowing (FA 1, Fig. 12).
Ponds that developed close to springs and in
interchannel and intrachannel areas would be
loci for stromatolites to form in calm conditions,
possibly as the final fill deposits. However, the
scarce stromatolite outcrops prevent an accurate
interpretation. In the ponded areas, ostracods,
freshwater bivalves (Unionoids) and/or charophytes could dwell, some of which acted as
nuclei for oncoids. Some of these areas were fed
directly from springs and temporarily connected
to running water channels. In other cases, the
ponds developed after shallowing and/or abandonment of the oncoid-bearing channels (FA 2,
Fig. 12; Leinfelder, 1985; Arenas et al., 2007). In
either case, the deposits formed in these ponded
areas (lime mud with bioclasts) were affected by
remobilization and/or erosion, as suggested by
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the common mixture of intraclasts and bioclasts
in facies Lib, and the nature of intraclasts and
certain oncoid nuclei of facies Li.
In addition, small alluvial fans (represented
by facies Co) were sourced from the uplifted
areas of Lower and Middle Jurassic rocks
occurring near the carbonate fluvial–lacustrine
system. Middle and distal alluvial deposits
reached the deposition areas of the system during moderate to high-discharge periods, which
caused extensive erosion of former and concurrent deposits of both the carbonate system and
the siliciclastic system (FA 3; Fig. 12B).
The presence of intraclasts (composed of microbialites and bioclastic limestones) and extraclasts in certain carbonate deposits indicate that
the carbonate system experienced episodic
increases in discharge that resulted in extensive
erosion. During high-discharge periods, erosion
affected not only the fluvial–lacustrine carbonate
deposits, but also the deposits of the coexisting
east/north-eastward flowing siliciclastic fluvial
system. This caused the incorporation of siliceous particles into the carbonate deposits.
Together, these facts suggest that the different
subenvironments of the carbonate fluvial–lacustrine system experienced rapid lateral changes,
which were probably conditioned by the rather
variable hydrology linked to the precipitation
pattern. The alluvial fan sediments prograded
over the fluvial–lacustrine carbonate system during episodes of higher discharge.
The adjacent siliciclastic floodplain, far from
the surface water supply, experienced strong
desiccation and pedogenesis (Gutierrez & Sheldon, 2012). Groundwater derived from the
uppermost Triassic–Lower Jurassic rock aquifer
provided HCO3 and Ca++ for carbonate soil formation.

SIGNIFICANCE OF LAMINATION IN
MICROBIALITES
Lamination in microbialites is commonly
described on the basis of the alternation of laminae of different colour, crystal size and/or porosity, and the presence of microbial attributes
(Monty, 1976; Golubic, 1991; Riding, 2000;
Seong-Joo et al., 2000). However, lamination can
be observed at different scales, which makes
interpretation of the lamination in terms of
environmental and temporal significance more
complex (Storrie-Lombardi & Awramik, 2006;
Petryshyn et al., 2012). In addition, diagenesis
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may overwhelm the original textural attributes
(Park, 1976; Golubic et al., 2008).
The different lamination types associated with
distinct morphological types of microbes and
microbial arrangement (i.e. types 1, 2 and 3 in
this work) reflect the response of microbial
growth and concurrent mineral precipitation to
episodic, in some cases iterative, changes in a
wide array of physical and chemical parameters
over different time spans. Single laminae with
uniform textures (for example, in the lamination
of types 1 and 3, Figs 6B, 9D and 9G), as defined
through microscopic observations, constitute the
simplest single units in this work. In general, this
type of simple lamination/laminae may result
from seasonal and intraseasonal changes in environmental parameters (chiefly, biological and
physico-chemical parameters dependent on temperature, insolation and/or precipitation), as discussed by Seong-Joo et al. (2000), Merz-Preiß &
Riding (1999) and Riding (2000). However, simple lamination has also been reported as annual
(Petryshyn et al., 2012). The sublaminae that
compose certain laminae (for example, within
the bush and fan-shaped microbial bodies in lamination of type 2; Figs 7E and 8) may thus reflect
shorter intraseasonal variations linked to biological growth (for example, related to light intensity
and turbulence; Seong-Joo et al., 2000; Caudwell
et al., 2001; Noffke & Awramik, 2013).
Moreover, in the study case, a composite lamination results from the alternation or succession
of intervals consisting of several alternating light
and dark simple laminae, in which each composite interval (i.e. composite lamina) is dominated
by either: (i) light, microsparitic, sparitic and/or
porous laminae; or (ii) dark, micritic and/or dense
laminae (Fig. 6C and D). For the most part, this
composite lamination corresponds to the lamination pattern distinguished without direct magnification in the studied Jurassic samples (Fig. 5B, C
and D). This style of composite lamination may
reflect seasonal, annual or pluriannual cycles
related to variations in climatic and hydrological
parameters (e.g. Andersen et al., 2011; Petryshyn
et al., 2012; Arenas et al., 2014). The textural
analysis and deposition rates obtained from modern oncolites and stromatolites in fluvial carbonate systems (from 04 to 17 cm yr 1 in
stromatolites) indicate that a number of simple
~ ez
laminae can form in several months (Ord
on
et al., 1980; Drysdale & Gillieson, 1997; Gradzi
nski, 2010; Vazquez-Urbez et al., 2010; Manzo
et al., 2012; Arenas et al., 2014) which is consistent with the above temporal interpretation of the
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Fig. 13. Stable-isotope composition (d13C and d18O) of microbialite samples from the Vega Formation. (A) d13C
versus d18O of all analysed samples (n = 46). Values of dark and light intervals are distinguished (sampled intervals correspond to simple and composite laminae, as described in the text). Group 1: La Fumarea (JLF; section 4);
Group 2: Lastres and Abeu (JLV-1 and JAV-3; sections 1 and 3); Group 3: rest of sections (La Griega, JGV-1, 4, 8;
Lastres, JLV-2, section 1; Fuente del Gato, JFG-1A, 1B, 1C and 3A; section 5). (B) d18O values of successive dark
and light intervals in oncoids. (C) d13C values of successive dark and light intervals in oncoids. Legend of sample
labels in (B) and (C): JLF: section 4; JGV: section 1; JFG: section 5; JAV: section 3. See Fig. 1B for location and
Appendix 2 for stable-isotope values.

ancient microbial lamination. In the studied
Jurassic microbialites, most composite laminae
range from 05 to 8 mm thick. Therefore, a seasonal duration of the dark and light composite
laminae is plausible in such microbialites.

STABLE-ISOTOPE COMPOSITION
A careful selection of samples, avoiding cements
and recrystallization areas, was carried out from
several oncoid rudstones and stromatolites to
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obtain environmental information from the stable-isotope compositions. The samples selected
for stable-isotope analyses correspond to successive dark and light intervals in the microbialites
and, in a few cases, to matrix between the oncoids and bulk oncoid coatings. Most sampled
intervals, each ca 05 to 8 mm thick, contain
several laminae, thus corresponding to composite laminae (as defined above). No distinction
was made between the three types of lamination. Light intervals are commonly more porous,
thicker and/or correspond to a dominance of microspar and light micrite laminae; dark intervals
are commonly denser, thinner and/or correspond to a dominance of dark micrite laminae
(Fig. 5B, C and E). In other cases, the sampled
intervals mostly correspond to single laminae.
Therefore, the sampled intervals represent different time spans, probably from seasonal
(which would be the case for most of them) to
pluriannual cycles.

Results
The d13C values exhibit a wide range of variation (from 543 to 786&), with a mean value
of 634& V-PDB. The d18O values range from
395 to 610&, with a mean value of 482&
V-PDB (Fig. 13A; Table 2; Appendix 2). Three
separate groups can be differentiated (Fig. 13A):
(i) the group of La Fumarea samples (group 1;
section 4), with lower d13C values and a wide
range of d18O values; (ii) the group containing
Abeu (JAV-3; section 3) and Lastres (JLV-1;
section 1) samples (group 2), with lower d18O
values and a wide range of d13C values; and (iii)
the group containing the rest of samples (group
3; JGV and JLV-2, section 1; JFG, section 5), with
a smaller range of d13C and d18O values. For
each group, no differences in isotopic composition of the different components analysed

1173

(oncoid coatings, stromatolites and matrix
between oncoids) were observed, except for the
lower d18O values of the matrix in group 2. Correlation between d13C and d18O (Table 2) is
almost absent in groups 1 (r = 019; n = 6) and
3 (r = 002; n = 34), but it increases for group 2
(r = 086; n = 6). Most samples from the light
intervals display lower d13C and d18O values
than the dark intervals, although exceptions
exist (Fig. 13A to C; Table 2).

Environmental interpretation
Overall, d13C and d18O values of the studied
Jurassic samples are within the range of values
obtained in laminated microbialites of other fluvial and fluvial–lacustrine systems (Chafetz
et al., 1991; Andrews et al., 1993, 1997; Zam~ ez et al., 2005; Arenas
arre~
no et al., 1997; Ord
on
et al., 2007). The values fit a meteoric origin of
the water and a variable influence of soilderived 12C (Leng & Marshall, 2004; Andrews,
2006). Moreover, the poor correlation coefficients between d13C and d18O may be related to
deposition in hydrologically open systems (Talbot & Kelts, 1990; Dunagan & Turner, 2004; Leng
& Marshall, 2004; Cyr et al., 2005; VazquezUrbez et al., 2013), which fits the overall
fluvial–lacustrine environment of the Upper
Jurassic study area. In group 2, the moderate
correlation value might be indicative of a longer
residence time of the water.
The lower d13C values of group 1 (section 4,
La Fumarea; Fig. 13A) suggests a larger contribution of 12C from soil organic matter to the water
and calcite, probably from more abundant soil
development relative to the areas represented by
the other two groups of samples. However, the
modern soil cover might have influenced low
d13C values; therefore, environmental interpretation based on this group should be cautious.
Samples of group 2 show the lowest d18O

Table 2. Mean and range of stable-isotope values of the microbialite facies in the Vega Formation. Pearson
correlation coefficient (r) is also indicated. Groups refer to fields in Fig. 13A.
d13C & V-PDB
Minimum
All samples, n = 46
Group 1 (JLF), n = 6
Group 2 (JAV-3, JLV-1), n = 6
Group 3 (rest of samples), n = 34
Light intervals, n = 17
Dark intervals, n = 19

786
786
691
682
786
761

Maximum
536
761
536
579
598
536

d18O & V-PDB
Mean
634
779
593
616
635
606

Minimum
610
548
610
517
595
560

Maximum
395
397
546
395
395
423

Mean
482
474
573
469
487
476

Correlation
coefficient (r)
013
019
+086
002
+021
021
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values, probably indicating a greater influence of
16
O-enriched water, which suggests dominant
inputs of isotopically less-evolved meteoric
water (Andrews, 2006). This observation is in
accordance with the common presence of siliceous extraclasts, which are related to erosion
during higher discharge episodes as a result of
increased precipitation. However, the moderate
correlation between d13C and d18O of this group
might reflect other fractionation processes (for
example, the effects of evaporation). Given the
small number of samples, this issue remains
uncertain. In contrast, group 3 indicates that
most studied sites had similar environmental
conditions. The values suggest little to moderate
change relative to the meteoric-water d18O signature and moderate contributions of soil-derived
12
C. This group reflects similar carbon isotopic
processes and sources. Overall, the isotopic
composition of group 3 is consistent with calcite
precipitation in channels and mostly open
(or short-term closed) ponded areas, including
tufaceous palustrine areas, all of which were fed
by meteoric, isotopically non-evolved water and
supported riparian vegetation.
The cyclic variations of calcite d18O values in
the light and dark intervals (Fig. 13B) mostly
reflect the dominant temperature-dependent
fractionation effects (Hoefs, 1980) because evaporation should be negligible given the prevailing open character of the depositional system.
According to the d18O variations, most light,
porous intervals and dark, dense intervals correspond to higher and lower water temperatures,
respectively, as reported for d18O values of laminated microbial deposits from other ancient and
recent continental systems (Chafetz et al., 1991;
Os
acar et al., 2013). However, the reverse pattern is also present in certain studied samples.
An increase in water temperature of 1°C
causes a decrease in the d18O value of the associated calcite sediment of ca 024& (Craig,
1965). Based on this relationship, the difference
in water temperature reflected by the dark and
light intervals within each sampled oncoid
ranges from 04 to 37°C, although most samples
yield a range between 05°C and 2°C. The mean
temperature difference is ca 06°C if the mean
values of all dark and all light intervals are considered. Therefore, water temperature in the
depositional environment of the carbonate fluvial–lacustrine system possibly experienced only
small changes through time (seasonal and/or
pluriannual changes). Nonetheless, the obtained
values represent the minimum range of tempera-

ture variation because, in addition to temperature, other processes (for example, variable
intensity of mechanical CO2-removal or postsedimentary processes) may have contributed to
the calcite oxygen isotope composition.
The parameters that may influence the sediment d13C values are more diverse (Talbot &
Kelts, 1990; Leng & Marshall, 2004). The pattern
shown by most samples, with higher values for
dark intervals and lower values for light intervals (Fig. 13C), may be related to changes in the
precipitation volume through time (for example,
rainy versus arid conditions). These changes can
produce differences in: (i) the aquifer recharge,
and thus the isotopic composition of the
groundwater that feeds the streams; and (ii) the
development of vegetation and the resulting
soil-derived CO2 supply (Garnett et al., 2004;
Andrews, 2006). Thus, the light intervals formed
in more rainy conditions, in which the vegetation cover provided water with 12C-enriched
CO2. In addition, the dissolved inorganic carbon
(DIC) of groundwater feeding the streams was
likely to be 13C-depleted due to the high
recharge and short residence time of the water
in the aquifer, relative to less rainy or drier conditions. In contrast, the dark intervals formed in
less rainy conditions, with a lower supply of
12
C-enriched CO2 from soils and the contribution of 13C-enriched DIC from the aquifer to the
streams. The higher values of d13C in recent stromatolites of the Ruidera Lakes Systems were
interpreted to represent periods of drought,
which featured lower quantities of organic car~ ez et al., 2005). In the
bon in the soils (Ord
on
studied Jurassic case, the differences in d13C
values between the light and dark intervals for
single oncoids are up to 1& (Fig. 13C), which
might correspond, at least partially, to moderate
seasonal and/or pluriannual variations in the
precipitation volume.
Temperature can also influence the calcite
d13C composition through its effect on CO2-degassing in groundwater. Matsuoka et al. (2001)
argued that the cyclic variation of d13C values in
present-day fluvial laminated tufa deposits in
Japan was related to seasonal changes in the
d13C value of DIC in the groundwater, which
was most likely to be caused by in-aquifer CO2
degassing. The degassing effect is stronger during winter, due to decreased subsurface air
pCO2, which causes degassing of isotopically
light CO2 from the groundwater, resulting in
higher d13C values for the remaining DIC in the
groundwater fed-stream. The authors thus
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concluded that the positive covariation between
d13C and d18O values was linked to temperature.
The effects of photosynthesis on the calcite
isotopic composition through CO2 removal are
not yet fully proven (Arp et al., 2001). The
imprint of photosynthesis in fluvial tufa deposits is likely to be small, except perhaps in arid
systems (Andrews & Brasier, 2005; Andrews,
2006).
Therefore, the cyclic and parallel variation of
d13C and d18O values in most light and dark
intervals (Fig. 13B and C) in the studied Jurassic
samples might be explained, at least partially,
by changes in water temperature and precipitation volume. These changes might correspond to
seasonal and/or pluriannual variations.
DISCUSSION – PALAEOGEOGRAPHIC
CONTEXT – CLIMATE, HYDROLOGY
AND TECTONICS
The most noticeable features of the studied carbonate deposits are their occurrence within a fluvial siliciclastic succession and their close
association with normal faults. The extensional
tectonic regime that affected the region during
the Late Jurassic caused the uplift and emergence
of a large part of the territory. The siliciclastic
deposits of the Vega Formation represent the
middle and distal parts of an east/north-eastward
flowing siliciclastic fluvial system that was
sourced from Proterozoic and Lower Palaeozoic
rocks (Garcıa-Ramos, 1997). Close to the studied
sites, the presence of faults with general northwest/south-east and east–west orientations
(Fig. 1B) that operated as normal faults in the
Late Jurassic (Uzqueda et al., 2013) controlled
the presence of uplifted areas of Triassic–Middle
Jurassic rocks and favoured: (i) springs of water
rich in HCO3 and Ca++ from the uppermost Triassic–Lower Jurassic (Hettangian–Sinemurian)
rock aquifer, delivered to otherwise dry lands;
and (ii) the occurrence of fluvial, palustrine and
lacustrine carbonate deposition in areas partially
isolated (elevated) from the adjacent siliciclastic
fluvial system (Fig. 12). Subsidence induced by
fault activity also controlled the thickness distribution through space (Platt, 1995), with thicker
carbonate deposits located in the south-western,
siliciclastic-starved sector closer to the carbonate
sources (sector 3), and thicker siliciclastic deposits located towards the north-eastern sector (sector 2). Accordingly, the distal areas of the
carbonate system could be influenced more by
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progradation or lateral migration processes of the
siliciclastic fluvial system.
To the south-east of the studied area (ca
100 km), Hernandez et al. (1998) also proposed
a fault-controlled context to explain the development of microbial carbonate deposits close to
a north-west/south-east normal fault during the
Kimmeridgian–Berriasian.
These
deposits,
referred to as travertines, formed in streams fed
by springs arising from the fault-controlled relief
and were associated with lacustrine areas. Moreover, the activity of such fault determined the
origin and sedimentary evolution of the basin.
The studied carbonate deposits of the Vega
Formation crop out over areas that are more
than 50 km apart. In many current tufa-precipitating streams, the locus at which calcite deposition commences is often located well
downstream from the springs, as far as required
for CO2 outgassing to cause the calcite saturation
index to rise to positive values (e.g. Herman &
Lorah, 1988; Liu et al., 1995; Kawai et al., 2006;
Arp et al., 2010; Auque et al., 2013; Arenas
et al., 2014). This fact supports the hypothesis
that the Late Jurassic springs could have been
located at some distance from the outcropping
carbonate deposits. The carbonate intercalations
within the siliciclastic system reflect the variable extent/development of a single carbonate
fluvial–lacustrine system and coexisting small
alluvial fans through time.
In the Late Jurassic, Iberia was an isolated
landmass in the dry (semi-arid) zone. Palaeolatitude estimates for Iberia range from ca 30° north
(Smith et al., 1994; Golonka et al., 1996) to 30°
to 40° north (Stampfli & Borel, 2002) or even
lower (ca 25° north; Thierry, 2000; Osete et al.,
2011). Platt (1995) suggested a semi-arid environment for Upper Jurassic alluvial fans and
paleosols in the western Cameros Basin (northern Spain). According to Myers et al. (2012) the
Late Jurassic palaeoclimate of Portugal was
warm and sub-humid with a strongly seasonal
pattern of precipitation. These authors provided
maximum estimates of soil temperature derived
from isotopic analysis of clay minerals in palaeosols between 27°C and 34°C (surface temperatures) and a mean annual precipitation estimate
of ca 1100 mm yr 1. Although seasonal precipitation and moisture deficits were indicated by
the palaeosols, a coastal marine climate regime
was proposed by those authors to explain more
rainfall in Portugal than in other interior areas
of similar latitude (for example, the Morrison
Formation in the western USA). Demko et al.
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(2004), based on calcareous palaeosol analysis,
and Parrish et al. (2004), based on botanical
studies, also concluded that the deposition of
the Upper Jurassic Morrison Formation occurred
in a semi-arid climate. Moreover, Dunagan &
Turner (2004) provided sedimentological, palaeontological and stable-isotope data that supported semi-arid conditions during deposition
in open carbonate lakes and wetlands of the
Morrison Formation. More recent multiproxy
studies provided evidence of highly variable
palaeoprecipitation in the Morrison Formation,
and suggested that the mean annual precipitation estimates from the Vega Formation are closer to those of the arid continental-interior
environments of the Morrison Formation (Myers
et al., 2014).
Studies of different lacustrine and fluvial
deposits around the world support general semiarid conditions during the Late Jurassic, even in
higher latitude areas (Rees et al., 2004). The
lower Purbeck limestones on the Dorset coast
(UK) contain soils that are interpreted to have
formed in a seasonally arid (Mediterranean-type)
climate setting (Francis, 1984). More recently,
Bosence (2012) argued that the environment in
which the lower Purbeck limestones formed on
the Isle of Portland varied laterally from a hypersaline to brackish and possibly freshwater
lacustrine system; in this system, the conifer
trees and soils indicate a seasonal, semi-arid
climate. The sedimentary features of the Puesto
Almada Member (southern Argentina) are in
accordance with an arid climatic scenario
throughout the Late Jurassic and record strong
seasonality, with periods of higher humidity
represented by wetlands and lacustrine
sediments (Cabaleri et al., 2013).
The climate during deposition of the Vega
Formation conforms to semi-arid conditions, as
indicated by the local presence of gypsum
(interstitial deposits), the palynological composition and the attributes of extensive palaeosols
in the fine-grained floodplain deposits of the
siliciclastic system. The studies of pollen and
spores in different deposits of the Vega Formation indicate the dominance of coastal gymnosperms and ferns adapted to dryness and
suggest a subtropical climate, mostly warm and
arid, with occasional occurrence of slightly more
humid conditions (Barr
on et al., 2008; Barr
on,
2010). Based on the palaeosol types and their
features, Gutierrez & Sheldon (2012) suggested
that short-stature, shrubby vegetation inhabited
those flood plains. Those authors estimated

mean annual precipitation values of 400 to
980 mm yr 1 and mean annual temperature values of 8 to 15°C, and proposed a strongly seasonal precipitation regime in Asturias during
the Late Jurassic.
The sedimentological features of the studied
carbonate–lacustrine deposits in the Vega Formation (i.e. frequent erosion linked to channel
overflowing and rapid lateral changes of the different subenvironments) are in accordance with
a semi-arid climatic scenario, in which the
changes in water discharge were associated with
strong seasonal and/or pluriannual variations in
precipitation. The cyclic pattern of d13C values
of the light and dark intervals in oncoids probably reflects changes in precipitation through
variations in the aquifer recharge and vegetation
development (for example, as described by
Matsuoka et al., 2001 and Andrews, 2006).
Moreover, the discontinuous growth of the
microbial lamination and the asymmetrical
thicknesses in certain oncoids also attest to variable hydrological conditions. It should be noted
that the La Fumarea area (section 4) might correspond to a context with more vegetation and/or
soils, based on the lower d13C values of the oncoids, perhaps an area of higher elevation with
greater water supply. Although the available
d13C data are inconclusive, the sedimentological
data suggests that this area was a relatively siliciclastic-starved, perhaps partially isolated, setting in sector 3, bounded by Jurassic relief
associated with dominantly north-west/southeast oriented faults, from which a greater water
supply may have been provided during wetter
periods.
Regarding temperature, the mean annual air
temperature values of 8 to 15°C proposed by
Gutierrez & Sheldon (2012) seem more reasonable for the studied area than the much higher
values estimated by Myers et al. (2012) in Portugal. Regardless, seasonal variations in air temperature are expected to have been mild given
the latitudinal position of the study area. The
cyclic d18O pattern in the light and dark intervals in the oncoids reflects slight seasonal and/
or pluriannual changes in the water temperature
of the carbonate system. Nonetheless, the
expected mostly constant water temperature of
springs feeding the system through the year
might have decreased the influence of air temperature on the streams and ponds. However,
the estimated water temperature ranges should
be regarded as minima, given that other factors
may have influenced the isotopic composition.
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In any case, the carbonate facies of the Vega Formation are typical of the ambient-temperature
fluvial environment, and there is no sedimentological or isotopic evidence of hot-spring
influence.
Environmental changes through time are difficult to envisage, given the lack of precise correlation among the different studied sites in this
work. Moreover, the available data from the
present outcrops do not allow for the assessment
of the influence of fault activity on the evolution
of the alluvial fans or progradation stages of the
carbonate fluvial–lacustrine system (for example,
through changes in slope). The results of this
study suggest that the variable development (i.e.
extent) of the carbonate fluvial–lacustrine system
through time was possibly controlled by climate
(through changes in the precipitation). Within
the general semi-arid context in Late Jurassic
times, the greatest development of the carbonate
fluvial–lacustrine system might have occurred
during periods of slightly wetter conditions.
This phenomenon is compatible with the isotopic and sedimentological attributes of the carbonate fluvial–lacustrine system that were
impacted by short-term climate changes consistent with a general semi-arid climate.

CONCLUSIONS
The Vega Formation carbonate deposits formed
in a low-gradient fluvial–lacustrine system with
shallow channels and ponds in a marshy area.
The microbialite d13C and d18O values and their
poor correlation are consistent with deposition
in a hydrologically open system fed by ambienttemperature meteoric water and with riparian
vegetation.
The carbonate fluvial–lacustrine system was
supplied by water sourced from a Rhaetian to
Sinemurian rock aquifer in an otherwise dry
area. Normal faults that were active during
deposition of the Vega Formation created the
scenario that favoured: (i) HCO3 -rich and Ca++rich springs from the carbonate rock aquifer;
and (ii) the occurrence of fluvial, palustrine and
lacustrine carbonate deposition in areas partially
isolated (elevated) from the adjacent siliciclastic
fluvial system. Fault-induced subsidence controlled the thicknesses of the carbonates in the
siliciclastic-starved areas close to the Jurassic
rock relief.
Seven carbonate facies have been characterized. Stromatolites and oncoid rudstones formed
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in channels and shallow ponds. Oncoid–intraclast rudstones and packstones formed as a
result of high-discharge episodes associated with
channel overflow and extensive erosion; this
affected the deposits of the concurrent siliciclastic system. Facies containing charophytes,
ostracods and freshwater bivalves (oncoid–bioclast–intraclast rudstones, packstones and wackestones and intraclast–bioclast wackestones)
developed in intrachannel and interchannel
ponds that were affected by channel overflow.
Marlstones and marly limestones were deposited
as a result of stream input that led to the level
rise of small lakes. In addition, clast-supported
polygenic calcareous conglomerates represent
deposition of small alluvial fans that were
sourced from uplifted Lower and Middle Jurassic rocks, and that reached the carbonate fluvial–lacustrine system during higher discharge
episodes.
The three types of lamination in stromatolites
and oncoids reflect distinct morphological types
of the cyanobacterial communities. Composite
lamination probably represents seasonal to pluriannual deposition. The textural pattern of lamination shows covariant d13C and d18O
variations, most probably linked to seasonal
and/or pluriannual cycles of changing precipitation and temperature.
The sedimentological features of the carbonate
fluvial–lacustrine system indicate frequent erosion by channel overflowing and rapid lateral
variations in the different subenvironments. The
cyclic d13C pattern of light and dark intervals in
oncoids and the discontinuous or asymmetrical
growth of certain oncoids attest to short-term
variations in the precipitation regime. These
observations support a variable hydrology linked
to a moderately to strongly contrasted seasonal
and/or pluriannual precipitation regime, consistent with the semi-arid conditions during the
Late Jurassic in the studied palaeolatitudinal
zone. The maximum development of the carbonate system could have been related to periods
of slightly wetter conditions.
The results reveal the influence of short-term
climate cycles on the isotopic and sedimentological attributes of carbonate fluvial–lacustrine
deposits, whose occurrence in a semi-arid context is associated with water springs in partially
isolated areas related to normal-fault activity.
Therefore, the studied system represents an
example of the combined influence of climate
and tectonics which provides new insights
into interpreting the occurrence of carbonate
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deposition in siliciclastic fluvial systems of
fault-controlled basins.
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APPENDIX 1. Mineralogical composition from X-Ray
Diffraction Analyses (semi-quantitative weight percentage) of selected
Vega Formation samples.

JLF-1
JLF-2
JLF-3
JGV-1A
JGV-1B
JGV-4
JGV-7
JGV-8
FG-1
FG-2
FG-3
JAV-2
JAV-3
JLV-1
JLV-2
JVV-1
JVV-2

Calcite

Quartz

Phyllosilicates

9900
9570
9852
3950
3294
8972
8940
6288
9648
9679
9666
6841
6258
8880
7100
8626
8696

100
430
148
4602
5609
1028
1060
2438
142
128
132
3009
2530
1120
2900
1063
1304

000
000
000
1448
1097
000
000
1274
210
193
202
150
1212
000
000
311
000

JLF: La Fumarea; JGV: La Griega; JFG: Fuente del Gato; JAV: Abeu; JLV: Lastres; JVV: Vega (See Fig. 1B for
location).

APPENDIX 2. Stable-isotope values (d 1 3 C and d 1 8 O) of the different studied
carbonate facies.
Sampled components
for stable-isotope analysis

d13C
& V-PDB

d18O
& V-PDB

Samples

Sedimentary facies

JLF-1

Entire and broken oncoid and
stromatolite rudstone

JLF-1

Laminated oncoidal coating

780

445

JLF-2

Oncoids and microbial
laminated intraclast rudstone

JLF-2-1

Laminated oncoidal coating

783

397

JLF-2-2
JLF-2-3

Laminated oncoidal coating
Matrix among oncoids

783
780

467
475

JLF-3

Oncoid rudstone

JLF-3-1
JLF-3-2

Dark porous interval in an oncoid
Light dense interval in an oncoid

761
786

509
548

JGV-1A

Oncoid rudstone
with extraclasts

JGV-1A-1
JGV-1A-2
JGV-1A-3
JGV-1A-4

Dark dense (thick) interval
Light porous (thick) interval
Dark dense (thick) interval
Light porous interval

590
609
579
633

503
456
448
508

JGV-1B

Stromatolite

JGV-1B

Laminated interval

625

424

JGV-4

Oncoid rudstone

JGV-4-1
JGV-4-2
JGV-4-3
JGV-4-4

Light porous interval in an oncoid
Dark dense interval in an oncoid
Light interval in an oncoid
Dark interval in an oncoid

674
600
639
591

453
473
497
475

JGV-8

Oncoid–intraclast
rudstone with extraclasts

JGV-8-1
JGV-8-2
JGV-8-3
JGV-8-4

Dark interval in an oncoid
Light interval in an oncoid
Dark interval in an oncoid
Light interval in an oncoid

636
621
593
682

450
395
430
461
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Appendix 2. (continued)
Sampled components
for stable-isotope analysis

d13C
& V-PDB

d18O
& V-PDB

Samples

Sedimentary facies

FG-1A

Oncoid rudstone

FG-1A-1
FG-1A-2
FG-1A-3
FG-1A-4
FG-1A-5

Dark interval (thick) in an oncoid
Light interval (thin) in an oncoid
Dark interval (thin) in an oncoid
Dark (+Light) interval (mixture)
Dark interval (thin) in an oncoid

619
603
612
611
628

472
476
423
495
462

FG-1B

Oncoid rudstone

FG-1B-1
FG-1B-2
FG-1B-3
FG-1B-4

Dark interval in an oncoid
Light interval in an oncoid
Dark interval in an oncoid
Light interval in an oncoid

604
625
615
626

476
517
429
478

FG-1C

Oncoid rudstone

FG-1C-1
FG-1C-2
FG-1C-3
FG-1C-4
FG-1C-5
FG-1C-6

Dark interval in an oncoid
Light interval in an oncoid
Dark interval in an oncoid
Light interval in an oncoid
Dark interval in an oncoid
Dark interval in an oncoid

593
598
586
624
595
620

472
466
475
488
492
448

FG-3A

Oncoid rudstone

FG-3A-1
FG-3A-2
FG-3A-3
FG-3A-4

Light interval in an oncoid
Dark interval in an oncoid
Light interval in an oncoid
Dark interval in an oncoid

628
620
615
611

497
472
507
476

JAV-3

Oncoid rudstone with
extraclasts

JAV-3-1
JAV-3-2
JAV-3-3

Dark interval in an oncoid
Light interval in an oncoid
Dark interval in an oncoid

536
608
543

546
595
560

JLV-1

Oncoid–intraclast rudstone

JLV-1-1
JLV-1-2
JLV-1-3

Dark + Light laminae (mixture)
Dark + Light laminae (mixture)
Matrix among oncoids

567
585
691

537
555
610

JLV-2

Oncoid–intraclast
rudstone with extraclasts

JLV-2-1
JLV-2-2

Matrix among oncoids
Laminated oncoidal coating

618
627

471
480

JLF: La Fumarea; JGV: La Griega; JFG: Fuente del Gato; JAV: Abeu; JLV: Lastres; JVV: Vega (See Fig. 1B for
location).
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