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ABSTRACT

A small, closed, lacustrine system developed during the restraining overstep
stages of the Oligocene As Pontes strike-slip basin (Spain). The increase in
basin accommodation and the headward spread of the drainage, which
increased the water input, triggered a change from shallow, holomictic to
deeper, meromictic conditions. The lower, shallow, lacustrine assemblage
consists of mudstone—carbonate cycles recording lacustrine—palustrine ramp
deposition in a saline lake. High Sr content in some early diagenetic calcites
suggests that aragonite and calcite made up the primary carbonate muds. Early
dolomitization took place together with widespread pedogenic activity. The
upper, deep, freshwater, lacustrine assemblage includes bundles of carbonate—
clay rhythmites and fine-grained turbidite beds. Primary calcite and diagenetic
siderite make up the carbonate laminae. The Mg content of the primary
carbonates records variations in Mg/Ca ratios in lacustrine waters. 6'®0 and
0"3C covariance trends in calcite reinforce closed drainage conditions. §'°0
data indicate that the lake system changed rapidly from short-lived
isotopically light periods (i.e. from seasonal to pluriannual) to longer steady-
state periods of heavier 6'?0 (i.e. from pluriannual to millennial). The small
0'3C changes in the covariant trends were caused by dilute inflow, changing
the contributions of dissolved organic carbon in the system and/or internal
variations in lacustrine organic productivity and recycling. In both shallow
and deep carbonate facies, sulphate reduction and methanogenesis may
account, respectively, for the larger negative and positive §'°C shifts recorded
in the early diagenetic carbonates (calcite, dolomite and siderite). The
lacustrine system was very susceptible to high-frequency, climatically forced
water balance variations. These climatic oscillations interfered with the low-
frequency tectonic and morphological changes in the basin catchment. This
resulted in the superposition of high-order depositional, mineralogical and
geochemical cycles and rhythms on the lower order lacustrine infill sequence.

Keywords Carbonates, closed drainage, hydrology, lacustrine environment,
rhythmites, stable isotopes.

INTRODUCTION

Sedimentological, mineralogical and geochemical
data from ancient and recent lacustrine sequences
can be used in palaeoclimatic and palaeoenvi-
ronmental interpretation. Geochemical analyses
of carbonate minerals are commonly used for
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palaeoenvironmental purposes, given that the
geochemical composition of primary lacustrine
carbonates records the complex interplay bet-
ween basin hydrology, morphology and biogenic
productivity (e.g. Talbot, 1990; Talbot & Kelts,
1990; Johnson et al., 1991; Valero-Garcés et al.,
1995; Li & Ku, 1997; Utrilla et al., 1998).
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Climate is one of the major allogenic controls
on short-term hydrologic change in lakes and the
resulting mineralogical and geochemical records.
Moreover, tectonics and drainage evolution also
exert a major influence on lacustrine basin mor-
phology and hydrology and can significantly
change the mineralogical and geochemical
record. Nevertheless, the response of lacustrine
systems to simultaneous climatic and tectonic—
morphological forcing is poorly understood,
especially in large lacustrine systems, where
these factors interact over large areas and result
in complex depositional records.

The study of ancient, tectonically forced, small
lacustrine systems may help to unravel some
aspects of the long- to short-term influence of
tectonics, morphology and climate on the evolu-
tion of lakes. Small lacustrine systems are very
sensitive and readily affected by even minor
tectonic or climatic changes. Owing to their
reduced dimensions, it may be easier to constrain
the relative influence of interacting tectonics,
drainage evolution and climate on their depos-
itional records. Following this approach, this
paper deals with the analysis of the depositional,
palaeoenvironmental and palaeohydrological
evolution of the Oligocene As Pontes lacustrine
system. One of its aims is to establish the
response of this system to the short- to long-term
(i.e. from annual to several hundred kyr) tectonic,
morphological and climatic changes that affected
the As Pontes basin catchment system.

GEOLOGICAL SETTING

The Tertiary As Pontes Basin is a small (12 km?)
alluvial-lacustrine basin that developed in a
NW- to SE-oriented dextral strike-slip fault system
in north-west Spain (Cabrera et al., 1996). It is
bounded to the north by E-W to NW-SE oriented
thrusts, whereas its southern margin is defined by
an unconformity between the up to 400 m thick
Tertiary basin infill and the Precambrian—Palaeo-
zoic metamorphic basement (Fig. 1). The early
evolutionary stages of the basin took place in a
restraining overstep (Fig. 2), which later evolved
into a restraining bend situation (Ferris, 1998).
The palaeobiological record of the As Pontes
Basin demonstrates that the Oligocene palaeocli-
mate in NW Spain was subtropical, warmer than
the present and probably with dry and rainy
seasons (Medus, 1965; Baltuille et al., 1992;
Cabrera et al., 1994). The heavy mineral assem-
blages yielded by the alluvial facies suggest that

the basin catchment drainage spread significantly
from the early to the late basin evolutionary
stages, although the lithology of the metamorphic
and igneous rocks in the source areas was similar
to the present (Barsé et al., 2000). Therefore, it
can be assumed that the regional water chemistry
was also similar, although with minor differences
resulting from diverse climatic, drainage and
relief conditions. Present surface run-off and
groundwater inputs are characterized by major
HCOj and Ca** with lesser amounts of Mg**, CI-,
SOZ and Na* (Fernandez ef al., 1983).

The basin infill developed over 7 My mainly
from Late Oligocene to Early Miocene (Huerta
et al., 1997). It is divided into five major units on
the basis of the relative abundance of lacustrine
and marsh deposits and of the geometric tectono-
sedimentary relationships between the infilling
sequences and the tectonic structures in the basin
(Cabrera et al., 1996; Ferrus, 1998). Thus, Units 1,
2 and the lower part of Unit 3 filled two main
depocentres (eastern and western), separated by a
tectonic threshold bounded by an E-W thrust and
a N-S normal fault (Fig. 2a and b). The upper part
of Unit 3 and Units 4 and 5 gradually spread
throughout the basin and finally buried this
threshold and the previously active tectonic
structures (Fig. 1b). Unit 1 records widespread
lacustrine and/or swamp conditions, whereas
Units 2-5 record mainly alluvial and swamp
zones with no significant lacustrine deposition.

According to magnetostratigraphic data, the
sedimentation of the alluvial-lacustrine assem-
blages in Unit 1 lasted up to 1-5 My (Huerta et al.,
1997). This deposition took place in two sub-
basins, which were controlled by active thrusts
and normal faults and surrounded by small
alluvial fans (Figs 1, 2a and b). This tectono-
sedimentary arrangement, together with the over-
all water input/output ratio, gave rise in the
eastern subbasin to a closed drainage lacustrine
system (Ferrds, 1998). Unit 1 consists of up to
100 m of sediment that accumulated along the
northern sub-basin areas, whereas the unit wed-
ges towards the southern basin margin and onlaps
the basement, which is locally overlain by thin
basal colluvial breccias (Fig. 2c, assemblage Sc).
This unit is split into two subunits (1A and 1B,
Fig. 2¢) and includes five major facies assemblag-
es (Table 1; Figs 2 and 3). Assemblage 1 (gravels,
sandstones and mudstones) records deposition
on small, marginal alluvial fans. Assemblage 2
(cyclically arranged mudstones, marls, carbonates
and rhythmites) constitutes most of Subunit 1A
and records deposition in shallow lacustrine—
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Fig. 1. (a) Geological map of the As
Pontes strike-slip restraining bend
basin showing the main tectonic
structures that affect the basement.
Note the strike-slip fault and asso-
ciated thrusts, which bound the
northern basin margin, the N-S ori-
ented normal faults and the E-W
and NE-SW oriented thrusts. See
location of wells represented in the
cross-section in Fig. 2c. (b) Strati-
graphy of the basin showing the
main depositional facies and strati-
graphic units (see arrows for loca-
tion in Fig. 2a).

PRE TERTIARY
BASEMENT

schists, slates

palustrine ramps. Assemblage 3 (laminated
organic-rich facies) records deeper lacustrine
deposition and constitutes most of lower Subunit
1B, which overlies a laterally extensive erosive
surface developed at the top of Subunit 1A. The
coaly bioclastic mudstone facies (assemblage 4)
constitutes the upper part of Subunit 1B and
records sedimentation on marginal lacustrine
benches that prograded through gentle, low-
gradient basinward slopes into the open offshore
lacustrine zones (Fig. 3b). Assemblage 4 includes
an olive green, fine-grained bed, which is a good
reference level to correlate well cores. Finally, the
mudstones, coaly mudstones and coal of assem-
blage 5 record the development of marshes at the
top of lacustrine benches (Cabrera et al., 1995).

The lacustrine assemblages 3 and 4 are charac-
terized by the widespread occurrence of primary
and early diagenetic carbonate minerals, suitable
for analysing the trends of the basin palaeo-
hydrology. The following sections are dedicated
to the detailed description and interpretation of
this record.

"UNIT 3
UNIT 2
UNIT 1

1000m | 100m

Alluvial facies Lacustrine facies Swamp facies
sandst., gravels mudst.,carb., rhyth. |l coal
[r=] breccias sandstones [} mudstones

SAMPLING AND ANALYTICAL
TECHNIQUES

The massive palustrine—lacustrine facies in Unit
1 were sampled from continuous cores from five
wells (Fig. 2¢) with an average sample spacing of
20 cm. The laminated lacustrine facies were
sampled with similar spacing by extracting clay
and carbonates from 17 clay—carbonate laminated
bundles. The carbonate laminae were sampled
using a microdrill.

Fifty selected carbonate and clay samples were
studied wusing scanning electron microscopy
(SEM; Hitachi S2300 and Jeol JSM840, equipped
with an AN10000 Link energy-dispersive and
X-ray microanalyser). Energy-dispersive analyses
were carried out to check mineralogy and chem-
ical composition.

The quantitative estimation of carbonate con-
tents was carried out by decomposition of the
samples with HCl and titration of excess acid
with NaOH using a 702SM Trinitro automatic
titrator. Bulk mineralogical composition of 189
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surface 1.7 km®
volume 11.5 hm’

surface 0.7 km®
volume 0.9 hm®

¥ 5040

5003 728 10010

Subunit 1B

Subunit 1A =

Swampy facies ass. (5)
coal (.

mudstones

200 m | 10m  organic-rich bench facies assemblage (4
 m E= coaly bioclastic mudstones

Inner, deeper lacustrine facies assemblage (3)
P fine grained turbidites (3a) and organi¢-rich

laminites (clay-carbonate couplets, 3b & 3c)
Lacustrine-palustrine cyclical facies assem. (2)
Colluvial scree deposits rmmme |aminites (green clay-carbonate couplets) (2a)
? ?o?{ﬂigﬂﬂo"ﬁisnor basal breccias (Sc) green mudst., marls, Imst.,dolostones (2b-2c)

Fig. 2. Palaeogeographic sketches of the As Pontes Basin during Unit 1 deposition. (a and a’) Lower part of Unit 1
(Subunit 1A) characterized by a minor water body and the development of palustrine and shallow lacustrine ramp
environments. (b and b") Upper part of Unit 1 (Subunit 1B) characterized by a larger water body and the spreading of
deeper lacustrine environments fringed by prograding benches. Note the persistence of marsh—swamp environments
in the western sub-basin. (c) Transverse stratigraphic cross-section of the eastern sub-basin showing the facies
assemblage relationships in Unit 1 (see location triangles in a and b). See well locations in Fig. 1a.

Alluvial dominated facies assemblage (1)
sandst., siltst., mudst. (1b)
gravels, sandstones (1a)

erosive surface

carbonate samples was determined by X-ray
diffraction (XRD) using a Siemens D500 diffrac-
tometer. The composition of carbonate samples
was also determined by standard XRD semi-
quantitative methods (Chung, 1974).

The molar percentage of Mg in calcites and
dolomites was determined using X-ray diffracto-
grams, by measuring the position of the dyo, peak
relative to an internal quartz standard (Lumsden,
1979). When the sample volume was sufficient
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and the carbonate content >10%, the Sr content
of the carbonates was determined for non-lamin-
ated, monomineral samples by means of atomic
absorption spectrometry. The carbonate was
digested in 5 N HCI for 24 h.

The total organic carbon (TOC) content of 108
samples was determined with an NA1500 ele-
mental organic analyser, coupled to a gas chro-
matograph.

Oxygen and carbon isotopic relationships were
established on monomineralic inorganic carbon-
ate samples or on samples with <5% of other
carbonate minerals. Isotopic analyses were car-
ried out in a VG-Isotech SIRA-II™ spectrometer.
Organic matter was removed by roasting in a
vacuum oven at 400 °C for 4 h. Sulphur was
extracted through reaction with AgP0O,.CO,
(McCrea, 1950) and H3;PO, at 25 °C for 3 h for
calcite samples and at 50 °C for 12 h for dolomite
samples. Analytical precision for the carbonate
standard measurements was +0-029%, for 6'°C and
+0-12%, for 6'%0. The isotopic data are expressed
in delta notation relative to PDB.

Inner—deeper lacustrine or protected shallow stratified zones.

Subaerial desiccation episodes
Medial to distal alluvial fan zones affected by pedogenesis

Alluvial-dominated deposits
Proximal alluvial fan zones

Interpretation
Scree deposits

LACUSTRINE-PALUSTRINE CYCLICAL
RAMP DEPOSITS

Facies description

Facies assemblage 2 (Table 1), which includes
scarce thin laminated clay—carbonate couplets
(Facies 2a), mainly consists of massive green
mudstones and marls (Facies 2b), which alternate
with whitish, chalky limestone and dolostone
beds (Fig. 3a, Facies 2c). The mudstone—carbon-
ate cycles range from a few decimetres up to a few
metres in thickness, with maximum frequency
around 0-5 m, and can be truncated or symmet-
rical (Fig. 3a).

The lacustrine green clay—carbonate couplet
Facies 2a includes carbonate laminae made up of
polyhedral and heterometric crystals, ranging
from a few to 10 pm in size. The couplets are
grouped into thin bundles of laminae, which
occur at different stratigraphic locations (Fig. 2).
The mudstones and marls (Facies 2b) often show
monospecific gastropod accumulation horizons
(Hydrobia) in addition to other gastropods
(Potamides) and minor remains of charophytes.
Mudstones are organic poor with the samples
yielding TOC values below 1%. The whitish
carbonate beds (Facies 2c¢) are micritic and show
greenish shades. They lack visible primary struc-
tures and are homogeneous except for occasional

1b. Mudstones and sandstones. Pale green massive mudstones with

carbonate couplets grouped in cm-thick bundles. Primary HMC.
outsize floating quartz grains and interbedding fine-grained

Distorted lamination. Calcite geochemistry: 8:6% Mg; 6'°0 from

-1-2 to +2:2%,; 6'°C from —4-3 to —5-6%,
sandstone beds. Clastic illite, kaolinite, Al-smectite and feldspar.

Interbedded carbonate nodular beds with root traces.
Fine-grained breccias. Thin, lenticular and discontinuous beds

of monogenic breccias. Up to 10 cm in diameter slate clasts.

2a. Clay-carbonate rhythmites. 0-1-2 mm thick green clay—white
Clastic illite, kaolinite, Al-smectite.

1a. Fine-grained gravels, coarse sandstones. Massive.

1. Gravels, sandstones and mudstones
Clastic quartz and feldspar.

Table 1. Continued.
Facies assemblages
©  Sc. Basal colluvial breccias

2002 International Association of Sedimentologists, Sedimentology, 49, 1073—1094
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open offshore
lacustrine zones

low level palustrine- low gradient
high level lacustrine lacustrine ramp
cycles

1079

subaqueous to

marginal progadational . g b aria peats

bench

rooted palustrine carbonates (2c)
DOL (HMC,LMC)

bioturbated and nodular
mudst. & marls (2b)
LMC (HMC, DOL)

minor thin
carbonate-clay couplets (2a)
HMC

0.3-1m

huminite &

— liptinite-rich lignites (5)

—| thin carbonate-clay

== couplets (3b) bioclastic -

= HMC mudstones (4)

fine-grained thick carbonate-clay

——— turbidites (3a) couplets (3c)

= (HMC, siderite)

= 02-05m 1-5m

Fig. 3. (a) Palustrine—shallow lacustrine-dominated ramp model for deposition of the cyclically arranged mudstones
and carbonates. (b) Depositional model of the deeper, lacustrine-dominated evolutionary stage. Both models display
the ideal sequential arrangement of the most widespread facies, which are displayed here with their main minera-

logical characteristics.

fractures (i.e. vertical and horizontal skew planes,
Brewer, 1964; and root traces, Freytet & Plaziat,
1982).

Carbonate mineralogy, fabric
and Mg-Sr content

The mineralogy of the carbonate laminae in
Facies 2a was determined for three laminae from
a bundle in the upper part of Subunit 1A (Fig. 5,
bundle 1). High Mg Calcite (HMC) was the only
carbonate phase recorded, with an average Mg
content of 8:6%.

Most of the mudstone—carbonate cycles (Figs 3a
and 4a) show a clear predominance of Low Mg
Calcite (LMC) or HMC over dolomite in the lower
mudstone beds in the cycles, whereas more
varied occurrences of LMC, HMC and dolomite
characterize the carbonate beds, with dolomite
dominant in dolostones (Figs 3a and 5). Siderite
is scattered and occurs in small amounts in 25%
of the samples. A small amount of bioclastic
aragonite is also present (accumulations of gas-
tropod shells in the mudstones).

SEM images of the marl beds (Facies 2b) show
scattered calcite and dolomite crystals embedded
in a clay-dominated matrix. Some of the calcite
crystals are euhedral with equigranular rhombo-
hedral habits, ranging from 1 to 5 um in size,

whereas others do not have well-developed faces.
Dolomite crystals are readily recognized despite
their small size (from 08 to 25 um); they are
typically single homometric and with a rhombo-
hedral or polyhedral habit. Palygorskite is wide-
spread and displays a clustered-fibrous habit,
with fibres clearly adapting to the dolomite
crystal surfaces (Fig. 4c).

The dolostones and limestones (Facies 2c) are
massive, fine-grained (=3 pm crystals) beds.
Limestones generally have anhedral-subhedral
calcite. Dolostones display homometric subhe-
dral-euhedral dolomite crystals with a good
intercrystalline porosity (Fig. 4b).

The Mg content in calcites from Facies 2b and
2¢ ranges from 1-6% to 16:2%. Dolomites are non-
stoichiometric and Ca rich with MgCOj; ranging
from 42-0 to 46-6 mol% (Fig. 5). The Sr content of
the calcites ranges from 400 to 1500 p.p.m.,
whereas  dolomites have lower values
(500 p.p.m. on average). The calcite Mg and Sr
content trends are concealed and altered in the
middle part of Subunit 1A by the superimposed
dolomitization (which interrupts the calcite
record) and the presence of four bioclastic sam-
ples, which include aragonite (resulting in anom-
alous Sr maxima ranging from 2500 to
4000 p.p.m.; Fig. 5). Nevertheless, a Mg-Sr
enrichment trend occurs in the lower part of the

© 2002 International Association of Sedimentologists, Sedimentology, 49, 1073—-1094
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Fig. 4. (a) Well core showing the palustrine—lacustrine shallowing-deepening trends of Facies Assemblage 2 (Subunit
1A). The lighter, whitish palustrine carbonate facies (mostly dolomite) display cracks and root traces. The darker,
green beds correspond to shallow lacustrine mudstones and marls. Scale bar on the left is 55 cm in length. (b) SEM
view of equigranular, rhombohedral and polyhedral dolomite crystals in the dolostone beds in Facies 2c. (c) SEM view
of scattered dolomite crystals surrounded by palygorskite fibres in carbonate-rich mudstones in Facies 2b.

subunit, whereas a Mg-Sr depletion trend is
recorded in the upper part (Fig. 5).

Oxygen and carbon isotopic results

The 6'0 values recorded in the carbonate lam-
inae from Facies 2a (bundle 1) range from —1-2 to
+2-2%,, whereas the 6'°C values range from —4-3 to
-56%, (Table 1, Fig. 6). The "0 values in the
calcites from Facies 2b and 2c range from —1-8 to
+3-1%, (Figs 5 and 6). Dolomites have higher 6'°0
values (from —0-9 to +5-4%,). The 6*°C values of
carbonate minerals in the mudstone—carbonate
cycles show a wider range of variation (from
-11'6 to +4-1%,). LMC, HMC and dolomites have
average 6'°C values of -7-5, =5:0 and —-0-9%,
respectively (Fig. 6).

Mineral composition of the (original
and early diagenetic) carbonate muds

The textural, mineralogical and geochemical fea-
tures of the carbonate crystals and crystal clusters
that make up the carbonate laminae of Facies 2a,
compared with the carbonate laminae described
previously in other case studies (Hsi & Kelts,
1978; Anadén et al., 1988), show that they are
mainly primary in origin and resulted from HMC
precipitation in the water column. In contrast, the
textural and geochemical features of the dolomite-
and calcite-bearing facies in the mudstone—
carbonate cycles (Facies 2b and 2c) and their
close relation to the palustrine facies suggest
an early diagenetic origin linked to interstitial

carbonate precipitation, and to pedogenetic pro-
cesses affecting calcite—aragonite-dominated ori-
ginal carbonate muds. The probable occurrence
of a significant aragonite-dominated precursor
(ADP) in the original carbonate muds is supported
by the high Sr contents (higher than 1500 p.p.m.)
in most of the non-bioclastic calcite-dominated
deposits (Lasemi & Sandberg, 1993; Wright et al.,
1997).

A number of authors have argued that dolomite
can be formed by direct precipitation at low
temperatures and under special conditions of
highly supersaturated waters with a high Mg/Ca
ratio and an elevated carbonate/bicarbonate con-
centration (Hardie et al., 1978). Last (1990) inter-
preted the origin of most lacustrine dolomite as
primary (deposited directly from the lake waters
or from interstitial porewaters), while maintain-
ing that very few of the occurrences contain
adequate petrographical evidence of a true sec-
ondary (i.e. replacement) origin. In fact, it is
almost impossible to distinguish between prim-
ary and very early diagenetic dolomite in lacus-
trine evaporite settings (De Deckker & Last, 1988).
The As Pontes dolomites are fine grained,
subhedral to anhedral and non-stoichiometric.
They show low AS™®0por_caL average values,
which are consistent with the experimental dif-
ferences in the oxygen isotopic fractionation
coefficient existing between calcite and dolomite
when secondary dolomite is produced by the
replacement of pre-existing calcite under isotopic
equilibrium and low temperature conditions
(Fritz & Smith, 1970; Matthews & Katz, 1977;
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Fig. 5. Cyclically arranged palustrine-lacustrine mudstones and carbonates of Subunit 1A in well 642 (see location
in Figs 1 and 2). Note the distinct development of limestone and dolostone beds and the Mg, Sr, §'®0 and §'°C
trends. The truncated cycles record an upward-increasing carbonate content, which ends with a sharp transition into
lacustrine clay—carbonate rhythmites and/or massive green mudstones belonging to the overlying cycle. These car-
bonate beds record intense pedogenesis, including vertical, clay-infilled root traces. Symmetrical cycles show more
gradual transitions from the carbonate into the mudstone-dominated beds.

McKenzie, 1985; Arenas et al., 1997). Accord- fication’ (i.e. expulsion from lattice) of this cation
ingly, mesoscopic pedogenic features observed in during dolomitization (Land, 1985).

As Pontes dolostones suggest that dolomitization
took place in porewaters resulting from hydro-
logic pumping and early pedogenesis. Dolomiti-
zation would have been favoured by the high Mg/ The absence of widespread, well-developed lam-

Palaeoenvironmental interpretation

Ca ratio, high alkalinity and low sulphate content ination in these facies suggests complete biotur-
in the porewaters (Cerling, 1996). Low Sr content bation and deposition under oxic conditions.
in dolomite would have resulted from the ‘puri- Some carbonate beds exhibit bioturbation and
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Fig. 6. 6'®0 and 6'°C values of primary and early dia-
genetic carbonates in Subunit 1A (wells 642 and 5003).
See text for further explanation and location of bundle
1 in Figs 5, 9 and 10.

traces of subaerial exposure, including root tra-
ces. These are typical pedogenic features and are
consistent with a palustrine or marginal shallow
lacustrine origin (Freytet & Plaziat, 1982; Platt &
Wright, 1991).

The overall depositional, palaeobiological and
early diagenetic features in this cyclical assem-
blage record repeated deepening—shallowing
events linked to lacustrine expansion and con-
traction, which affected low-gradient, mostly
marginal lacustrine ramps (Fig. 3a). The green,
massive mudstones and marls correspond to
bioturbated subaqueous lacustrine deposits, dom-
inated by fine-grained contributions from the
distal alluvial mudflats that fringed the lacustrine
areas. These deposits record early water inflow
and sediment input generating a shallow and
persistent, holomictic water table. This water
table could be fresh to dilute, but the frequent
occurrence of monospecific Hydrobia accumula-
tions and the saline water-adapted gastropod
Potamides (Hyman, 1967; Anadén, 1989, 1992;

Plaziat, 1993) suggests that lacustrine waters
quickly became saline (but not hypersaline).
Moreover, the low organic matter preservation
and the 6'°C-depleted values of the carbonate
minerals suggest that these deposits formed
under oxic bottom conditions and were affected
by a subsequent anaerobic degradation of organic
matter (via sulphate reduction) during shallow
burial diagenesis.

The sporadic laminated beds of Facies 2a
present in the cyclical assemblage of Subunit
1A record the development of open offshore,
relatively deep and/or sheltered lacustrine zones
linked to rising and highstand water levels or
deposition in protected shallow saline, stratified
zones. The first interpretation is more probable
given that the thicker laminated beds were often
deposited in the deeper lacustrine zones, which
developed close to the more rapidly subsiding,
northern basin zones (Fig. 2a and b). Preserva-
tion of these deposits in shallower lacustrine
zones was rather low, as evidenced by their
contortion and disruption, caused by desiccation
and bioturbation.

The wide extent of the palustrine carbonates
and the restricted occurrence of finely stratified or
laminated clay—carbonate facies attributed to
deeper lacustrine deposits suggest that the bottom
gradient was low and that the palustrine-lacus-
trine carbonate facies spread over the entire basin
during water-level lowering. Nevertheless, at
least during some high water level depositional
episodes, the palustrine carbonates were depos-
ited on marginal low-gradient ramps differenti-
ated from the offshore lacustrine zones (Fig. 3a).

OPEN OFFSHORE, DEEPER
LACUSTRINE FACIES

Description
Facies 3a

Fine-grained turbidites constitute centimetre- to
decimetre-thick beds, most of which are made up
of thinning-upwards, 2 to 40 cm thick bundles
(Fig. 7a, Table 1). Some of the coarser beds
include sand-sized vegetal debris (phytoclasts)
and ostracod and gastropod bioclasts. This
material was derived from underflows, which
spread from distal alluvial fan zones and marginal
vegetated lacustrine benches and reached the
offshore zones (Figs 2a, b and 3b). Facies 3a
occurs more frequently in the lower part of
Subunit 1B, where it is interbedded with Facies
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-~ S 2

Fig. 7. (a) Open offshore, laminated lacustrine facies
of Subunit 1B. Dark, fine-grained turbiditic beds (Facies
3a) alternate with lighter bundles of carbonate—clay
rhythmites (Facies 3b). (b) Sponge spicule showing
circular dissolution pits attributed to bacterial, fungal
or diatom boring activity (bundle 15, Facies 3c). See
text for explanation and references. (c) Close-up of
clay—carbonate rhythmite bundles (bundles 11 and 12,
Facies 3b). Note the changing laminae thickness and
the syndepositional microfaults that affect the bundles.
See text for further explanation.

3b and 3c deposits, and is better developed in the
northern basin sequences.

Facies 3b

Thick, laterally continuous clay—carbonate, mic-
rolaminated varve-like couplets (0-03—1-4 mm in
thickness) are especially common in the lower
part of Subunit 1B (Table 1). The thickest laminae
bundles are oil shales (TOC 21-31%) and can be

Fig. 8. Carbonate textures of lamin-
ated lacustrine facies of Subunit 1B.
(a) SEM view of arrow-like HMC
crystals (bundle 7, Facies 3b).

(b) SEM view of clustered HMC
crystals (bundle 3, Facies 3b).

(c) SEM view of rhombohedral HMC
crystals showing dissolution
textures (bundle 14, Facies 3 c).

traced basinwide. The carbonate laminae are
grouped into centimetre-thick bundles (Fig. 7a—c)
made up of 01 to 2 mm thick couplets and
separated by thin (3a) turbidite beds. The clay
laminae are dark and made up of detrital clay
minerals plus sponge spicules, diatoms, ostrac-
ods and small gastropod remains; magnesium-
rich clay minerals are absent. The carbonate
laminae are whitish and chalky and show the
predominance of inorganic, non-biogenic crystals
and minor fauna and flora remains. Widespread
corrosion of diatom frustules and sponge spicules
and the replacement of diatom silica by LMC
(Fig. 9) suggest relatively high pH conditions
(Brookins, 1988). Moreover, early diagenetic
pyrite and the circular dissolution structures
recognized in the sponge spicules (Fig. 7b) record
bioerosion, probably related to bacterial, fungal or
diatom activity (as described by Andrejko et al.,
1983 and Wuttke, 1992).

Facies 3c

This often occurs in the middle and upper part of
Subunit 1B (Fig. 4). This facies differs from 3b in
having thicker, less continuous carbonate lam-
inae and widespread bioclastic laminae. Some
pink laminae include significant amounts of early
diagenetic siderite (Table 1).

Carbonate fabric, mineralogy and Mg content

As in similar cases studies (Hsi & Kelts, 1978;
Anadén et al., 1988) calcite (HMC, LMC) is the
most widespread primary and early diagenetic
carbonate mineral in the rhythmite facies. Crys-
tals are polyhedral and heterometric, ranging
from 7 to 10 pm in size (Fig. 8).

Most of the carbonate laminae in Facies 3band 3c
consist of HMGC, although two of the laminae bun-
dles include LMC laminae (Fig. 9). HMC crystals
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Fig. 9. Mg, 6"0 and 6"°C profiles of the HMC, LMC and siderite from the carbonate—clay rthythmites in Subunit 1B
(correlated wells 642 and 728). The average mol% Mg in the bundles displays a trend that suggests increasing
salinity. The 6'®0 values show a clear shift to positive values, punctuated by dilution episodes with lighter %0
(bundles 2—10). The 680 and 6**C values show a clear covariant trend in the lower part of the subunit (bundles 2-10)
pointing to closed hydrological conditions. Bundle 1, Facies 2a. Bundles 2—14b, Facies 3b. Bundles 14-17 (black

squares), Facies 3c.

show rhombohedral shapes (Fig. 8c), and some
display an arrow-like morphology (Fig. 8a and b).
In some cases, crystal faces are either corroded or
show additional growth (Fig. 8c). Siderite crystals
in these facies are rhombohedral, 1-2 um in size,
with well-preserved crystal faces. They occur as
clusters with a similar crystal orientation and infill
intercrystalline calcite porosity.

The Mg content in the LMC ranges from 0-1 to
3:8 mol%, whereas in the HMG, it ranges between
4-6 and 16-2 mol%. The average Mg content of the
calcites in each clay—carbonate laminae bundle in
well 642 increases upwards in the lower part of

Subunit 1B (Fig. 9). Moreover, most of the bundles
show clear increasing %Mg trends, which are
arranged in pluriannual cycles. These trends in
Mg increase do not correlate significantly with the
lamina thickness or with the oxygen and carbon
isotopic changes described below (Fig. 10).

Oxygen and carbon isotopic results

The 6*80 values of most of the carbonate laminae
in Facies 3b range from -1 to +2-6%,, but a few
laminae have lower values (Fig. 11b). The §'°C
values are between —4 and +39, Covariance
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between §'°C and 6'®0 is high. Calcite in the
thicker Facies 3c laminae show slightly changing
0'%0 values (average +0-7%,; Figs 9 and 11a). The
0"3C values are clearly more variable than in
Facies 3b. Some of the bundles display low §"°C
values (between —3 and +119%,). No clear sequen-
tial trends can be recognized in these changes.
Finally, 6'0 and 6'°C do not show covariance,
and 6'°0 and the % Mg do not correlate.

Palaeoenvironmental interpretation

The open, offshore lacustrine assemblage facies
was deposited initially at a maximum depth
ranging from 10 to 15 m, although this depth
decreased as the basin infill progressed (Fig. 3b).
This assemblage is regarded as deep, as opposed
to the aforementioned shallow-dominated facies
assemblage. Maximum depth estimation was

established on the basis of: (1) the thickness of
the laminated lacustrine basin infill episode; and
(2) the height of gentle progradational marginal
clinoforms observed in the stratigraphic panels
(Fig. 2c; Cabrera et al., 1995; Ferrts, 1998).

The widespread occurrence of laminated facies
and the good organic matter preservation show
that the water body was perennial and sufficiently
deep to allow long periods of water stratification
(meromixis). The carbonate—clay rhythmite inter-
vals record repeated limnological changes, which
led to alternating deposition from: (1) carbonate
precipitation from warm surface waters; and (2)
suspensions of clay biogenic clasts and organic
matter. The microlaminated clay—carbonate cou-
plets of Facies 3b are consistent with brief, high-
frequency climatic rhythms, probably seasonal,
although conclusive evidence of such periodicity
is not available. The grouping of the clay—carbonate
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Fig. 11. 6"°C and 60 of the carbonate laminae from
Subunit 1B (wells 5040 and 728). (a) Arrow indicates
positive shifts in the §*3C values recorded in siderite
and some HMC laminae from the upper part of the
subunit, which suggests a methanogenic influence.
(b) The covariant trends (labelled L,, L, and Ls)
recorded in the lower part of the subunit point to
closed hydrological conditions.

couplets in bundles and their alternation with
turbidites suggest successive pluriannual to cen-
tennial periods of changing hydrochemistry and
fine-grained sediment inputs. These changes
could be related to a variety of factors, either
regional (i.e. changing rainfall and vegetation
cover) or local (i.e. shifting of terrigenous contri-
butions from the alluvial zones).

EVOLUTION OF THE LACUSTRINE
SYSTEM

Basin fill evolution and lacustrine-palustrine
carbonate mineralogy

The eastern As Pontes sub-basin fill sequence
records an early period of basin formation with
related scree and alluvial deposits. This was

followed by the development of palustrine to
shallow lacustrine terrigenous sedimentation
(Table 1, Fig. 5) These palustrine-dominated en-
vironments evolved into a more diverse frame-
work, in which terrigenous carbonate cyclical
facies were deposited. Areally extensive and
relatively deep, open offshore lacustrine zones
developed during this stage, but they often
shrank, and shallow lacustrine and palustrine
ramps spread over most of the basin. This resul-
ted in low generation and poor preservation of
organic-rich and laminated facies.

The sedimentological, mineralogical and palae-
obiological records in the lower subunit demon-
strate that the water depth and salinity were
highly variable, characterizing closed lacustrine
conditions. The possible occurrence of primary
aragonite and the widespread early diagenetic
dolomite indicate that the Mg/Ca ratio attained
relatively high wvalues. This high Mg/Ca ratio
resulted from the Mg contribution from the
weathering of metamorphic rocks containing Mg
silicates. The removal of Ca during the early
stages of lacustrine evolution (corresponding to
the deposition of LMC and HMC in the lower
lacustrine cycles) contributed to the relatively
high Mg/Ca ratios, which remained high despite
the generation of Mg-rich clays (i.e. palygorskite
and sepiolite). Moreover, the fact that the most
significant dolomite accumulations are linked to
pedogenic palustrine facies suggests that the Mg/
Ca ratio increased as a result of evaporitic pump-
ing. Neither dolomite (early diagenetic or prim-
ary) nor aragonite is indicative of a saline lake
formed under evaporative conditions (Miiller &
Wagner, 1978). Nevertheless, in As Pontes, high
oligosaline to mesosaline and even eusaline
conditions are confirmed by the athalassic faunal
record.

The palustrine-lacustrine, ramp-dominated
depositional framework of Subunit 1A was
replaced by a deeper, meromictic and more
complex lacustrine framework, ranging from
relatively uniform deeper lacustrine environ-
ments (with fine-grained turbidites and clay-
carbonate couplets) to marginal bench-talus
environments (Subunit 1B). Primary HMC was
the dominant carbonate phase in the open
offshore lacustrine deposits during this evolu-
tionary stage, whereas LMC and siderite were the
most common early diagenetic carbonates.

The occurrence of primary LMC in the lower-
most clay—carbonate bundles suggests that the
Mg/Ca ratio fell during major flooding events.
This ratio increased during the successive depo-
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sitional stages, to remain relatively high. The
changes in primary carbonate mineralogy (i.e.
from LMC to HMC) reflect the early precipitation
of Ca-carbonates (mostly LMC), which caused Ca
removal from the lake waters and led to periods of
relatively higher Mg/Ca waters, owing to the more
conservative character of Mg and the hydrologi-
cally closed conditions (Miiller & Wagner, 1978;
Wetzel, 1983). The absence of primary aragonite
and the occurrence of fossil frogs and typical
fresh to slightly oligosaline water snails (Lym-
naea, Planorbis) suggest that the Mg/Ca ratio and
salinity never attained very high values.

Swamp environments also developed in the
marginal lacustrine zones and prograded basin-
ward, resulting in the generation of several pro-
gradational-retrogradational sequences, which
punctuated the basin infill evolution. The upper
part of the basin infill sequence records the late
basinward progradational infilling of the offshore
lacustrine zones by encroachment of the marginal
swamps. This stage was characterized by increas-
ing higher plant contributions to the subaqueous
lacustrine zones, which underwent a gradual
decrease in areal extent and water volume.

Carbonate isotopic evolution

Cyclically arranged palustrine-lacustrine
assemblage

Primary HMC was recognized in the scarce,
deeper lacustrine clay—carbonate couplets recor-
ded in the lower Subunit 1A, the only primary
carbonate phase recorded there. Some of the LMC
and HMC that cluster close to the isotopic values
of the primary HMC might also be primary, but no
evidence is available. Thus, it is assumed that
fine-grained LMC, HMC and dolomite are the
earliest diagenetic carbonate minerals in the
massive lacustrine—palustrine sequences in Sub-
unit 1A (Fig. 5).

Dolomite is enriched in 'O in relation to
calcite by between +1 and +7%, (Clayton et al.,
1968; Fontes et al., 1970; Land, 1985). These
dolomite '®0 values are consistent with precipi-
tation from similarly evolved lacustrine waters
(Craig & Gordon, 1965). Approximately one-
quarter of the LMC samples cluster with negative
0'%0 values (i.e. from -2 to 0), suggesting that
either the evolution of the lacustrine porewaters
was not so pronounced or the input of '°O-rich
meteoric waters was higher, compared with the
higher HMC and dolomite 6'®0 values. Some of
the lowest LMC 6'®0 values occur in the lower-

most cyclical sequences in Subunit 1A, suggest-
ing less concentrated water conditions in the
basin (Fig. 5).

The very wide range (i.e. 16%,) of '°C values
could represent early diagenetic precipitation of
carbonates under varying mixtures of atmo-
spheric and soil-derived CO, from the surround-
ing emerged zones. With regard to 6'°C variations,
a number of authors have demonstrated that
groundwaters in well-vegetated catchment areas
with well-developed soils are more influenced by
the decomposition of isotopically light plant
material and have CO, with negative §'°C values
(Talbot, 1990). Moreover, changes in the vegetat-
ive cover in the source and depositional palus-
trine areas could subordinately account for these
variations. Thus, a decrease in C4 plant contri-
butions (6'°C, —12 to -14%,) and a correlative
increase in C3 plant contributions (6*°C, -25 to
-289%,) would cause a §"°C decrease and vice
versa. Some of the changes in the 6'°C DIC
(dissolved in organic carbon) in the resident
waters could also have been controlled by vari-
able recycling of organic matter, which was
modified by burial rate. On the other hand, the
lower §'°C values of LMC and HMC, ranging from
-7 to —-12%,, would mainly be related to early
diagenetic precipitation of calcite in association
with bacterial sulphate reduction, because such
low values do not usually result from atmo-
spheric or soil-derived CO, contributions (Talbot
& Kelts, 1990).

Open offshore deeper lacustrine assemblage

In the As Pontes deeper lacustrine sequences,
the 6'®0 values from primary HMC are associ-
ated with the hydrological balance in the lake,
which depends on the evaporation/inputs ratio.
In general, an increase in §'°0 values in primary
carbonates reflects increasing evaporation or
longer water residence times in the lake. There-
fore, the primary calcites with positive or
strongly positive 6'®0 values could represent
sedimentation during relatively concentrated,
longer residence time stages. The "0 and 6'°C
values of the primary carbonates in the lower
bundles (2—12 in Figs 9 and 10) show covariant
trends (L2 and L3 in Fig. 11b) and suggest that
the lacustrine system was hydrologically closed.
The covariant trends have a relatively gentle
intermediate slope, suggesting that the area/
depth ratio of the basin during the sedimentation
of these deposits was high. This accords well
with the shallowness of the basin (i.e. from a
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maximum of 10-15 m to a few metres), estab-
lished on the basis of depositional and geometric
constraints.

The low to very low §'20 values (between —3-2
and -1079%,), recorded in some of the LMC
included in the covariant trend of Subunit 1B
suggest that calcite precipitation occurred during
short dilution periods owing to a greater influx of
isotopically lighter waters. These low 6?0 values
should be regarded as being representative of the
mean oxygen isotopic composition of the inflow,
which reflects the composition of the catchment
precipitation.

The inflow responsible for reducing 6'°C and
0'®0 (up to 7 and 139, respectively) would be
related to large surface run-off and/or under-
ground recharge events linked to exceptional
rainfall in the region. The differences in the
amount of isotopic lowering between 6'°C and
6'%0 would result from the fact that 6'°0 in the
lacustrine waters decreases following a linear
trend, whereas 6'°C is especially influenced by
the CO, isotopic composition of the lacustrine
resident waters (Li & Ku, 1997). The significance
of these major flood events would be enhanced by
the relatively small lacustrine water reservoir
volume and by water stratification, which would
have resulted in the generation of widespread
meteoric water plumes in the epilimnion during
the flood events (Johnson et al., 1991).

Isotopically light laminae in the lower part of
Subunit 1B are scarce compared with the isotop-
ically heavy laminae. Most of the carbonate
laminae in the L2 and L3 covariant trends show
high 6'®0 and §"°C values with little variation
(Fig. 11b). Thus, the lacustrine system was char-
acterized during most of its evolution by
an isotopically heavy, gently varying water body,
close to steady state (Sofer & Gat, 1975; Lister
et al., 1991) and only punctuated by sharp excur-
sions to light isotopic values. Shorter term (an-
nual to pluriannual) 6'®0 changes (about 29%,)
recorded in most of the clay—carbonate laminae
bundles could be attributed to a variety of mech-
anisms (mixing of minor, varying meteoric water
inputs, changes in evaporation rates, water tem-
perature changes, organic productivity changes).

The differences between the 6'°C values in the
covariant trends L2 and L3 (about 39%,) could be
caused by (Bein, 1986; Talbot, 1990; Valero-Garcés
et al., 1997; Wachniew & Rozanski, 1997): (1) the
inflow and mixing of variable amounts of meteoric
water with isotopically light '*C contributions;
(2) changes in §'°C in the incoming waters due to
vegetation changes in the source areas around the

lacustrine zones; (3) the different temperatures
in the epilimnion (probably less relevant); and
(4) variations in biological productivity during a
basically stratified lake period on the assumption
that most of the carbonates precipitated in the
epilimnion. It is not possible to assess the import-
ance of each of these processes, which probably
acted simultaneously. It has been suggested that
changes in primary productivity have little impact
on the composition of the lake DIC of long-
residence water bodies (Turner et al., 1983; Talbot
& Kelts, 1990; Utrilla et al., 1998), although this is
debatable. An alternative interpretation for the
heavier 6'°C values is changing rates of net CO,
outgassing from the lake to the atmosphere (a
common process in most recent lakes; Cole et al.,
1994). This outgassing would account for the
heavier 6'°C values, which could be attained
under closed, long-residence water conditions.
Varying organic matter production and recycling
through oxidation would also account for the
observed 6'°C variations.

The 6'°0 values of the diagenetic LMC, which
replaced diatom frustules (bundle 13, Figs 9 and
11b), cluster between those of the primary LMC
and HMC that precipitated from evolved lacus-
trine waters. This suggests that replacement of
silica took place in these evolved waters rather
than in meteoric waters. The same explanation
can be stated for siderite 6'°0 values, although
they show a slightly larger range. In contrast, the
0"3C values for early diagenetic LMC and siderite
are rather diverse, with siderite reaching signifi-
cantly higher values (bundle 17, Figs 9 and 11a).
In many recent lacustrine basins, 13C enrichment
in early diagenetic carbonates is related to bac-
terial methanogenesis (Talbot, 1990). The siderite
precipitation in the uppermost laminite bundles
in upper Subunit 1B was probably related to this
process (Berner, 1981; Mozley & Wersin, 1992),
which in turn was enhanced by increasing
contributions of vegetal debris and eutrophiza-
tion of the lake. Moreover, given the shift towards
higher §'°C values of some of the HMC in the
upper bundles, it cannot be ruled out that partial
early diagenetic HMC precipitation could take
place under the influence of methanogenic CO.,.

Integration of the isotope data from lower
and upper subunits

The primary HMC from the lower subunit lami-
nites has 6'°0 values in the same range as the
higher values in the upper subunit (Fig. 12). Low
0'%0 values related to dilution episodes are not
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recorded in this subunit, but this could be a bias
caused by the small number of clay—carbonate
couplets available for sampling and by the rapid
shift to the higher isotope values. Consequently,
only the 6'®0 heavier stages are identified in this
isotopic record. During the sedimentation of
both lower and upper subunits, meteoric waters
apparently evolved very rapidly from lower
to higher isotopic values.

Most of the dolomite §'®0 and §'°C values
cluster above the range of most of the early
diagenetic HMC and LMC (Fig. 12). Nevertheless,
these values also scatter close to the end of the
covariant trends in the upper subunit and also
close to the cluster of primary HMC in the lower
subunit. This suggests that the waters from which
dolomite precipitated in lower Subunit 1A could
have had §'°0 values similar to those of the
evolved waters recorded in upper subunit 1B.
This means that the residence times and/or
evaporation rates remained similar throughout
the evolution of the lacustrine system.

Changes in basin hydrology

Lacustrine establishment and early
salinity increase

The lower Subunit 1A represents the onset of a
well-developed palustrine- to shallow lacustrine-
dominated environment (Fig. 2), in which fine-
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bacterial
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reduction
effect

l

=10 1

evaporation 11

»
»

d

"~ dilution by meteroric water inflows

|
isotopic
steady state

grained mudstones and palustrine (LMC-domin-
ated) limestones were deposited. The Mg and Sr
content changes point to variable solute compo-
sition, whereas the relatively high and roughly
upward increase in 6'°0 values suggests high
evaporation and/or residence time.

Changing solute trends

A subsequent rise in the Mg/Ca ratio, probably
related to a salinity increase, resulted in wide-
spread primary and early diagenetic HMC preci-
pitation and in dolomite and Mg-rich clay
generation. The lacustrine waters probably
attained mesosaline to eusaline conditions,
favouring the development of a thalassoid fauna.
The mudstone—carbonate cycles record higher
frequency water level oscillations, probably linked
to salinity changes. Salinity maxima in the
remaining water bodies could be coeval with the
maximum spreading of the palustrine environ-
ments in which dolomitization took place (Facies
2¢). Salinity minima could be coeval with a rise in
the water level and with the deposition of open
offshore lacustrine carbonate—clay couplets
(Facies 2a) and carbonate-rich mudstones (Facies 2b).

Salinity decrease trend and system dilution

A deepening and freshening of the system during
the deposition of the upper part of Subunit 1A is
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suggested by the occurrence of laminated clay—
carbonate couplets and by the decreasing Mg
content and §'®0 values of the limestones. These
changes heralded a dilution and deepening event,
which culminated in the deposition of the lower-
most portion of Subunit 1B.

Meromictic lake: freshwater-oligosaline
conditions and final basin infill

The water balance of the lake changed in the
transition from Subunit 1A to the overlying
Subunit 1B. Increasing water inflow resulted in
falling salinity, as evidenced by the absence of
thalassoid gastropods, which were replaced by
freshwater species, together with the occurrence
of fossil frogs which were poorly adapted to
highly saline conditions. Moreover, HMC (prima-
ry and perhaps in part early diagenetic), LMC
(primary and early diagenetic) and siderite (early
diagenetic) are the main carbonates present. This
mineralogy reflects variations in the Mg/Ca ratio
and oscillations of the solute composition, which
were not as important as in the underlying unit.

The lower part of Subunit 1B records a more
expanded lacustrine framework, with an early
major flooding that resulted in a significant water
volume increase and basin deepening and fresh-
ening (Fig. 2). The meromictic or oligomictic
conditions invoked to account for the laminated
lacustrine facies could be enhanced by the trop-
ical-subtropical climate proposed for NW Spain
during the Oligocene on the basis of the available
palaeobotanical data. Stratification of the waters
could have been reinforced initially by the
superposition of the incoming meteoric flood
waters on the pre-existing, more saline water
body during the preceding lacustrine stage (ecto-
genic meromixis).

The Mg increase in the lower part of Subunit 1B
suggests an early water concentration up to
oligosaline conditions. The increasing Mg content
in successive carbonate laminae bundles suggests
progressive increase in the evaporation/water
input (E/I) ratio, which reflects distinct seasonal
to pluriannual cycles (Fig. 10). Moreover, the
wide scatter in 6'°0 values and the prevailing
closed basin conditions indicate that the As
Pontes lake was especially sensitive to changes
in the evaporation/inflow ratio.

The poorer preservation of the geochemical and
mineralogical record in the upper part of Subunit
1B prevents us from tracing its detailed evolution,
although the scarce data suggest that further
oscillations and solute composition changes took

place before the final sedimentary infilling by
progradation of the marginal parts of the system.

In intermediate to long time ranges, the Mg
concentration trend in Subunit 1B records several
stages of increase and decrease, from the early
lacustrine flooding to a first maximum that was
followed by a pulsating evolution (see lower
bundle succession in Subunit 1B; Figs 9 and
10). Note that the average salinity trends marked
by the Mg increase are not always coeval with the
increasing residence time or E/I ratio, evidenced
by the 6'®0 increase. At shorter time intervals
(pluriannual to centennial), positive or negative
shifts in §'°0 (i.e. increasing or decreasing E/I) do
not usually parallel changes in the Mg content.
Because the Mg concentration tends to be very
conservative on a short time scale (Wetzel, 1983),
this would account for the frequent absence of
short-term correlation between Mg and §'°0
trends (Fig. 10).

The §'%0 and Mg content changes recognized in
the primary carbonates of the bundle laminae
record minor, very short-term hydrochemical
changes in the system. These changes could take
place over time spans ranging from pluriannual-
decennial periods up to several thousand years
(Figs 9 and 10) and may be in relation to cyclical
precipitation shifts.

Infill organization and controlling factors
in basin evolution

A major trend of water input increase and lake
level rise is clearly recorded by the superposition
of Subunits 1A and 1B, linked to the change from
shallow, saline lacustrine conditions to deeper,
freshwater conditions, which persisted until the
lake’s final infilling. This change caused the low-
order stratigraphic arrangement of the up to 100 m
lacustrine infill (Fig. 13, curve 1). Apart from this
low-order, deepening trend, dm- to m-thick cyc-
lical sequences also occur in Subunits 1A and 1B.
These high-order sequences (Fig. 13, curve 2)
resulted from alternating lacustrine flooding and
shrinkage episodes, related to changing water
input/output ratios in the system. The magneto-
stratigraphic dating of the lacustrine infill (Huerta
et al., 1997; Ferrts, 1998) suggests that the
deposition of the whole low-order sequence
lasted around 15 My and that the periodicity
orders of the dm- to m-thick cycles would be close
to an average of 30 ky. The thinnest rhythmic
clay—carbonate microlaminations (a few micro-
metres to a few millimetres thick) resulted from
very short-term, probably seasonal changes,
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Fig. 13. Evolution of the lacustrine record in the As Pontes Basin. The major tectonic and hydrological changes are
indicated. Curve 1, low-order lacustrine basin infill sequence that was controlled by tectonics and the headward
spread of the catchment drainage. Curve 2, cyclically arranged mudstones and carbonates (Subunit 1A) and inter-
bedded turbidite beds, rhythmite bundles and marginal bench facies (Subunit 1B), which were mainly controlled by
climatic oscillations. Curve 3, decennial to millennial carbonate—clay rhythmic bundles. Number 4 indicates prob-
able seasonal clay—carbonate couplets. See text for further explanation.

whereas the carbonate—clay rhythmic bundles
would develop during decennial to millennial
time spans (Fig. 13, curves 3 and 4).

The stratigraphic arrangement of the lacustrine
As Pontes Basin records the long-term (i.e.
1-5 My) trend of expansion, deepening and infil-
ling of a lake and the repeated, short-term (i.e.
around 30 ky on average) water level oscillations
that were superimposed on this trend. The causes
of these water balance changes can be constrained
by taking into account the palaeotectonic, pala-
eogeographic and palaeoclimatic setting of the
basin. Thus, the low-order sequence transition
from Subunit 1A to Subunit 1B was related to a
water volume increase from about 1 hm® in the
earliest evolutionary stages to 11-5 hm® in the
maximum lacustrine spreading and deepening
stage (Fig. 2a” and b’). There is no palaeobotanical
evidence for significant climatic forcing (i.e. a
rainfall increase) during the transition from 1A to
1B (Baltuille et al., 1992). Therefore, this water
volume increase must have been caused by the

coupled influence of: (1) the increment of accom-
modation in the basin caused by increasing
subsidence rate related to the synchronous activ-
ity of reverse and normal faults in the strike-slip
fault system, which outstripped sedimentation
rates (Ferrts, 1998); and (2) the enlargement of
the catchment of the As Pontes eastern subbasin
(Barsé et al., 2000). Owing to its location on the
uplifted zones of the strike-slip system, tectonics
could have influenced drainage evolution in the
catchment area, but simple headward extension
of the drainage network can also account for the
reported catchment enlargement.

The warm subtropical climatic regime in NW
Spain and its palaeolatitudinal position during
the Oligocene made this region very sensitive to
high-frequency cyclical palaeoclimatic variations
(i.e. from dry to moister conditions). This influ-
ence was significant in terms of water and
sediment contributions, palaeohydrochemistry
and water stratification. The changes in these
parameters would have resulted in the cyclical
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dm- to m-thick sequences in both subunits (curve
2, Fig. 13) and mainly record this climatic forcing
on the lacustrine system. The limited total thick-
ness of these cyclical sequences precludes the
definitive statistical testing of their periodicity
and their possible attribution to orbitally forced
periodical cycles (Berger & Loutre, 1994). Never-
theless, their range of thickness and estimated
average duration (i.e. 30 ky) are similar to that
observed in other lacustrine sequences that have
been interpreted as climatically forced cycles
(Olsen, 1986; Anadon et al., 1991).

CONCLUSIONS

Tectono-sedimentary interactions in the Oligo-
cene As Pontes Basin resulted in the deposition of
a low-order lacustrine sequence (Unit 1), which
records the establishment, spreading, deepening
and final infilling of a small, tectonically forced
lake basin.

The most significant depositional, palaeoenvi-
ronmental and palaeohydrological shift identified
in the As Pontes lacustrine infill resulted from the
coupled influence of tectonic and morphological
processes affecting the basin catchment system.
Thus, a tectonically driven increase in accommo-
dation space and increasing water input (caused
by the headward spread of the watershed)
account for the significant deepening and dilu-
tion of the lacustrine system and the shifting from
a palustrine—lacustrine, shallow ramp-dominated
framework to deeper and more stable subaqueous
conditions. In addition to this tectonic—morpho-
logical forcing, minor oscillations in the water
level also influenced the lacustrine sedimentation
and gave rise to higher order cycles. These minor
oscillations were probably climatically forced
and modulated the evolution of the lacustrine
system. Therefore, the lower shallow palustrine—
lacustrine facies (Subunit 1A) were deposited
under low and variable water levels (saline and
mainly holomictic conditions), which resulted in
the deposition of cyclically arranged terrigenous
carbonate sequences. The lacustrine sequences in
Subunit 1B were also formed mainly under
changing but steadier, meromictic, fresh to oli-
gosaline conditions, which favoured the cyclical
deposition of fine-grained turbidite beds and
clay—carbonate rhythmite bundles.

The sedimentological and geochemical data (i.e.
short-term increases in Mg/Ca ratio, 6'°0 and §'°C
covariance trends in calcite, abrupt 580 varia-
tions) correspond well with the characteristics of

small, closed lakes which, given their sensitivity
to climatically forced water balance variations,
commonly display very short-term hydrochemi-
cal trends.

The research community is already aware that
the sedimentary record of ancient lakes provides
some of the most complete, high-resolution
archives of palaeoclimatic processes. This is
because climate is often emphasized as a major
control on lacustrine evolution. The present
study reinforces the potential of high-resolution
ancient lacustrine records to elucidate short-term
palaeoclimatic changes. Nevertheless, the analy-
sis of the long-term evolution of the tectonically
forced As Pontes Basin illustrates the importance
of understanding the style, intensity and timing
of tectonic deformation and drainage evolution in
order to distinguish properly between tectonic
and climatic forcing of the sedimentary record.
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