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ABSTRACT

Results are presented of a detailed carbonate petrographic study of an Upper
Miocene lacustrine mixed carbonate—siliciclastic succession in the Teruel
Basin (Spain) with the aim of constraining lake-level variability at different
stratigraphic scales. Regular alternations of red to green mudstone and
lacustrine limestone, termed the ‘basic cycle’, reflect lake-level variations at
the metre-scale. In an earlier study, the basic cycle was shown to be controlled
by the climatic precession cycle. Petrographic analysis made it possible to
distinguish two main carbonate microfacies groups characteristic of very
shallow transient and shallow permanent lake environments, respectively. In
addition to the basic cyclicity, the microfacies analysis reveals lake-level
variations on a larger scale. As a consequence, the astronomical forcing
hypothesis of the cyclicity in the Cascante section is explored further. A
climate modelling study of orbital extremes indicates that high lake levels
could relate to enhanced net winter precipitation and runoff during precession
minima, consistent with Mediterranean geological data. Using this phase
relationship, an astronomical tuning of the cycles is established starting from
astronomical ages of magnetic reversal boundaries. Subsequently, successive
basic cycles are correlated to precession minima. The tuning reveals an
identical number of basic cycles in the Cascante section as precession-related
sapropel cycles in the deep marine succession at Monte dei Corvi (ltaly),
corroborating the precessional control of the basic cycles at Cascante. Lake-
level highstands in the large-scale cycle identified by the microfacies analysis
relate to maxima in both the ca 100 and 405 kyr eccentricity cycles, again
consistent with Mediterranean geological data. Subtraction of the identified
astronomically related (lake-level) variations from the palaeoenvironmental
record at Cascante indicates a shift to deeper and more permanent lacustrine
environments in the upper half of the section. The cause of this shift remains
unclear, but it may be linked to tectonics, non-astronomical climate, long-
period astronomical cycles or autogenic processes.
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INTRODUCTION

Reconstruction of the evolution of sedimentary
environments requires distinction among tec-
tonic, climatic and autogenic processes, which is
often difficult to achieve because they may result
in similar palaeoenvironmental shifts and act
simultaneously as well. However, high-resolution
(ca 10* yr) age control may provide critical infor-
mation about the forcing mechanisms of the
palaeoenvironmental changes. Recent improve-
ments of the Cenozoic, and especially the Neo-
gene, magnetic polarity timescale (Gradstein
et al.,2004; Lourenset al.,2004) offer an excellent
opportunity to correlate lithological and biological
changes in sedimentary successions with well-
dated tectonic and (global) climatic events
(Dupont-Nivet et al., 2007). The improvements
further allow the presence of astronomical climate
forcing to be examined, which potentially yields
valuable information on the response of palaeo-
environmental and sedimentological processes to
known climate variations in terms of relative
humidity and seasonality (Weedon, 2003). In
addition, the identification and subsequent
removal of orbitally induced climate variations
from the sedimentary record reveal other varia-
tions that may be related to autocyclicity, tectonics
or non-astronomical climate-forcing mechanisms.

Neogene continental successions in Spain offer
long sedimentary records of low-gradient endor-
heic basins in which climate and tectonics theo-
retically have a great impact on the depositional
environment (Sanz et al., 1995; Abdul Aziz et al.,
2003b). In the present paper, a continued cyclo-
stratigraphic study of the Cascante section in the
southern Teruel Basin (NE Spain; Fig. 1) is
presented, elaborating on a previous study by
Abdul Aziz et al. (2004). The section is charac-
terized by a distinct alternation of red to green
mudstone, interpreted to be deposited in a distal
alluvial floodplain environment, and shallow
lacustrine to palustrine limestone (Fig. 2). Mag-
netostratigraphy and small-mammal biostratigra-
phy revealed that deposition took place between
9/4and 102 Ma (Abdul Azizetal.,2004). Abdul
Aziz et al. (2004) applied spectral analysis on
high-resolution colour records. Results revealed a
cyclicity ata 1:2:5ratio, resembling the ratio of the
climatic precession, obliquity and short eccen-
tricity cycles. Combining the statistical and mag-

netostratigraphic results, those authors showed
that the basic, metre-scale mudstone—limestone
cycles are related to the precession cycle (Abdul
Aziz et al., 2004). However, no palaeoenviron-
mental significance could be assigned to the other
scales of cyclicity that were tentatively attributed
to obliquity and short-eccentricity. Consequently,
no astronomical tuning of the Cascante section
was established. In this study, a detailed sediment
petrographic study of all 34 lacustrine and palus-
trine limestone beds was therefore performed. In
addition, simulations with a global climate model
were carried out as an independent check on the
phase relationship between lake-level highstands
and precession as derived from published geolog-
ical data. Finally, an astronomical tuning of the
Cascante succession is presented, allowing a
guantification of the influence of climate and
tectonic variability on this continental sedimen-
tary environment.

GEOLOGICAL SETTING

In the Teruel Basin (Fig. 1A), a 100 km long and
15 km wide NNE-SSW trending half-graben,
sediment deposition started in the Early Miocene
and lasted until the Late Pliocene (Anadon &
Moissenet, 1996). Sedimentation took place in an
internally drained continental setting dominated
by red alluvial terrigenous beds, lacustrine and
palustrine limestones, and gypsum. The sedimen-
tary succession is characterized by large-scale (40
to 200 m) alternations of red siliciclastic sediments
and lacustrine carbonate or evaporitic sediments
(Anadon et al., 1997; Alonso Zarza & Calvo, 2000).
The studied Cascante section is located in the
southern part of the basin (Fig. 1B), along the
Villel-Cascante del Rio road, in the Teruel-Ade-
muz sub-basin. The sub-basin is flanked by
Mesozoic rocks, predominantly composed of Tri-
assic mudstone and evaporite rocks and Jurassic
limestone. The presence of gypsum deposits in
the basin has been related to leaching of Triassic
sediments cropping out along the basin margin
(Broekman, 1983; Anadon et al., 1992). The Neo-
gene infill starts at the basin margin with alluvial
fan conglomerates and breccias that grade later-
ally, within a few kilometres, into fine-grained
distal alluvial fan sediments and shallow lacus-
trine deposits towards the centre of the basin.
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Fig. 1. (A) Geological and location map of the region of the NNE-SSW trending Teruel Basin. (B) Detailed geological
map and location map of the Cascante section (after Abdul Aziz, 2001). Miocene basinal facies are depicted in the
legend from bottom to top according to their stratigraphic order.

THE CASCANTE SECTION

The studied Upper Miocene section comprises
the siliciclastic interval of the Loma de Cascante
Formation, one of the formation-scale silici-
clastic—limestone alternations in the Teruel Basin
(Fig. 2). The lithology is characterized by a

distinct regular sedimentary cyclicity of red and
green, orange mottled, distal alluvial fan mud-
stone and white, shallow lacustrine limestone
(Abdul Aziz et al., 2004). This basic mudstone—
limestone cycle hasanaveragethicknessof2A2m
(Abdul Aziz etal., 2004) (Fig. 3). Thirty-four
basic cycles were observed in the Cascante



Fig. 2. View to the east of the siliciclastic Cascante section with the limestone unit on top of cycle number 34. Red/
green mudstone—white limestone cycles are indicated by numbers in black (except for cycle 25, shown in grey
because it is not well visible in the picture). The scale bar is approximately valid for the middle of the photograph (for

actual thicknesses, see Fig. 4).

section. A 30 m thick lacustrine limestone unit
characterized by metre-scale bedding overlies
the mixed carbonate—siliciclastic succession

(Fig. 2).

SEDIMENTOLOGY - OUTCROP SCALE

The outcrop data presented in this paper are a
compilation of new and published observations
and interpretations (Broekman, 1983; Broekman
et al., 1983; Kiefer, 1988; Abdul Aziz, 2001;
Abdul Aziz et al., 2004). The specific outcrop
characteristics of all 34 basic cycles are consistent
laterally over a distance of 300 m to the west of
the studied section. Some unique mudstone
colour patterns in outcrops between 1 and 2 km

to the east were proven to be time-equivalent
using detailed magnetostratigraphy (Abdul Aziz
etal., 2004).

Red and green mudstone

Description

The average thickness of the mudstone part of a
basic cycle is 1/£8 m (ranging from 144 to 3/E3 m).
The mudstone commonly starts with a dark red
colour at the base, gradually changing to orange
with upward increasing greyish-green mottling,
followed by an often sharp transition to greenish
mudstone showing abundant yellow mottling
(Fig. 3). The mudstone usually is massive and
commonly contains some randomly distributed
gypsum aggregates with arbitrarily oriented
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features and their sedimentological interpretation.

well-developed crystal structure and few milli-
metre-grained spherical gypsum nodules. Sparse,
millimetre-sized to centimetre-sized carbonate
lithoclasts are found locally floating in the mud-
stone. lllite and smectite are the dominant clay
minerals in these mudstones (Abdul Aziz et al.,
2004). Freshwater gastropods, bivalves and
small-mammal fossil remains are scarce and are
specifically concentrated in dark grey, organic-
rich centimetre-thick beds (Broekman, 1983;
Abdul Aziz et al., 2004). The organic matter is
millimetre-grained and originates from plant
remains. The organic-rich layers are unconsoli-
dated and occasionally show millimetre-scale
lamination. These layers occur beneath, on top
of, and locally within the limestone beds; they
also contain fragmented charophyte remains and
millimetre-scale to centimetre-scale spherical
gypsum nodules.

Interpretation

The mudstone deposits are interpreted to have
accumulated out of suspension following flood
events in distal mudflat areas of alluvial fans on
an usually dry and exposed basin floor, in
accordance with the interpretation given by
Kiefer (1988). Lack of evidence for stream action
in the mudstone strata suggests that the supply of

mud occurred through flood events that rapidly
washed the mud into the basin without causing
any apparent erosion. However, the massive
internal structure of these deposits only displays
indications of root bioturbation by mottling
obsuring any sedimentary clues of a transport
mechanism. The massive structure could have
been caused by extensive mud-cracking and
bioturbation because of root activity after deposi-
tion. Wright & Marriott (2007) report that these
two mechanisms can, together with compaction,
easily remove sedimentary structures after depo-
sition. In addition to the removal of all primary
sedimentary structures, prolonged sub-aerial
exposure caused pervasive oxidation within the
mudstone. The green mudstone on top of the red
mudstone might be indicative of initially red
sediments that were subjected to reduction and
leaching after deposition (Eardley et al., 1973;
Broekman, 1983; Abdul Aziz et al., 2004). Similar
reduction features have also been reported from
the Upper Kizilirmak Basin in Turkey (Turkmen
& Kerey, 2000) and from the Calatayud Basin in
Spain (Abdul Aziz et al., 2003Db).

As mentioned above, gypsum is present in the
mudstone as aggregates and millimetre-sized
spherical nodules, which occur especially in the
organic-rich layers just above and below the



limestone beds. The aggregates are interpreted as
secondary deposits because of their well-devel-
oped crystal structures, random orientation and
occurrence. The millimetre-sized spherical nod-
ules, that are found mainly in the organic-rich
layers, are interpreted as transported and re-
deposited gypsum. An alternative origin is
interstitial nodular gypsum growth. The absence
of (other) clearly primary deposited subageous
gypsum is remarkable. Warren (1999) reports that
deposition of gypsum in continental settings
mainly depends on three critical factors: (i)
abundant water to evaporate and introduce sol-
utes; (ii) sufficient solutes to precipitate; and (iii)
time. Taking into account the ample time for
mudstone deposition and the abundance of gyp-
sum sources, i.e. Triassic formations, at the basin
margin (Broekman, 1983), the limiting factor for
gypsum deposition in the Cascante region is
water. Thus, the lack of well-developed gypsum
beds could indicate that during mudstone depo-
sition phreatic groundwater levels in the basin
were not high enough to reach the solute concen-
tration necessary to precipitate gypsum (Rosen,
1994). This observation suggests that the mud-
stone deposits accumulated throughout pro-
longed dry periods during which the basin was
flooded only occasionally. The rare small carbon-
ate pebbles are interpreted as relicts of sheet
floods that transported larger clasts than average,
derived from the Jurassic rocks in the basin
margin.

Limestone

Description

The average thickness of limestone beds in the
basic cycleis0AE5m (0A£2to 0A£9Im). The limestone
beds are poorly laminated or massive, whereas
their top parts commonly show vertical tubes and
horizontal cracks (Fig. 3). Vertical tubes are a few
millimetres in width and usually up to several
centimetres in length, but they can reach up to
20 cm in massive limestones. Individual tubes
show upward and downward divergent patterns,
so that many tubes appear to be interconnected.
Millimetre-thick horizontal cracks can be present
ubiquitously, especially towards the top of the
limestone beds. The cracks and vertical tubes
locally produce a fragmented limestone, a feature
that is especially visible in the top part of
pronounced massive limestones. Fossil remains
of complete charophyte stems and gyrogonites,
broken and complete gastropods, ostracods and
some undifferentiated green algae are found.

Rare, very fine sand-sized quartz grains are pres-
ent. Gypsum is present usually as nodules or as
fillings of horizontal cracks and vertical struc-
tures (Abdul Aziz, 2001). Fine-grained, organic-
rich laminae (see description in the Red and
Green Mudstone section) are present locally
within the limestone beds. The degree of consol-
idation of the limestone beds depends on the
amount of clay, gypsum and organic matter, with
high gypsum contents resulting in very con-
solidated limestones. In the upper part of the
section, some limestone beds show undulating
structures, with locally centimetre-scale cross-
stratification, which are present mainly at the
base and in the lower half of the limestone beds.

Interpretation

The limestone beds are interpreted as lacustrine
carbonate deposits that accumulated in a shallow
lake. The vertical tubes are interpreted as root
bioturbation from a plant cover that developed on
top of the limestone mainly after deposition. The
horizontal cracks are interpreted as desiccation
cracks that developed during short and/or repe-
titive periods of subaerial exposure and finally
the desiccation of the lake. The root bioturbation
and desiccation cracks lead to the formation of
palustrine limestone. The cross-stratification and
undulating character, mainly in the lower part of
the limestone beds, are indicative of flowing
water. In contrast, the abundant presence of
complete charophyte stems is indicative of a
low-energy environment and shallow water depth
(Cohen & Thouin, 1987; Platt & Wright, 1991;
Garcia, 1994). The establishment of a shallow lake
on the distal alluvial plain of a fan system could
account for the reduced conditions leading to
green-coloured clayey sediment in the top part of
the mudstone in a basic cycle (Eardley et al.,
1973; Broekman, 1983; Abdul Aziz et al., 2004).
Alternatively, the green colour could be the result
of reducing conditions during the deposition of
the mudstone (Sagri et al., 1989). According to
Broekman (1983), the fine-grained organic matter
is of allochtonous origin and was deposited on
the lake shoreline during the transition from
floodplain to lake depositional environment and
vice versa. This interpretation is followed here,
because the occasionally found horizontal lami-
nations might indicate transportation of plant
material into the basin. The organic material
possibly was derived from the vegetation cover
along the lake margin, which was washed into the
basin during transgressive and regressive periods.
Wetter climate conditions may have caused



higher lake levels during limestone deposition
and this may have enhanced vegetation growth
that, in turn, reduced the inflow of clastic mate-
rial further into the basin (Broekman, 1983; Platt
& Wright, 1991).

SEDIMENTOLOGY - MICROFACIES
ANALYSIS

A detailed petrographic analysis of the limestone
beds was performed to reconstruct duration and
stability of lake expansions and water depth.
Outcrop-scale description of the carbonate facies
provides a rough estimate of these lake variables
and the subsequent use of microfacies permits
analysis of larger scale variations within these
dynamic lake features. Carbonate petrography
was carried out on a total of 145 thin sections
from all 34 limestone beds in the Cascante section
(Fig. 4). The limestone beds were sampled at a
resolution of at least one thin section per 10 cm.
To increase the visibility of carbonate particles,
especially bioclast remains, the thin sections
were partly stained using the red staining method
of Lindholm & Finkelman (1972).

The microfacies analysis resulted in a grouping
based on petrographic features and textures. Two
main microfacies groups and eight sub-groups
were differentiated (Table 1). The first group
includes limestone beds showing microfacies
typical of a shallow permanent lake environment,
whereas the second group includes carbonate
deposits showing features characteristic of a very
shallow, transient (sensu Currey, 1990) lake
environment. Currey (1990) defines transient
lakes as having an inundation to desiccation time
ratio of around 1:1, whereas permanent lakes
have a ratio of over 1000:1. Letter labels for
microfacies sub-groups were arbitrarily chosen.
Thin sections that show characteristics in
between two sub-groups were labelled as inter-
mediate between the two sub-groups. Limestone

Fig. 4. Lithologic column and magnetostratigraphy of
the Cascante section. Grey shading in the polarity
record represents uncertainty intervals between sam-
ples with certain polarity. Grey shades in the litholog-
ical column represent colour differences, see legend.
Basic mudstone—carbonate cycles are numbered to the
left of the column. Location of limestone samples col-
lected for thin sections is also indicated. The graph is
completed by a* (red) and L* (blue) colour reflectance
records and their 24238 and 2439 m filters (dotted lines)
(modified from Abdul Aziz et al., 2004).

beds consequently were labelled according to the
microfacies code indicative of the deepest and
most permanent lake environment recorded
within the bed.
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Table 1. Specification of petrographic description, matrix, and bioclast characteristics of the eight carbonate microfacies sub-groups recognized in the Cascante
section.
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Fig. 5. (A) Example of permanent lake microfacies sub-group R showing lamination of micrite and broken remains of
charophyte stems and gyrogonites that were transported to (slightly) deeper lake environments, normal polarized
light. (B) Example of permanent lake microfacies sub-group Q showing lamination of dense micrite and both broken
and complete charophyte remains indicative for only short transportation, red stained section, normal polarized
light, scale as on other photomicrographs. (C) Example of transient lake microfacies sub-group A a high
concentration of charophyte stems that shows a slight orientation, some gastropod remnants are present, the com-
pleteness of delicate charophyte remains indicative for low-energy environments without much transportation before
deposition, section red stained, normal polarized light. (D) Example of transient lake microfacies sub-group C
showing a relatively high concentration of broken and complete bioclast remains of mainly gastropods, red stained
section, normal polarized light. (E) Example of transient lake microfacies sub-group D showing broken gastropod and
ostracod shell remains, (primary) lenticular gypsum occurs as filling of horizontal desiccation cracks, red stained
section, cross-polarized light. (F) Example of transient lake microfacies sub-group E showing microbreccia with host
rock and filling of cracks with micrite and gypsum, palustrine limestone, upper half red-stained, cross-polarized
light.

sub-groups Q, R and S (Figs 5A,B and 6A). These
sub-groups show a dense packing of carbonate
Description micrite and bioclast fragments and, from sub-
The carbonate microfacies representative of group Q to R to S, an increase in sub-
shallow, permanent lake conditions include millimetre-scale lamination of micrite and

Shallow permanent lake microfacies



charophyte stems and gyrogonites transported to (slightly) deeper lake environments, normal polarized light. (B)
Example of transient lake microfacies sub-group B showing abundant and mostly complete charophyte remains
indicative of low energy conditions, no preferred orientation of micrite or bioclasts, some signs of sub-aerial exposure
and/or root action in upper part of photograph, section red stained, normal polarized light. (C) Example of transient
lake microfacies sub-group C/D showing gastropod and unidentified shell remains at intermediate densities without
clear orientation and organic matter, section red stained, normal polarized light. (D) Root burrow or striotubule filled
with lenticular gypsum, host rock around burrow shows primary lenticular gypsum as well, not red stained, normal

polarized light.

bioclast fragments. Bioclast diversity and frag-
mentation, as well as packing of the bioclast
fragments, increase from sub-group Q to S (“con-
centration’ in Table 1). Bioclasts consist mainly
of fragmented charophyte stems and gyrogonites
and minor ostracod and gastropod shells, which
are present chiefly in sub-group Q (Fig. 5B). None
of the three sub-groups contains siliciclastic mate-
rial coarser than the mud fraction, whereas clay
material is present in minor amounts. No cracks
and burrows have been observed, nor gypsum
crystals. On outcrop scale, the limestone beds of
this microfacies are indurated and have a well-
defined base and top. Beds are internally lami-
nated to massive; small-scale cross-stratification

and undulating structures are common, especially
in the basal part of the beds. Bed thickness ranges
from0/E4to0AEI m.

Interpretation

The dense packing of micrite and bioclast frag-
ments and the sub-millimetre-scale laminations
are interpreted as the result of deposition in
relatively low-energy water environments. Len-
ticular gypsum, that is interpreted as primary
gypsum by Anadon et al. (1992), is present
abundantly in the very shallow transient micro-
facies. The absence of cracks, burrows and lenti-
cular gypsum in the shallow permanent lake
microfacies indicates stable lacustrine conditions



that prevailed for relatively long time periods
(Currey, 1990). The abundance of fragmented
charophyte stems and gyrogonites suggests that
they were transported over a short distance from
very shallow lake areas, where charophytes
flourished, towards slightly deeper waters (Platt,
1989; Pérez et al., 2002). Platt (1989) and Pérez
et al. (2002) state that water depth in these
environments probably does not exceed a few
metres. Stable lacustrine conditions prevail when
evaporation and groundwater discharge from the
lake system are lower than precipitation and
groundwater influx. These circumstances may be
related to relatively continuous water inflow,
together with low evaporation, and/or lack of
extremely dry climatic conditions for a certain
period of time. The increase in horizontally
oriented bioclasts, clast fragmentation, and
micrite and bioclast lamination from sub-group
Q to S is interpreted as slightly higher energy and
deeper conditions towards sub-group S. No
microfacies are observed that indicate the deeper
and less energetic settings that are expected when
lake levels rise even more; this means that in the
case of Cascante the ‘deepest’ observed lake is
also the relatively highest energy environment
probably indicating a shallow lake environment
with a flat bottom.

Very shallow transient lake microfacies

Description

Limestones of this microfacies consist of massive,
uniform carbonate micrite lacking lamination
(microfacies A to E) and scarcely containing very
fine sand-sized quartz grains (see also Freytet &
Verrecchia, 2002). The distinction between sub-
group Q (a microfacies typical of deposition in
shallow permanent lake conditions; Fig. 5B) and
sub-group A (Fig. 5C) is based primarily on the
absence of lamination and reduced packing of
micrite in sub-group A. From sub-group Ato E, a
decrease in diversity and packing of bioclasts is
observed (Figs 5C to F and 6B,C; Table 1). Charo-
phyte stems and gyrogonites prevail in sub-
groups A and B (Figs 5C and 6B), while many
complete and some broken ostracod and gastro-
pod shells are more common in sub-groups D and
E (Fig. 5E and F). In sub-group C (Fig. 5D), all
four types of, dominantly broken, bioclasts are
present, although they are often not well-mixed.
An increase in the amount of sub-millimetre-
sized particles of organic matter, most probably
derived from plant material, can be observed
from sub-group C to D (Figs 5D, E and 6C).

Sub-millimetre-sized lenticular gypsum crystals
occur often floating in the carbonate micrite, with
their presence increasing from sub-group B to E.

Limestone beds showing this microfacies group
usually display mainly horizontal and some
vertical cracks (Fig. 5E and F), and vertical bur-
row (striotubules) structures (Fig. 6D). The bur-
rows become significantly more abundant from
sub-group A to E. Horizontal cracking and bio-
turbation features are virtually absent in sub-
group A, while in sub-group E brecciation is
intense (Fig. 5F). Cracks commonly are filled with
a mosaic of lens-shaped sub-millimetre-scale
gypsum crystals but, in some cases, they are
filled partially with silt-sized to clay-sized sili-
ciclastic material or fragmented host carbonate
rock, the latter especially in desiccation breccia
(sensu Normati & Salomon, 1989) of sub-group E.
The sub-groups B, C and D show gradational
microfacies features between the two end-mem-
ber sub-groups A and E.

In outcrop, the carbonate beds displaying very
shallow transient lake microfacies usually are
massive and/or poorly laminated and frequently
intercalate with thin green clay and dark grey
organic-rich mudstone beds that have a thickness
between 1 and 10 cm.

Interpretation

The lack of lamination in all sub-groups, minor
amounts of gypsum and abundant well-preserved
charophyte cysts and stems, and gyrogonites in
this microfacies indicates a very shallow, low-
energy freshwater lake environment. The delicate
charophyte stems grow in shallow lake margins
and usually break apart when agitated and trans-
ported, as observed in modern lake environments,
where meadows of charophytes flourish at depths
of less than 5 m (Platt, 1989; Garcia, 1994; Pérez
et al., 2002).

The decrease in abundance and diversity of
bioclasts and the increased organic matter and
amount of root burrows in the limestone, as
observed from sub-group A to E, indicate a
gradual change from a low energy, shallow lake
environment (sub-group A; Fig. 5C) towards a
shallow lake environment that is more swampy.
This interpretation is supported by the increase
in lenticular gypsum floating in the carbonate
micrite from sub-group A to E. Anadbon et al.
(1992) relate similar lenticular gypsum crystals to
a primary evaporate phase in extremely shallow
lake environments, even though Albesa et al.
(1997) report that the salinity is not necessarily
high. The higher amount of horizontal cracks, that



are interpreted as desiccation cracks, and root
burrows (striotubules) observed from sub-group A
to E, suggests an increase in frequency and
duration of sub-aerial exposure (sub-group E in
Fig. 5F). Alonso Zarza (2003) states that the
absolute exposure time and frequency needed to
form palustrine features in freshwater lake car-
bonate deposits are not known and may be
relatively short, even a season. The primary
exposure features can form under fluctuating lake
water level, which is accompanied by deposition
of organic plant material and clay laminae inter-
calated in the limestone bed. In terms of inunda-
tion versus exposure time, carbonate microfacies
sub-groups A and B characterize a ‘persistent’
lake environment, suggesting an inundation ver-
sus desiccation ratio of 10 to 1000:1 (Currey,
1990), while microfacies sub-groups C to E rep-
resent a ‘transient’ lake environment, with a ratio
of 1 to 10:1. Limestone beds of the very shallow
transient lake microfacies sub-groups generally
show their relatively deepest lake phase just
above the middle of the bed.

PALAEOENVIRONMENTAL CYCLES

Sedimentary model for the basic cycle

The remarkable lateral continuity of lithologic
features of both mudstone and limestone beds in
the Cascante succession suggests that they were
deposited in a low-energy, endorheic ramp-type
basin. In this setting, small-scale lake-level fluc-
tuations resulted in the submergence or desicca-
tion of large areas of the basin (Platt & Wright,
1991). The description and interpretation of the
basic mudstone—limestone sedimentary cycle are
schematically depicted in Fig. 3. It should be
noted that the mudstone part of the cycle is on
average three to four times thicker than the
limestone interval. Within the basic cycle, red
mudstone is interpreted as a low-energy sheet
flow deposit that underwent sub-aerial exposure
after deposition in a distal alluvial plain setting.
The transition from a red to a greenish colour
towards the top of the mudstone deposit most
probably is caused by reduction and leaching of
the underlying muddy sediment when lake levels

rose following mudstone deposition. Organic-rich
layers below and on top of the lacustrine lime-
stones are interpreted as deposited during the
lake transgression and regression. The freshwater
limestone is associated with lake-level highstands
resulting in a shallow lake undergoing varying
scales of fluctuating lake levels. In some cases,
low lake levels resulted in episodic exposure of
the carbonate mud and the formation of palus-
trine features. Lack of significant siliciclastic
input into the carbonate lake can be related to
high lake levels, resulting in a rise of the base
level of erosion trapping the sediment in higher
areas (Picard & High, 1981), and/or to the devel-
opment of a dense vegetation cover along the lake
margin that kept sediments in place and pro-
moted chemical instead of physical weathering
(Platt & Wright, 1991).

Larger-scale environmental variations

The codes of the different microfacies sub-groups
for the 34 limestone beds in the Cascante section
have been plotted in Fig. 7. Carbonate microfacies
characteristics of very shallow transient lake
environments prevail in the lower part of the
section below cycle 26. Two intervals with three
basic cycles (10 to 12 and 15 to 17) and one
interval with two cycles (20 and 21) contain
limestones representative of more “persistent’ (see
above) lake environments (sub-groups A and B).
Except for cycle 4, all other limestones in the
lower part of the section show more ‘transient’
lake environments (i.e. palustrine limestones of
sub-groups C, D and E) representing shallower
and more variable lake conditions. Below cycle
26, no limestone bed with microfacies indicative
of shallow permanent lake conditions is present.
Above that cycle, the limestone beds comprise
microfacies sub-groups that indicate the more
persistent environments of the very shallow tran-
sient lake microfacies (sub-groups A and B) and
the permanent environments of the shallow per-
manent lake microfacies (sub-groups Q, R and S),
except for cycle 27. Thus, lake levels increase and
lake environments become more stable from cycle
26 onwards, probably indicating the transition to
the thick lacustrine limestone unit that overlies
the studied section. This uppermost interval is

Fig. 7. Microfacies analysis results of all limestone beds in the Cascante section and their correlation to successive
precession minima and insolation maxima according to the magnetostratigraphy of Husing et al. (2007). Grey in the
polarity record indicates age uncertainty intervals as given by these authors. Colours and different line characteristics
indicate microfacies sub-groups (see legend). Asterisks indicate thick mudstone intervals. For details on the litho-

logical column see Fig. 4.
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characterized by alternation of relatively deeper
and shallower lakes in every other bed. This
pattern shifts one cycle from 28 to 29. Somewhat
deeper lakes are found in cycles 26, 28, 29, 31 and
33, whereas shallower lakes are found in cycles
27, 30, 32 and 34.

CYCLOSTRATIGRAPHY

Astronomical forcing

The stratigraphic regularity of the basic cycle in
the Cascante section strongly suggests an allo-
cyclic forcing mechanism. Abdul Aziz et al.
(2004) therefore applied Blackman-Tukey (BT)
and maximum entropy (ME) spectral analysis on
colour reflectance records (Fig. 4) in the depth
domain. The dominant peak in the resulting
power spectra could be related to the basic,
2/E2 mcycle. Additional power was found at lower
frequencies, with a thickness ratio of about 1:2:5.
This ratio closely corresponds to the astronomical
period ratio of climatic precession, obliquity and
short (ca 100 kyr) eccentricity (Abdul Aziz et al.,
2004). Detailed age control in the section was
derived from the magnetostratigraphy (Fig. 4)
calibrated to the geomagnetic polarity timescale
CK95 using mammal biostratigraphic data (Abdul
Aziz et al., 2004). Application of this age model
revealed a period of 20 to 26 kyr for the basic
cycle. This period is well within the range of the
duration of the climatic precession cycle. The
other peaks identified by the spectral analysis
indicate a period of ca 41 kyr for the cycle with a
thickness twice that of the basic cycle and around
100 to 150 kyr for the cycle with a thickness of
five times the basic cycles. These cycles are
tentatively related to obliquity and the ca
100 kyr period of the short eccentricity cycle.
Abdul Aziz et al. (2004) concluded that these
results strongly indicate that the sedimentary
cyclicity in the Cascante section is related to
astronomical forcing. The use of the recently
improved astronomical tuned timescale (Lourens
et al., 2004) and the astronomical ages resulting
from the tuning of the deep marine Monte dei
Corvi section (Hu sing et al., 2007) does not
change the outcome of the statistical analysis.
The potential astronomical control requires
further exploration. In order to elaborate on this,
the sedimentary cycles need to be interpreted in
terms of astronomical climate forcing. Once the
phase relationships have been established, an
astronomical tuning of the sedimentary cycles by

correlation of individual cycles to calculated
astronomical target curves can be constructed
starting from the magnetostratigraphic age cali-
bration. Finally, the environmental interpreta-
tions derived from the carbonate microfacies
analysis can be compared with the target curves
and the working hypothesis can be examined.
This cyclostratigraphic exploration does not
imply that alternative interpretations of the
cyclicity are excluded. However, the data strongly
suggest orbital forcing and this option has been
elaborated to (finally) prove astronomical forcing
using an integrated approach.

Climatic interpretation of the sedimentary
cycles

The alternation of shallow lake and distal allu-
vial plain facies indicates constant shifts at
10* year timescales between an annual or sea-
sonal net positive and negative water budget,
when the basic cycles are interpreted as forced
by climate variations. From the sedimentological
data alone, it is impossible to deduce whether
these variations were caused by changes in
precipitation, evaporation, seasonality, rain sea-
son and/or possibly other climatic factors. Hori-
zontal desiccation cracks and root traces, which
increase towards the top of the carbonate beds,
indicate that lake levels often were variable and
high lake levels only prevailed for a short period
of time. Lake-level fluctuations resulted in rapid
drowning or desiccation of the depositional site.
The weak development of palustrine features
indicates that sedimentation resumed not long
after the ending of lake conditions, as palustrine
features can form rapidly in ca 10" to 10° years
(Alonso Zarza, 2003). The amount of time repre-
sented by the limestone versus mudstone part of
the basic cycle is difficult to specify. The lack of
well-developed pedogenic features in the mud-
stones suggests that sedimentation kept pace
with soil formation processes within the mud-
stones (Buurman, 1980). Sedimentation was
apparently relatively continuous during both
the deposition of the mudstone and limestone
part of the basic cycle. However, major differ-
ences in the sedimentation rate between the two
end-member lithologies may exist. In conclusion,
the observed regular and repetitive development
of full lacustrine conditions in a prevailing sub-
aerially exposed distal floodplain requires a
cyclic forcing mechanism to yield a positive
water budget during specific and relatively short
time periods.



Phase relationships — geological data

Correlation of individual mudstone and carbon-
ate cycles with calculated astronomical target
curves requires a knowledge of the phase rela-
tionship of the two basic cycle end-member
lithologies with the orbital parameters. Conse-
quently, the climatic influence in terms of net
water budget of orbital extremes and, additio-
nally, the climatic conditions required for develo-
pment of the depositional environments of
mudstone and limestone have to be unravelled.
This rationale is termed phase relationship
between lithology and orbital parameters.

In the northern hemisphere, climatic preces-
sion minima (summers in perihelion) cause high
summer and low winter insolation at the top of
the atmosphere resulting in enhanced seasonality.
Numerous studies have demonstrated the influ-
ence of precession on circum-Mediterranean
climate as recorded by Neogene marine (Rossig-
nol-Strick, 1983; Hilgen et al., 1999; Foucault &
Meéliéres, 2000) and continental sediments
(Steenbrink et al., 1999; Abdul Aziz et al., 2000;
Magri & Tzedakis, 2000). Increased clay contents
in cyclic Pliocene marl sequences deposited
offshore Gulf of Cadiz suggest higher annual
runoff from a southern Spanish drainage area at
times of precession minima (Sierro et al., 2000).
Similarly, indications for humid conditions dur-
ing precession minima have been implied for
marl sequences of the Abad Formation in the
Sorbas Basin in southern Spain (Sierro et al.,
1999; Vazquez et al., 2000). Sapropel formationin
the eastern and western Mediterranean basins has
been related to increased winter precipitation
from southern, and possibly northern, Mediterra-
nean borderlands during precession minima
(Lourens, 2004). Magri & Tzedakis (2000)
reported temperate-stage forest expansions dur-
ing boreal summer insolation maxima (during
precession minima) for the last 200 kyr in central
Italy, which they relate to higher annual net
precipitation. Maximum forest coverage occurs
during autumn insolation maxima, which Magri
& Tzedakis linked to the absence of extreme
summer evaporation and, consequently, to max-
imum net water budget. On the other hand, a
significant contraction of the forest coverage is
found during winter insolation maxima (i.e.
summer insolation minima during precession
maxima) and March insolation maxima.

Reduced clastic supply that resulted in marl-
rich intervals in the Pliocene Gulf of Cadiz is
observed during short and long eccentricity min-

ima (Sierro et al., 2000). Moreover, intervals
devoid of sapropels in the Mediterranean occur
during eccentricity minima and are related to
lower precipitation in the southern, and possibly
northern, borderlands (Lourens, 2004). Short (ca
100 kyr) and long (405 kyr) eccentricity minima
most probably result in prolonged periods of
relatively dry climate conditions that can lead to
lake-level lowstands in the Spanish mainland.

Phase relationships — climate modelling

In order to determine the impact of climatic
precession extremes on climate in Spain, model
simulations were performed by using an atmo-
spheric global climate model of intermediate
complexity, SPEEDY, coupled to a slab ocean
and a simple land model. SPEEDY is a primitive
equation model with simplified physics parame-
terizations (Molteni, 2003) that has a horizontal
resolution of about 3£ 75° - 3AE75° (T30) and seven
vertical levels (Hazeleger et al., 2003). The land
model consists of a simple bucket model, which
implies that the soil moisture cannot exceed
15 cm per grid box. Redundant soil moisture is
defined as runoff. Three 100 year simulations
using the SPEEDY climate model were carried
out: (i) a control run with present-day orbital
parameters; (ii) a minimum precession run
(eccentricity =0A4£056, precession =)0A£055); and
(iii) a maximum precession run (eccentricity =
0AE058, precession = 0A£058). A precession maxi-
mum (minimum) means winter (summer) solstice
in perihelion. Precession is defined as e
sin(p + x) with e the eccentricity of the orbit of
the Earth and x the angle between the vernal
equinox and perihelion (measured counter-clock-
wise). The used values for precession are the
extreme values occurring in the last one million
years (Berger, 1978). For the precession simula-
tions, obliquity was kept fixed at 22/£08, i.e. the
minimum value for the last one million years. A
fixed obliquity was used to focus on the preces-
sion signal without the possible interference of
obliquity. For all three runs, boundary conditions
such as orography, concentration of trace gases,
vegetation and ice sheets were kept to present-day
values. A more extensive description of the
experimental set-up can be found in Tuenter
et al. (2003). The model results are shown as
averages over the last 10 years of 100 year simu-
lations. Ten years are used to average out annual
variability, while a longer averaging period is not
used to ensure that the model is in equilibrium
after 90 years.



The model shows that during winter, net
precipitation (precipitation minus evaporation)
in precession minimum is higher than in preces-
sion maximum (Fig. 8C) while, for summer, there
is not much difference between the precession
extremes. The large difference in net winter
precipitation is caused by stronger precipitation
during minimum precession, whereas winter
evaporation is equal for both minimum and
maximum precession (Fig. 8B). In the model,
the reason for enhanced winter precipitation
during precession minima is higher Mediterra-
nean sea surface temperatures both in summer
and in winter. These higher temperatures are due
to increased summer insolation which, in the
winter, results in higher evaporation and forma-
tion of clouds over the Mediterranean. In
summer, higher precipitation occurs during
maximum precession (Fig. 8A), although summer

Precipitation

- Evaporation

net precipitation is similar for both precession
extremes (Fig. 8C) because of an increase in
evaporation (Fig. 8B). Annually, higher net pre-
cipitation occurs during minimum precession
(Table 2).

In the model, the annual net precipitation is
dominated by winter precipitation for both mini-
mum and maximum precession, suggesting that
winter precipitation plays an important role in
runoff and groundwater supply that together
determine lake levels. Runoff acts accordingly
with higher winter and annual runoff during
precession minima (Fig. 8D; Table 2). Therefore,
it is probable that high lake levels and carbonate
deposition in the Cascante section occurred dur-
ing precession minima.

The phase relationship of high lake levels
during precession minima derived from the
SPEEDY model are in line with the sedimento-

54 Runoff

Fig. 8. (A) to (D) Monthly area
averaged values for “‘Spain’ (104E5 to
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2°W; 37 to 44 /E5° N, four gridboxes)
of: (A) precipitation; (B) evapora-
tion; (C) precipitation minus evap-
oration; and (D) runoff for the
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Table 2. Annually averaged values
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2/E2
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minus evaporation (net precipita-
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0/E66
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All values are averages of the last 10 years of 100 year simulations.

maximum precession.



logical findings in the Gulf of Cadiz (Sierro et al.,
2000) and the Sorbas Basin (Vazquez et al., 2000)
as well as those from sapropelic layers in the
Mediterranean (Lourens, 2004). Moreover, the
results agree with forest expansions during pre-
cession minima (Magri & Tzedakis, 2000). Con-
sidering the geological and modelling data, the
phase relationship between high lake level (and
limestone formation) and enhanced net winter
precipitation during precession minima is
favoured.

Astronomical Tuning

An astronomical tuning is constructed for the
Cascante section using the astronomical ages for
the reversal boundaries of Husing et al. (2007)
and the inferred phase relationships between the
carbonate beds to minimum precession and
mudstone beds to maximum precession, as dis-
cussed above. The astronomical tuning is estab-
lished by correlating the basic cycles to the
precession target curve of Laskar et al. (2004)
starting from all the reversal boundaries upwards
and downwards (Fig. 7). Except for the base of
chron C5n.1r, which is ca 10 kyr younger in
Cascante, the tuning produces similar astronom-
ical ages for chron boundaries as calculated by
Hu sing et al. (2007). This observation implies
that exactly the same number of precession-
related cycles is present in the Cascante section
as in the time-equivalent interval in the Monte
dei Corvi section. This outcome confirms the
astronomical forcing and dominant precession
control of the basic cyclicity at Cascante.

As described above, the microfacies analysis
revealed larger scale lake-level variations com-
prising several basic cycles. Lowstands therein,
with beds showing features indicative of the
shallowest transient lake environment (micro-
facies sub-groups C, D and E; cycles 1 to 3, 5to 6,
7109, 13to 14, 18 to 19 and 22 to 25), correlate to
minimum eccentricity related to the ca 100 kyr
cycle (Fig. 7). Highstands with beds that formed
in the relatively deeper transient lake environ-
ment (microfacies sub-groups A and B; cycles 4,
10 to 12, 15 to 17 and 20 to 21) were deposited
during maxima of the short eccentricity cycle.
The prolonged lowstands (cycles 1 to 9 and 22 to
25) correspond to long (405 kyr) eccentricity
minima and prolonged highstands (cycles 10 to
21 and 26 to 34) to long eccentricity maxima
(Fig. 7). This link between lake level, as derived
from microfacies analysis, and eccentricity indi-
cates that the eccentricity modulation of the

precession amplitude played an important role
in determining longer-term variations in lake
level. The observed lake-level lowstands during
short and long eccentricity minima are in line
with the modulating effect of eccentricity and
with Mediterranean marine geological data
(Sierro et al., 2000; Lourens, 2004).

In the interval above cycle 25, successive
limestone beds display an alternation of deeper
and shallower lake carbonate deposits (Fig. 7).
Moreover, the mudstone beds reveal a regular
alternation in this interval; successive mudstones
show a thick and thin alternation while red
colouring is present in the thicker beds (shown
with an “asterisk’ in Fig. 7) and absent in the
thinner beds (cycles 27 to 31 in Fig. 7). These
kinds of alternations in basic precession con-
trolled cycles are found in the marine realm as
well, where thick pronounced and thin, vague
sapropels alternate (HU sing et al., 2007). Such
alternating patterns that occur superimposed on a
basic precession-forced cyclicity are called pre-
cession—obliquity interference patterns. These
patterns originate from interference of these two
orbital parameters, which typically are found
during times of low eccentricity when the pre-
cession amplitude is reduced. In particular, these
patterns occur at times of minimum eccentricity
related to the long-period 2424 Myr eccentricity
cycle (Abdul Aziz et al., 2003a; Laskar et al.,
2004; Husing et al., 2007). Precession—obliquity
interference patterns have also been recognized in
continental sediments (Abdul Aziz et al., 2003a).
The interference pattern in the Cascante section
(cycles 26 to 34) indeed occurs during a minimum
of the 274 Myr eccentricity cycle. This cycle
reaches its absolute minimum at 9/£52 Ma, which
is the minimum in the 244 Myr bandpass filter of
the eccentricity time series (Laskar et al., 2004).

In the marine realm, the interference patterns in
sapropel successions fit with those in the insola-
tion target curves (Husing et al., 2007). Such a fit
can be used to confirm the astronomical tuning in
these sensitive deep marine settings. In the
Cascante section, the details in the interference
pattern also fit with the combined precession—
obliquity target curve (P-0.5T in Fig. 7). Deeper,
more permanent lakes occur during extreme
summer insolation maxima (P-0.5T minima)
and thicker, more intense red mudstones during
extreme summer insolation minima, which
results from the additional influence of obliquity
maxima and minima, respectively. This fit is
consistent with the astronomical tuning of the
Cascante section. In the lower part of the section,



interference patterns also are present, especially
below cycle 9 (see Fig. 7). However, this is not
further discussed in detail because the patterns
are much less pronounced in this interval and an
independent quantitative record is needed to
prove the correlation. Nevertheless, there is a
good fit with the interference patterns in P—0.5T
in this interval as well.

In conclusion, the astronomical tuning of the
Cascante cycles to the precession time series does
not reveal any significant difference in the astro-
nomical age of the magnetic reversal boundaries
as compared with the astronomically tuned
sapropel succession at Monte dei Corvi (Husing

et al.,2007). The larger scale lake-level variations,
revealed by microfacies analysis, fit well with the
eccentricity target curve as expected from Medi-
terranean marine geological data. Additionally,
precession—obliquity interference patterns in the
upper part of the section reveal a good fit with the
insolation target curve. These results confirm
the astronomical forcing working hypothesis
of the sedimentary cycles in the continental
Cascante section.

DISCUSSION

The integrated cyclostratigraphic study was car-
ried out to explore further the astronomical forcing
of sedimentary cyclicity in the Cascante section, as
previously suggested by the results of spectral
analysisof colourrecords (Abdul Azizet al.,2004).
All data are now consistent with the astronomical
forcing hypothesis, indicating that astronomical
forcing is indeed the most probable mechanism.

Outcrop sedimentology, microfacies analysis,
magnetostratigraphy and modelling results show
that (all) palaeoenvironmental variations at 10 to
10° year timescales could be related to astronom-
ically forced climate variations. The basic cycle is
forced by the climatic precession cycle, whereas
longer-term lake-level variations are related to the
short and long eccentricity cycles. Obliquity
influence is observed during periods of low
eccentricity.

The dominance of astronomically forced envir-
onmental variations throughout the Cascante
section implies that orbitally induced changes
in insolation had a prominent imprint on climate
in Spain during the Late Miocene. These varia-
tions are recorded, especially in low-gradient
closed basin settings such as Cascante. Lake-level
fluctuations could have been forced by various
mechanisms, mainly tectonics, climate and

autogenic processes. Based on the combined
cyclostratigraphy and microfacies study of the
Cascante section it is argued that tectonic, auto-
genic and local climate processes had no signi-
ficant effect on the Cascante palaeoenvironment
on 10* to 10° year timescales. From a tectonic
point of view, basin subsidence and/or margin
uplift apparently occurred at constant rates or at
least the difference between the two factors
remained similar on the 10* to 10° year time-
scales, such that recorded palaeoenvironmental
changes at these timescales are exclusively
related to orbital climate variations.

Gradual change

Different scales of lithological cyclicity in the
Cascante section are ascribed to astronomical
forcing. In theory, these astronomical signals can
be subtracted from the record in order to examine
whether other unexplained palaeoenvironmental
variations exist in the Cascante section; however,
this can strictly be done only by using quantita-
tive records. The present proxies are not indica-
tive of any variations on timescales of 10 to
10° years, that are not related to astronomical
forcing. On longer timescales, a gradual shift from
dominant transient to mixed transient—perma-
nent lake environments is observed after cycle 25
(Fig. 7) culminating in the fully lacustrine lime-
stone unit on top of cycle 34 (Fig. 2). Clearly, this
shift cannot be explained by the astronomical
cycles discussed before. The causes for this major
shift can be tectonics, non-astronomical climate,
astronomical climate forcing because of cycles
with a longer period, or autogenic processes.
Million-year timescale changes, such as the
shift to deeper and more permanent lake envi-
ronments after cycle 25 in the Cascante section,
commonly are related to tectonic processes. In the
lacustrine record of the Triassic Newark Basin,
large-scale lithological variations are interpreted
to reflect long-period astronomical climate varia-
tions (Olsen & Kent, 1996). However, a decisive
conclusion about the potential long-period orbital
climate forcing in the succession studied by
Olsen & Kent (1996) cannot be made because of
insufficient absolute age control and lack of an
astronomical target curve for the Triassic. In the
Neogene, eccentricity and obliquity comprise
long-period cycles of ca 244 Myr and ca 1/E2 Myr,
respectively (Laskar et al., 2004). Recently, the
influence of these quasi-cycles on temperature
and precipitation of climate of the Iberian Penin-
sula has been suggested by their impact on



mammal turnover rates (Van Dam et al., 2006). In
particular, long-period eccentricity minima, that
are successively 2A£0and 248 Myr apart, resulted in
prolonged absence of extreme summer conditions
leading to an increase in both wet-adapted small-
mammal lineages and total diversity (Van Dam
et al., 2006). In Cascante, the shift above cycle 25
from transient lake environments in the wettest
phase of the basic cycle to a mix of transient and
permanent lake environments occurs at an eccen-
tricity minimum of ca 244 Myr (Fig. 7), whereas
the environmental effect is consistent with the
results of Van Dam et al. (2006). This coincidence
is tempting, although proof for such a link should
come from the accurate dating of a number of
such large-scale transitions, ideally in different
basins. Note that the phase relationship with
eccentricity would then be different for the
ca 2/E4 Myr cycle than for the much better known
short and long eccentricity cycles.

CONCLUSIONS

In the Cascante section, high-resolution magneto-
stratigraphic age control, together with carbonate
petrography and outcrop sedimentology, as envi-
ronmental proxies, reveals that all palaeoenviron-
mental signals at 10* and 10° year timescales are
related to astronomical climate forcing. Model-
ling results show, consistent with geological data,
that lake-level highstands are related to higher net
winter precipitation during precession minima.
The robust astronomical tuning reveals that the
longer-term lake-level highstands, as revealed by
the microfacies analysis, occur during ca 100 kyr
and 405 kyr eccentricity maxima, as a conse-
guence of the modulation of the precession
amplitude. Subtracting the astronomical signals
from the palaeoenvironmental variation in the
Cascante section revealed a shift towards deeper
and more permanent lake environments at times
of precession minima in the upper part of the
section. This shift, which culminates in a thick
lacustrine limestone unit on top of the studied
section, remains unexplained, but may be trig-
gered by tectonics, non-astronomical climate
change, astronomical climate forcing because of
very long period cycles, and autogenic processes.

In summary, the results illustrate that cyclo-
stratigraphy is a powerful tool to study palaeo-
environmental variations in continental
successions at timescales greater than 10° years.
Astronomical climate forced variability can be
constrained very well, if sufficient age control and

palaeoenvironmental proxies are present. Such a
detailed study can be especially useful in Late
Neogene successions, for which the geomagnetic
timescale has been improved considerably by the
incorporation of astronomically tuned reversal

ages (Lourens et al., 2004; Husing et al., 2007).
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