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Abstract: An intra-Vallesian (Upper Miocene) paleokarst developed at the top of the Intermediate
Miocene Unit in the continental intracratonic Madrid Basin is recognized. This paleokarst is an early
shallow, tabular-shaped karst that shows a marked control by the depositional facies pattern and
lithologies. By integrating morphological, petrological, and geochemical data, three hydrogeological
zones were established throughout the paleokarstic profiles: (i) a paleo-vadose zone, characterized
by vertically elongated caves and vadose cementation; (ii) a 3–7 m thick paleo-epiphreatic zone
(paleo-water table fringe), with development of stratiform breccia bodies, the superimposition of
both vadose and phreatic features, and the lowest Fe and Mn contents in host-rock carbonates;
and (iii) a paleo-phreatic zone characterized by an increase in δ13 C values and the predominance
of phreatic cementation. The paleogeographic reconstruction for the intra-Vallesian paleokarst
using profiles revealed relative topographic highs to the north and topographic lows to the south,
drawing the paleokarst landscape. Immediately overlaying the paleokarst surface are fluvio-lacustrine
facies belonging to the Miocene Upper Unit (Late Vallesian to Late Turolian). Their lowermost deposits
consist of fluvial terrigenous facies deposited by approximately N–S fluvial streams, and pass upward
into fluvio-lacustrine fresh-water limestones. This paleokarstic surface represents a major change in
the evolution of sedimentary patterns of basin, from endorheic to exorheic conditions, as the result of
a change from compressive to extensional conditions in the tectonic regime.
Keywords: paleokarst; dedolomite; meteoric diagenesis; stable isotopes; endorheic-exorheic
transition; Miocene; Cenozoic Madrid Basin

1. Introduction
Subaerial exposure surfaces often limit and define stratigraphic units and sequence boundaries.
The development and preservation of the features (e.g., rhizoliths, calcretes, diagenetic fabrics,
paleokarst . . . ) that define those surfaces depends of several factors including duration of exposure,
climate, sedimentary fabric and mineralogy, paleohydrology, paleotopography, and vegetation [1–5].
In the near-surface meteoric diagenetic environment, several hydrogeological or environmental zones
(i.e., vadose and fresh-water phreatic zones) can be established. The interfaces between these zones are
the main active diagenetic sites. In particular, the water table is considered to be a critical interface
in diagenetic modeling because it is the boundary between the unsaturated vadose zone and the
saturated phreatic zone. Both diagenetic processes and products are quite different in these zones,
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so that the water table location controls the style and distribution of the chemical reactions throughout
the diagenetic profiles. For this reason, the identification of paleo-water tables is a relevant tool in
deciphering the depositional and diagenetic histories of a region and also in the paleogeographical
and paleoenvironmental reconstruction of subaerial exposure surfaces. Karst researchers have often
discussed the degree of applicability of the water table concept to karst systems because of the
complexity of groundwater flows in this context [6] (see [7], pp. 64–69, for a concise and complete
review). Some authors have transferred the water table concept unmodified to karst hydrology,
but alternatively, other karst scientists have considered that independent conduit systems operate in a
three-dimensional space. Despite this controversy, the need for differentiating vadose and phreatic
features in regional-scale karst systems makes the use of the karst water table concept essential,
especially in paleokarstic studies.
Water table positions have been inferred by petrographical and/or geochemical data in a
large variety of Holocene [8–13], Pleistocene [14–19], and pre-Pleistocene settings [18,20–25].
However, in most of these examples, karstic features were scarce or absent. In modern and ancient
examples of karst, the paleowater table position is inferred by geomorphological features as well as
petrographic or geochemical data [1,26–28]. All of these studies show that diagenesis at subaerial
exposure surfaces is highly variable, and hydrogeological or environmental zones and interfaces are
dynamic. For this reason, their recognition and characterization in the rock record depend on a great
variety of physical and chemical factors, and must be the result of a multidisciplinary study.
The present study focused on the determination of the position of the paleo-water table and
the reconstruction of paleokarstic profiles in a Tertiary continental sequence. These materials were
affected by early subaerial exposure which caused: (i) the formation of diagenetically-complex
carbonates, and (ii) the development of paleokarstic features. The paper places emphasis on the
integration of regional geologic, geomorphological, petrological, and geochemical data, derived from
detailed analysis of the paleokarstic features and host-rock. A paleogeographic reconstruction of the
Madrid Basin during the late Vallesian is inferred from this analysis.
2. Geological Setting
The Madrid Basin is an intracratonic basin located in the center of the Iberian Peninsula (SW Europe)
(Figure 1A). The Neogene sedimentary infill of the basin reaches up to 800 m in thickness and includes
three main Miocene units (Lower, Intermediate, and Upper Miocene Units) (Figure 1B). These units
are mainly composed of lacustrine and alluvial deposits and are separated by major sedimentary
discontinuities, which are represented by paleokarst and/or erosional surfaces. The materials we
studied belong to the upper part of the Miocene Intermediate Unit. This unit is formed by a 50–200 m
thick succession of continental sediments, ranging from Lower Aragonian to Late Vallesian (middle to
upper Miocene) in age. The sediments display a concentric pattern of central chemical lacustrine
facies, which grade laterally into progressively coarser-grained alluvial facies toward the basin margins.
In the central and eastern part of the basin, the uppermost levels of the Miocene Intermediate Unit
consist of shallow lacustrine deposits that are related to an episode of generalized lake expansion in
the region [29]. These upper lacustrine beds show a large variety of diagenetic features that resulted
from the transformation of dolostone, limestone, and gypsum, and were ultimately related to the
karstification of the lake sequences (Figure 1C). An intra-Vallesian paleokarst outlines the sedimentary
break between the Miocene Intermediate and Upper Units [30,31]. Immediately overlaying the
paleokarst surface are fluvio-lacustrine siliciclastic/carbonate facies belonging to the Miocene Upper
Unit. This Unit spans the Late Vallesian to Late Turolian and reaches up 50–60 m in thickness.
Their lowermost deposits consist of fluvial terrigenous facies deposited by approximately N–S fluvial
streams, and pass upward into fluvio-lacustrine fresh-water limestones, mainly deposited in the central
and eastern basin. The facies arrangement shown by the fluvial deposits is clearly different from that
observed in the earlier Miocene units, and suggests a major paleogeographical change in the area
during the Vallesian, from endorheic to exorheic conditions [30,32]. The nature and distribution of

Geosciences 2020, 10, x FOR PEER REVIEW

3 of 22

limestones,
Geosciences
2020,mainly
10, 433

deposited in the central and eastern basin. The facies arrangement shown 3by
of the
22
fluvial deposits is clearly different from that observed in the earlier Miocene units, and suggests a
major paleogeographical change in the area during the Vallesian, from endorheic to exorheic
the Miocene Upper Unit was interpreted as the result of a change from compressive to extensional
conditions [30,32]. The nature and distribution of the Miocene Upper Unit was interpreted as the
stress [33] partially opening the basin [31].
result of a change from compressive to extensional stress [33] partially opening the basin [31].

Figure1.1.Geological
Geological
features
and
lithostratigraphy
of the
Tertiary
Madrid
(A) Geographical
Figure
features
and
lithostratigraphy
of the
Tertiary
Madrid
Basin.Basin.
(A) Geographical
and
and
geological
setting
of
the
Madrid
Basin
with
indication
of
the
extension
of
the
intra-Vallesian
geological setting of the Madrid Basin with indication of the extension of the intra-Vallesian paleokarst
paleokarst
(area
encircled
the dashed
line). (B)ofStratigraphy
the Miocene
in the
(area
encircled
by the
dashedbyline).
(B) Stratigraphy
the Mioceneofsequence
in thesequence
Madrid Basin.
Madrid
Sketch
of the spatial
distribution
of the main
lithologies
recognized
at Miocene
the top of
(C)
SketchBasin.
of the(C)
spatial
distribution
of the
main lithologies
recognized
at the
top of the
the MioceneUnit.
Intermediate Unit.
Intermediate

3.3.Materials
Materialsand
andMethods
Methods
More
Morethan
thanone
onehundred
hundredsamples
samples(host-rock,
(host-rock,paleokarstic
paleokarsticchemical,
chemical,and
anddetrital
detritaldeposits)
deposits)were
were
collected
andpetrographic
petrographicstudy
studyfrom
from
sections
distributed
along
the entire
collectedfor
for geochemical
geochemical and
15 15
sections
distributed
along
the entire
study
study
(Figure
Petrographic
conclusions
basedononthe
the examination
examination of
area area
(Figure
1A).1A).
Petrographic
conclusions
areare
based
of standard
standard and
and
double-polished
double-polishedthin
thinsections
sectionsby
byconventional
conventionaltransmitted
transmittedlight
lightmicroscopy.
microscopy.Etched
Etchedand
andunetched
unetched
specimens
rock
fragments
and
polished
thin-sections
were
studied
using
two microscopes:
(i) the(i)FEI
specimensofof
rock
fragments
and
polished
thin-sections
were
studied
using
two microscopes:
the
QUANTA
200
apparatus
of
the
Museo
Nacional
de
Ciencias
Naturales
(MNCN-CSIC)
laboratories
FEI QUANTA 200 apparatus of the Museo Nacional de Ciencias Naturales (MNCN-CSIC)
working
at 30working
kV; and at
(ii)30a kV;
JEOL
JSM-6400
at the
ICTS-CNME
ComplutenseComplutense
University of
Madrid
laboratories
and
(ii) a JEOL
JSM-6400
at the ICTS-CNME
University
(Universidad
Complutense
de
Madrid,
Spain)
working
at
20
kV.
X-ray
diffraction
was
used
to
of Madrid (Universidad Complutense de Madrid, Spain) working at 20 kV. X-ray diffraction was
determine mineral composition in powdered carbonate samples and insoluble residues using quartz

Geosciences 2020, 10, 433

4 of 22

as an internal standard. Mole percent magnesium carbonate in calcite was estimated by measuring
the d104 spacing. The analyses were performed by using a PHILIPS PW-1710 XR-diffractometer
(Amsterdam, Netherlands, MNCN-CSIC) operating at 40 kV and 30 mA, under monochromatic CuKα
radiation. Major and trace element contents (Ca, Mg, Sr, Fe, Mn, and Na) from 142 samples were
determined by x-ray fluorescence (PHILIPS 1410/20 XRF spectrometer, Amsterdam, Netherlands,
MNCN-CSIC) using standard techniques. Oxygen and carbon isotope values from 41 selected samples
were determined at the GEOTOP Laboratory (Canada) using standard procedures and the results
are given in the delta-notation as the permil (%) deviation relative to the Vienna Pee Dee Belemnite
(VPDB) standard.
4. Results and Discussion
4.1. Petrology of the Top of the Miocene Intermediate Unit
Four different lithological subunits mainly composed of dolostones, limestones, gypsum,
and diagenetically-complex micro-pseudosparites (herein termed ‘diagenetic carbonates’) can be
distinguished at the upper part of the Miocene Intermediate Unit (Figure 1C):
•

•

•

•

Dolomite Subunit—This subunit comprises decimeter-thick beds of dolomicrites, dolomitic
marlstones, micrites, and claystones. The dolomicrites contain abundant lenticular gypsum traces
that occur as either preserved within the dolostones or as calcite pseudomorphs. Desiccation
and pedogenic traces such as shrinkage cracks, root casts, and brecciation are locally present.
Fossil remains are scarce and consist mainly of charophyte gyrogonites and ostracod shells.
XRD analyses indicate that dolomicrite beds are mainly composed of dolomite or dolomite–calcite
mixtures. The dolomites showed quite variable mole %MgCO3 contents, ranging from 46 to 49%,
whereas the calcites showed mole % MgCO3 contents lower than 3.
Evaporite Subunit—This subunit comprises decimeter-thick gypsum beds with cm-thick
intercalations of clays and marls. Gypsum consists mainly of meso and macrolenticular fabrics,
many of them showing a bimodal size-distribution of the gypsum lenses. Burrowing features and
chert nodules are common in this facies.
Limestone Subunit—This subunit consists of decimeter to meter-thick tabular limestone beds with
thin clay intercalations. The limestones include mudstones and peloidal-intraclastic wackestones
with abundant pedogenic features (root traces, bioturbation, desiccation cracks). Evidence of
lacustrine biota (charophytes, ostracods, and gastropods) and disperse lenticular molds or
pseudomorphs are also common in these fabrics. XRD analyses indicate that limestones are mainly
composed of low magnesian calcite, ranging from 0 to 3 mole % MgCO3 .
Diagenetic Carbonate Subunit—This is a complex subunit comprising diagenetic carbonate
beds that overall forms a stratiform zone. The contact with the underlying dolomicrite
and gypsum deposits is locally sharp and irregular, whereas it is seen to be transitional in
other places. The diagenetic carbonates occur either as well-defined beds or irregular-shaped
bodies comprising coarse chaotic breccias. To the south, where underlying gypsum beds
are predominant, the diagenetic zone is narrow, discontinuous, and internally brecciated,
showing abundant fragments of speleothems. A great variety of diagenetic carbonate fabrics
are found within this subunit. Most of them have been interpreted as paleo-groundwater
alteration products after shallow-lacustrine dolomicritic deposits [34,35], although neomorphic
and replacive fabrics after gypsum are also present. Petrographically, the dedolomites show
a great variety of fabrics, which occur in many places mixed within the same bed. They are
composed of meso-macrocrystalline xenotopic mosaics of inclusion-rich (mainly composed of
Fe-oxides and fibrous clays) calcite crystals. The crystal shapes are quite variable including:
(i) sutured crystals with serrated or irregular intercrystalline boundaries (Figure 2A); (ii) spheroidal
crystals displaying an internal radial-fibrous microstructure (‘pesudospherulitic fibrous calcites’)
(Figures 2B and 3A); and (iii) rhombic to subrhombic zoned crystals (Figure 2C). All these
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As discussed in [34], gypsum dissolution has been pointed out as the driving mechanism for
As discussed in [34], gypsum dissolution has been pointed out as the driving mechanism for
diagenetic alteration processes, especially in dedolomites. The calcitization of both dolostone and
diagenetic alteration processes, especially in dedolomites. The calcitization of both dolostone and
gypsum occurred at shallow burial depths within the diagenetic phreatic environment, and was
gypsum occurred at shallow burial depths within the diagenetic phreatic environment, and was
achieved by the action of meteoric-derived water. Calcitization processes took place early after the
achieved by the action of meteoric-derived water. Calcitization processes took place early after the
deposition of the top of the Miocene Intermediate Unit and were closely related to karstification.
deposition of the top of the Miocene Intermediate Unit and were closely related to karstification.
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Table
1. Summary of the geochemical composition of carbonates from the paleokarstic profiles.
Mn and Sr (ppm). n: number of samples; μ: mean values; σ: standard deviation.

See Figure 1C for spatial distribution of the lithological subunits. Values are expressed in %, except for
Mn and Sr (ppm). n:
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of of
thethe
The exokarstic infill-facies consist of chaotic carbonate brecciasand
andsiliciclastic
siliciclastic
deposits
overlying sequences (Miocene Upper Unit) (Figure 4). The breccias are poorly sorted and
overlying sequences (Miocene Upper Unit) (Figure 4). The breccias are poorly sorted and clast-supported
clast-supported with a marly, occasionally sandy, matrix. The clasts range 5 cm to more than 1 m in
with a marly, occasionally sandy, matrix. The clasts range 5 cm to more than 1 m in size, and are
size, and are derived from the erosion and/or collapse of host-rock and from karst-generated
derived from the erosion and/or collapse of host-rock and from karst-generated deposits (speleothems
deposits (speleothems and internal sediments). They are formed by the removal of the underlying
and internal sediments). They are formed by the removal of the underlying carbonates and subsequent
carbonates and subsequent foundering of the cave walls and roof at the shallow levels of
foundering
of the cave walls and roof at the shallow levels of paleo-endokarstic galleries. Laminated and/or
paleo-endokarstic galleries. Laminated and/or nodular marly to carbonate deposits are also locally
nodular
marly
to carbonate deposits
are also
locally
present in paleo-exokarstic
depressions
(Figure
4).present in paleo-exokarstic depressions (Figure 4).
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The siliciclastic fills usually comprise clays and sandstones, although gravels are locally abundant.
The
siliciclastic
fills usuallybycomprise
andwhereas
sandstones,
although gravels
are locally is
The clay
mineralogy
is dominated
illite and clays
smectite,
the composition
of the sandstones
abundant.
The
clay
mineralogy
is
dominated
by
illite
and
smectite,
whereas
the
composition
of of
thethe
mainly subarkosic. This composition is consistent with those of the border siliciclastic facies
sandstones is mainly subarkosic. This composition is consistent with those of the border siliciclastic
Intermediate Unit and lowermost deposits of the Upper Unit [30,32]. The clay and sand fraction of the
facies of the Intermediate Unit and lowermost deposits of the Upper Unit [30,32]. The clay and sand
breccia matrix showed a similar mineralogy. The onlap relationship between the siliciclastic deposits
fraction of the breccia matrix showed a similar mineralogy. The onlap relationship between the
and the carbonate substrate clearly indicates that their formation was conditioned by the presence of
siliciclastic deposits and the carbonate substrate clearly indicates that their formation was
an earlier paleokarstic relief.
conditioned by the presence of an earlier paleokarstic relief.

•

Caves—The endokarstic arrangement of the paleokarst is mainly characterized by a poorly
preserved network of horizontally elongated caves vertically connected by oblique irregular
conduits. Some vertically elongated caves can be recognized in the uppermost levels of both the
Limestone and Diagenetic Carbonate Subunits. This morphological pattern is thought to have
been
Geosciences
2020,mainly
10, 433 developed by dissolutional processes affecting the soluble rocks (e.g., gypsum
8 of 22
beds) and strata discontinuities (bedding planes and joints) in a shallow phreatic environment
[31]. Constraints imposed by the present outcrop topography and by later (Quaternary) karst
4.3.2. Endokarstic
Features
overprints make
precise geometric determinations of these paleocaves difficult. Caves are
partially
to
completely
by a combination
of collapseisbreccias,
infillby
deposits,
•
Caves—The endokarsticfilled
arrangement
of the paleokarst
mainly siliciclastic
characterized
a poorly
and speleothems (Figure 5).
preserved network of horizontally elongated caves vertically connected by oblique irregular
•
Vugs—Small caves and passageways, herein termed vugs, are common and occur throughout
conduits. Some vertically elongated caves can be recognized in the uppermost levels of both the
all subunits. Vugs have irregular walls and a maximum dimension ranging from 1 to 15 cm
Limestone and Diagenetic Carbonate Subunits. This morphological pattern is thought to have
(Figure 5A). They display a preferred orientation with depth, being predominantly horizontal
been mainly developed by dissolutional processes affecting the soluble rocks (e.g., gypsum beds)
at greater depths. There are high concentrations of vugs with the obliteration of bedding in
and
strata discontinuities (bedding planes and joints) in a shallow phreatic environment [31].
some areas, preferentially close to collapse breccia bodies. These areas of high vuggy porosity
Constraints
imposed
by theof
present
outcrop
topography
by later (Quaternary)
karst
suggest intense
leaching
rock by
groundwater
[50]. and
Horizontally
oriented vugs
are overprints
usually
make
precise
geometric
determinations
of
these
paleocaves
difficult.
Caves
are
partially
to completely
rimmed by isopachous bladed calcite cements. In vertically oriented vugs, the sediments
are
filled
by
a
combination
of
collapse
breccias,
siliciclastic
infill
deposits,
and
speleothems
(Figure
5).
rare, and consist commonly of discontinuous bladed to micrite calcite cements.
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fibrous speleothem growing on micritic limestone (paleokarstic profile of type I).

Collapse breccias—Collapse breccia bodies are very variable in thickness and lateral extent.
caves and passageways, herein termed vugs, are common and occur throughout
• • Vugs—Small
Most of them are parallel to the bedding. Two types of breccia bodies can be recognized: (i)
all subunits. Vugs have irregular walls and a maximum dimension ranging from 1 to 15 cm
Tabular to podlike bodies (3–20 m long, and 0.5–5 m wide), and (ii) larger stratiform bodies (5–
(Figure 5A). They display a preferred orientation with depth, being predominantly horizontal at
30 m wide, and some hundreds of meters long). Breccias are clast-supported (Figure 5B) with a
greater depths. There are high concentrations of vugs with the obliteration of bedding in some
clayey to sandy matrix, which is more abundant in the tabular breccia bodies. The mineral
areas, preferentially close to collapse breccia bodies. These areas of high vuggy porosity suggest
intense leaching of rock by groundwater [50]. Horizontally oriented vugs are usually rimmed by
isopachous bladed calcite cements. In vertically oriented vugs, the sediments are rare, and consist
commonly of discontinuous bladed to micrite calcite cements.
•
Collapse breccias—Collapse breccia bodies are very variable in thickness and lateral extent.
Most of them are parallel to the bedding. Two types of breccia bodies can be recognized: (i) Tabular
to podlike bodies (3–20 m long, and 0.5–5 m wide), and (ii) larger stratiform bodies (5–30 m wide,
and some hundreds of meters long). Breccias are clast-supported (Figure 5B) with a clayey to
sandy matrix, which is more abundant in the tabular breccia bodies. The mineral composition of
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Siliciclastic infills—The siliciclastic infill deposits consist of 20–60 cm thick tabular sandstone beds
Siliciclastic infills—The siliciclastic infill deposits consist of 20–60 cm thick tabular sandstone
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Discontinuous banded speleothems (flowstones) associated with siliciclastic cave infillsare
are
recognized in the uppermost levels of the sequences. Continuous coarse fibrous speleothems
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petrographic features are diagnostic for detecting and/or predicting the position of the paleo-water
table [8–10,14,17,51–54]: (i) the geometry and distribution of the preserved caves; (ii) the distribution
of collapse breccia and clastic infill sediments; and (iii) the types and distribution (vadose vs.
phreatic) of meteoric cements and speleothems.
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diagnostic for detecting and/or predicting the position of the paleo-water table [8–10,14,17,51–54]:
(i) the geometry and distribution of the preserved caves; (ii) the distribution of collapse breccia
and clastic infill sediments; and (iii) the types and distribution (vadose vs. phreatic) of meteoric
cements and speleothems.
Four types of paleokarst profiles have been differentiated, attending to the distribution of karstic
features and the nature of host-rock. These paleokarst profiles characterize distinct areas in the
basin (Figure 8):
•

•

•

•

Type I—This profile represents the NE part of the study area. Therein, the paleokarstic features were
developed on diagenetic carbonates and limestones. The profile thickness ranged from 12 to 20 m.
A 3–5 m thick water-table fringe was established in this profile. This fringe is characterized by
the development of extensive endokarstic brecciation, the existence of abundant speleothems,
and the juxtaposition of vadose and phreatic cement types. Speleothems in this fringe display
continuous coatings on both caves walls and breccia fragments. The most distinctive features
characterizing the vadose zone are: (i) irregular depressions that are usually filled by terrigenous
facies with intercalations of pedogenic levels and/or mantling carbonate breccias; (ii) vertically
elongated caves and vugs; (iii) discontinuous speleothems; and (iv) vadose (gravitational) cements.
Alternatively, the paleo-phreatic zone is characterized by clast-supported breccia forming tabular
to irregular bodies, and rare continuous fibrous speleothems.
Type II—Mainly present in the central part of the basin, this type of profile was developed on
diagenetic carbonates and extended 10–30 m downward. As in type I, the arrangement of exokarstic
features is indicative of a low relief paleolandscape. The profiles are formed of a thick breccia
zone, where abundant endokarstic features including speleothems, siliciclastic infills (lutites and
sandstones), and tabular to irregular collapse-breccias can be recognized (Figure 7). The location
of the water table cannot be accurately fixed, because this type of profile is characterized by wide
and heterogeneous distribution of endokarstic features. This could be indicative of a high range
of fluctuation and/or the existence of a great number of gypsum intercalations.
Type III—This was present at the eastern part of the basin. The paleokarstic profiles were mainly
developed on limestones and are characterized by a large occurrence of exokarstic features. These
features include dolines and other karstic depressions, which give place to the formation of a
paleorelief with marked differences (10–20 m) in topography. The exokarstic sediments consist of
carbonate breccia and siliciclastic infills, the latter being composed of lutites and sandy lutites
with intercalations of sandstones and carbonates (paleosols and oncolites). Endokarstic features
such as speleothems and breccia are rare and their discrimination from exokarstic features places
some uncertainty. This seems to indicate that vadose conditions prevailed during the formation of
this type of profile, though the precise position of paleowater table cannot be fixed.
Type IV—This type of paleokarstic profile was mainly developed on gypsum deposits that crop
out in the southern part of the basin. As aforementioned, this profile consists of a narrow and
irregular carbonate breccia stratiform zone. Clasts are formed of fragments of fibrous speleothems
and diagenetic carbonates that resulted from gypsum calcitization. These carbonates may be
considered as a ‘residual’ deposit after extensive gypsum dissolution.
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9. The water table fringe in the paleokarstic profiles of type I is
markedly
higher
characterized by carbonates showing the lowest Mg, Fe, and Mn contents and by an increase in δ13 C
below this zone. Below the water table fringe, host-rock was 0.4–1.5% enriched in 13 C relative to the
uppermost carbonates. In the central part of the study area, represented by paleokarstic profiles of
type II, the distribution of trace elements and isotope signatures was quite similar to that obtained in
the northeastern area. The carbonates coincident with the water table fringe were also characterized

Geosciences 2020, 10, 433

13 of 22

by the lowest Mg, Fe, and Mn contents, though the thickness of the fringe was markedly higher
(approximately twice).
Table 2. Summary of the trace element and stable isotopic composition of the hydrogeological zones
that constitutes the three main types of paleokarstic profiles of the intra-Vallesian paleokarst. All values
are expressed in %, except for Mn and Sr (ppm). n: number of samples; µ: mean values; σ: standard
deviation; H: host-rock (limestone, dolomicrite, diagenetic carbonate); S: speleothems.
Mg

Profile type III

Profile type II

Profile type I

n

µ

Na
σ

µ

Sr
σ

µ

Mn

δ18 O

Fe
µ

σ

n

µ

δ13 C

σ

µ

σ

vadose

H
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As in the northeastern area, speleothems belonging to the uppermost levels of the Miocene
Intermediate Unit were also enriched in 18 O and 13 C. In the eastern part of the study area (paleokarstic
profiles of type III), the geochemical zonation was less resolute and reliable when compared with
the results obtained in the northeastern and central areas. Within these profiles, the distribution
of trace elements did not show a clear vertical trend from which geochemical zonation could be
deduced. Nevertheless, the water table fringe, approximately 3 m thick, would also be characterized
geochemically by low Fe contents as well as by heavier 13 C contents of the carbonate below this zone.
The distribution of trace element and isotopic values in sections of the southern part of the study area,
represented by paleokarstic profiles of type IV, has not been analyzed since the carbonates in these
sections are mainly regoliths formed after extensive gypsum dissolution. This fact prohibits obtaining
good resolution of the geochemical trend through the profiles.
The Mg contents of speleothems usually show an erratic trend throughout the profiles (Figure 9)
due to the interplay of several factors: (i) during the precipitation of speleothem carbonate, evaporation
and degassing drive up fluid saturations [55]; (ii) alternatively, some speleothems formed in the
water table fringe, an open water-dominated diagenetic subenvironment in which the chemistry of
the circulating water is mostly controlled by host-rock dissolution rates; and (iii) the processes of
speleothem growth and dedolomitization are closely related during the early karstification of the
Miocene carbonates, resulting in the high availability of magnesium, which may support the erratic
trend observed in the Mg contents of the speleothems.
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As the degree of closure or opening of the diagenetic system depends upon the water/rock
ratio and the flow rate [41,56], the lowest Mg and Sr contents should be expected to correspond to
carbonates lying in the water table fringe. In our case, this was true for magnesium, but for strontium,
which is considered as a sensitive trace element reflecting the degree of closure of diagenetic systems
under oxidizing conditions [41,57], an erratic trend was commonly observed throughout the profiles.
This could be indicative of either water table fluctuations or the fact that Sr incorporation into diagenetic
carbonates is also governed by other factors such as the composition of diagenetic fluids or biological
(microbial) influences [5,41,58]. Regarding the latter point, biological influence on Sr incorporation
into carbonate phases must not be ruled out since the influence of bioinduction in the growth of some
diagenetic fabrics at the top of the Miocene Intermediate Unit has also been constrained [34,35].
The diagenetic carbonates and speleothems with the lowest Fe and Mn contents corresponded to
those located in the water table fringe, that is, related to the highest flow rates. These elements most
closely approach equilibrium with meteoric waters under oxidizing conditions, a typical situation
where, as in the water table fringe, flow rates and consequently water-rock ratios are high [57].
This relationship is directly controlled by redox conditions (i.e., Eh increases as flow rates increase) and
results in an inverse relation between the concentrations of Fe and Mn and the water-rock ratios.
The evolution of the stable isotope compositions within the speleothems reflects a lower
variability of δ18 O with respect to δ13 C, indicating that evaporation processes weakly influenced
their formation [58,59]; however, we observed that some vadose speleothems were enriched in 18 O
relative to their host-rock, indicating their formation was significantly influenced by evaporation.
As observed in Figure 9, carbonates in the paleokarstic profiles showed an increase of δ13 C with depth,
concurrent with constant δ18 O values, which well fits the model proposed [18]. This shift of the carbon
isotopic signature takes place at shallow depth in the profiles, which provides evidence that the water
table was near the surface [18,48,60].
4.4. Evolutionary Model of the Intra-Vallesian Paleokarst
Diagenetic facies (Diagenetic Carbonate Subunit), as here described, are characteristic
products of meteoric diagenesis in near-surface environments [34,61–65], whose formation may
be related to water table fluctuations [66] and/or major changes in basin paleogeography [35,62,67].
Additionally, several features demonstrate the subaerial and pre-burial nature of the Intra-Vallesian
paleokarst such as (i) breccia deposits that include pseudospar and speleothem fragments, together with
fluvial deposits capping the karst surface; and (ii) cave-fill deposits (clays, subarkoses and
flowstones) within the subsurface karst system. By integrating morphological and petrological
data, a hydrogeological or environmental zonation was established in the paleokarstic profiles defined
at the top of the Miocene Intermediate Unit in different areas of the Madrid Basin. The vertical
trends showed by both trace-element and stable isotope values throughout the profiles were used
to complement the characterization and distribution of the diagenetic zones. Three main zones
were differentiated: (i) the paleo-vadose zone, characterized by the development of exokarstic features
such as vertically elongated caves and vugs, discontinuous banded and fibrous speleothems and
pendant vadose cements, and the existence of tabular to podlike collapse breccia bodies in its lower
part; (ii) the paleo-water table fringe (paleo-epiphreatic zone), characterized by the wide development
of stratiform endokarstic breccia bodies, the superimposition of both vadose and phreatic features,
and the lowest Mg, Fe, and Mn contents in host-rock carbonates; and (iii) the paleo-phreatic zone;
characterized by the dominance of isopachous phreatic cements, which is concomitant with a near
absence of vadose features. In this case study, it is evident that Mg, Na, Sr, and δ18 O trends were
not useful in establishing the hydrogeochemical zonation, though they are considered an aid for
interpretation of the environmental conditions in which the karstification took place.
The carbonate and gypsiferous lacustrine sequences deposited during the Vallesian in the Madrid
Basin were subject to early karstification. Under these conditions of meteoric diagenesis, both diagenetic
stabilization of the mineral phases and karstification were genetically related in a rather short time
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interval. The hydrogeological zonation of the paleokarst must be thus controlled by lithologies that
show higher diagenetic potential, especially dolomite and gypsum. The dissolution of gypsum beds
account mainly for the development of the karstic flow conduits.
Several authors [11,19,68] have interpreted the zones of phreatic diagenetic alteration to be
representative of the dimensions of paleo-phreatic zones. Recent studies on the meteoric diagenesis
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As deduced from the correlation scheme, the paleogeography sketch of the region during the
Vallesian show (Figure 11): (i) paleokarst profiles with thicker vadose zones and more stable water
table fringes to the north, and (ii) profiles representing near surface and highly fluctuating water
table fringe to the south.
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As deduced from the correlation scheme, the paleogeography sketch of the region during the
Vallesian show (Figure 11): (i) paleokarst profiles with thicker vadose zones and more stable water
table fringes to the north, and (ii) profiles representing near surface and highly fluctuating water table
fringe to the south.
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Placing these values together with the correlation scheme represented in Figure 10, a gradient from
recharge to discharge zones throughout the karst could be deduced. In our case, this gradient is
considered to have been lower than 2°, thus suggesting a very low relief of the Vallesian karstic
surface. This endorheic–exorheic transition in the internal continental Madrid Basin highlights a
major geodynamic change as is evidenced in other Iberian basins [62,67,73,74].
The obtained model could be applied to other regional cases where continental successions
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together with the correlation scheme represented in Figure 10, a gradient from recharge to discharge
zones throughout the karst could be deduced. In our case, this gradient is considered to have been
lower than 2◦ , thus suggesting a very low relief of the Vallesian karstic surface. This endorheic–exorheic
transition in the internal continental Madrid Basin highlights a major geodynamic change as is
evidenced in other Iberian basins [62,67,73,74].
The obtained model could be applied to other regional cases where continental successions
undergo short- to long-term meteoric diagenesis, especially if varied lithologies are present,
which constrain fluctuations in the paleo-water table position. Other continental Tertiary basins
in Spain and in other regions, show similar sedimentary-diagenetic evolution during Vallesian [75],
that is, endorheic lacustrine systems including dolomite, gypsum, and limestone passing upward to
diagenetically-complex carbonates and to fluvial siliciclastic-carbonate successions. Whichever the
case, the reconstruction of paleokarstic profiles and subsequent paleogeographical interpretation must
always be achieved by the integration of well-constrained regional, geomorphological, petrographic,
and geochemical data.
5. Conclusions
An intra-Vallesian (Upper Miocene) paleokarst affecting the top of the Intermediate Miocene
Unit in the continental intracratonic Madrid Basin (center Spain) was recognized. This paleokarst is
a shallow, tabular-shaped karst that formed early after the deposition of the Miocene Intermediate
Unit and shows a marked control by the depositional facies pattern and lithologies. This paleokarst
represents an early pre-burial karst system developed on an unconfined carbonate-evaporite aquifer
where the water movement was mainly gravity-controlled. By integrating morphological, petrological,
and geochemical data, three hydrogeological or environmental zones were established throughout the
paleokarstic profiles: (i) a paleo-vadose zone, characterized by vertically elongated caves and vugs,
discontinuous banded and fibrous speleothems and pendant vadose cements, and the existence of
tabular to podlike collapse breccia bodies in its lower part; (ii) a 3–7m thick paleo-epiphreatic zone
(paleo-water table fringe), characterized by the wide development of bedding-parallel breccia bodies,
the superimposition of both vadose and phreatic features, and the lowest Mg, Fe and Mn contents in
host-rock carbonates; and (iii) a paleo-phreatic zone characterized by an increase in δ13 C values and the
dominance of phreatic cementation, which is concomitant with the rare occurrence of vadose features.
The use of the paleo-water table fringe as a correlation level allows for a reconstruction of the
paleogeography for the intra-Vallesian paleokarst. Accordingly, relative topographic highs to the north
and topographic lows to the south draw the paleokarst landscape. This paleogeography is influenced by
the larger occurrence of gypsum host-rocks, which caused the water table to be nearer to the surface and
the oscillation fringe to be higher in the southern part of the basin. A paleogeographic reconstruction of
the Madrid Basin during the late Vallesian was inferred from this analysis. Immediately overlaying the
paleokarst surface are fluvio-lacustrine siliciclastic/carbonate facies belonging to the Miocene Upper
Unit (Late Vallesian to Late Turolian). Their lowermost deposits consist of fluvial terrigenous facies
deposited by approximately N–S fluvial streams, and pass upward into fluvio-lacustrine fresh-water
limestones. The facies arrangement shown by the fluvial deposits is clearly different from that observed
in the earlier Miocene units, and suggests a major paleogeographical change in the area during the
Vallesian from endorheic to exorheic conditions. This intra-Vallesian paleokarst reflects a drastic
paleoenvironmental and paleogeographic shift between the Intermediate and Superior Miocene units,
which is related to a change from compressive to extensive conditions in the tectonic regime of
the Madrid Basin. This tectonic event is correlated with other peripheral and interior basins in the
Iberian Peninsula.
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