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Abstract

The Palacogene lacustrine chalky carbonates of the Madrid Basin are a peculiar type of very soft and friable carbonate
facies with high porosity despite being covered by more than 800 m of sediment. Similar physical properties to those
described in marine chalk reservoirs emphasize the interest in analysing and characterizing these carbonate facies within a
lacustrine depositional system. Lithologically, they are calcitic and/or dolomitic poorly cemented carbonate muds with no
significant amounts of skeletal debris. Clay minerals such as illite, smectite and palygorskite are present between the carbonate
crystals. Palygorskite is the most common, covering the carbonate crystals and forming sheets between them. These lacustrine
chalky carbonates were formed in the basinal areas of the lake as the result of inorganic carbonate precipitation and/or detrital
sedimentation related to episodic reactivation of the adjacent fan systems. Their petrological, geochemical and physical
properties indicate that few textural and compositional modifications occurred during diagenesis. Their main physical
properties are a very low dry bulk and grain density (1.6—2.2 and 2.62 g/em®, respectively) and medium to high porosity (10—
40%) due to micropores (<2 pm, 70%) and macropores (>2 pum, 30%). The convergence of lacustrine sedimentation
dynamics (rapid sedimentation), the original mineralogy of these calcareous lacustrine muds (relatively stable low-magnesian
calcite and dolomite), the early formation of the palygorskite cement of these muds, and the retention of Mg-enriched fluids in
the pore system, were decisive in the partial inhibition of calcite cementation, compaction and recrystallization. The chalky
carbonates are also intercalated between impermeable littoral carbonate facies that impeded fluid flow through their pore
systems.
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1. Introduction

Traditionally, chalk is defined as a light-coloured,
—_— fine-grained, porous, friable carbonate rock of marine
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Due te the preservatien ef interparticle primary pe-
resity that chalks eften present these depesits may
censtitute impertant carbenate reserveirs. Fer this
reasen, the petrelegical and physical characterizatiens
of marine chalks have been ef special interest in the
research inte carbenate reserveirs (Schélle, 1974;
Schélle, 1977; Feazel and Schatzinger, 1985; Maliva
and Dicksen, 1992; Helail and Lehmann, 1994).
Mereever, limestene petreleum reserveirs shewing a
high peresity, cemmen in Mesezeic and Tertiary
catbenate platferm depesits (Meshicr, 1989), had
been characterized as chalky textured carbenates,
due te their similarity te chalks.

Analegeus facies in centinental envirenments were
described by Kelts and Hsii (1978). These authers use
the term chalk te describe lacustrine sediments typi-
cally fine grained and pereus, either rhythmically
laminated or massive, white te dull-yellewish grey.
In this case, the bulk carbenate centent beundary is
areund 60% and the deminant mineral is calcite.
Lacustrine chalks have been described enly rarely in
the geelegical recerd (Kelts and Hsii, 1978; Gierlew-
ski-Kerdesch and Kelts, 1994; Krenmayr, 1997; Man-
ikewska, 1997), seme of them eccurring in glacial
lakes. Kelts and Hsii (1978) peinted eut that, in
centrast te the eceans, the main seurce ef these
lacustrine carbenates is inerganic precipitatien.

Fine-grained, light-celeured carbenate depesits
with high peresity (10—40%) and friability eccur in
the Palacegene lacustrine depesits of the Madrid basin
(Arribas and Bustille, 1985; Bustille et al., 1998;
Bustille et al., 2002). There is a similarity in physical
preperties with chalks described in the literature (beth
marine and lacustrine in erigin), but the carbenate
particles are crystals and nen-skeletal debris. As a
result we prepesed using the term chalky carbenates
fer these facies, because they are net true chalks in the
sense that Zijlstra (1995) censidered.

Bustille et al. (1998, 2002) described these carbe-
nates and linked their erigin te the early fermatien eof
an inerganic carbenate sediment. Hewever, they still
pese several interesting and unanswered questiens,
which are examined in this study: Why de these
facies, interlaid with limestenes and delestenes, pre-
serve high peresity? Why are they the purest carbe-
nates of the Palacegene lacustrine sequences? What is
the sedimentelegical significance eof these facies?
Why is there a drastic change in the mineralegical

cempesitien (calcitic and delemitic) between the
different beds? The petrelegy eof chalky carbenates
with the characterizatien eof their physical preperties
will help te understand the erigin ef these facies,
retentien ef peresity and diagenetic evelutien.

2. Geological setting

Palacegene depesits are scattered aleng the nerth-
cast berder of the Madrid Basin and are synchreneus
with the Alpine eregeny. The Palacegene eutcreps are
nearest te the area of cenvergence between the Iberian
Range and the Central System (Fig. 1A). The greater
part ef the Palacegene depesits in this area are
carbenate and detrital recks erdered in a succession
fermed by twe lithelegical units: the Carbenate and
Detrital Units (Arribas, 1986a, b, 1994). These units
are apparently cenfermable ever an evaperitic unit
that is pessibly Palacegene. Neegene sediments are
mere than 2000 m thick, and uncenfermably everlie
Palacegene and/er Cretaceeus fermatiens in the mar-
ginal parts ef the basin (Vicente et al., 1996).

The Palacegene depesits reflect a change frem a
lacustrine envirenment (Carbenate Unit) te pregrad-
ing alluvial fans (Deftrital Unit) eriginating in the
Central System and Iberian Range (Arribas and Arri-
bas, 1991). This Palacegene carbenate-detrital succes-
sien shews changes in its lateral facies between the
stratigraphic sectiens, altheugh develepment ever
time was similar in each. These changes in the facies
allewed three secters te be identified by Arribas
(1986b): Belenia de Serbe, Huérmeces del Cerre and
Tetrremecha de Jadraque secters (Fig. 1B and C). The
detailed petregraphic analysis ef the nature ef reck
fragments in the Palacegene sandstenes permits twe
seurce areas te be characterized (Arribas and Arribas,
1991): (i) Mesezeic sedimentary recks (essentially
limestenes and delestencs) of the Iberian Range, in
the east (Terremecha de Jadraque and Huermeces
secters) and (ii) Palacezeic metamerphic basement
(schists and slates) and Cretaceeus cever ef the
Central System (limestenes and delestenes) in the
west (Belena de Serbe secter).

The Carbenate Unit reaches a maximum thickness
of 500 m in the Terremecha de Jadraque secter, and a
minimum ef 200 m in the Huérmeces del Cerre secter.
In the Belena de Serbe secter, the Carbenate Unit
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Fig. 1. Geological setting of the study area. (A) Biswribution of the Hesperian Massif; Iberian Range and Madrid Basin in the Iberian Peninsula.
C.S., Cenwal system. (B) Geological map of Palacogene deposits and distibution of sectors: [—Belenla de Sorbe sector, [[—Torremocha de
Jadraque sector and [I—Huérmneces del Cerro sector. *Location of the studied stratigraphic section. (C) Cross-section of the three sectors.
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Fig. 2. General Palacogene section and the local, studied section around Torremocha de Jadraque (from Bustillo et al., 2002).
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censists ef lacustrine carbenate sediments (marls,
laminated marls with terrigeneus and marly lime-
stenes) with intercalated, upward-thickening sand-
stene sequences that are interpreted as lacustrine
delta depesits (Arribas et al., 1983). Tewards the
eastern secters (Huérmeces del Cerre and Terremecha
de Jadraque), the Carbenate Unit shews highly devel-
eped palustrine and lacustrine facies. Several palus-
trine facies have been described in the Huérmeces del
Cerre secter where this unit is net as thick and
pedegenesis was extensive. The Terremecha de Jadra-
que secter has mere develeped lacustrine sedimenta-
tien, reflected in its carbenate sediments ever 500 m
thick and the predeminance ef litteral and basinal
facies (Atribas, 1986a,b). It is in this secter where
several layers of chalky carbenates (very pure calcitic
and delemitic carbenates) appear ferming the lewer
part of regressive lacustrine sequences (Fig. 2). Indu-
rated lacustrine and palustrine limestenes are interlaid
with chalky carbenates, shewing evidence ef early
diagenetic precesses develeped under arid-semiarid
climate (Arribas, 1986a; Bustille et al., 2002). Cen-
temperanceus carbenate depesits in ether secters de
net have this peculiar carbenate facies (Arribas,
1986a, b).

In the Palacegene successien the burial depth ceuld
be estimated as 800 m maximum, censidering the tetal
thickness of Palacegene depesits. Alse, assuming a
geethermal gradient between 25 and 30 °C fer the
intracratenic Madrid Basin (Tejere and Ruiz, 2002),
temperature values ceuld be estimated as 30-40 °C
during burial.

3. Analytical methods

The lacustrine chalky carbenates were sampled in
the Terremecha de Jadraque secter. Twenty-twe sam-
ples were taken in erder te cellect a diversity of types.
The stratigraphic pesitiens ef the samples are shewn
in Fig. 2.

The mineralegy eof the samples was determined
using a Philips X-ray diffractien (XRD) system eper-
ating at 40 kV and 30 mA with menechremated CuK,
radiatien. The carbenate centent eof the samples was
determined as the difference between the tetal sample
and HCl-inseluble residues. The relative ameunts eof
calcite and delemite were realized by XRD using

calibratien curves with knewn mixtures of beth min-
erals and intreducing halite as internal standard (Har-
dy and Tucker, 1988). The type ef calcite, the
prepertien of CaC@®; in delemite, and the degree of
erdering of the delemite, were alse determined by
XRD (Hardy and Tucker, 1988).

Pelarized light and scanning electren micrescepy
(SEM) were used te determine the petrelegical prep-
erties of the samples, including textures and mineral-
egy. SEM was perfermed using a Philips KL-20
scanning electren micrescepe equipped with an ener-
gy dispersive X-ray analyser (EDAX-DX-4i). Fresh
fracture surfaces of the samples were geld cevered.

Majer and trace-element centents were calculated
in individual calcite and delemite crystals (1 pm in
size) frem the twe mineralegically purest samples of
each chalky carbenate type using electren micreprebe
analysis. Werking en pelished and carben-ceated
surfaces, these analyses were perfermed with a JE@L
electren micreprebe (JXA 8.900 M) equipped with
feur spectremeters at the {niversidad Complutense de
Madyrid. Backscattered electren analysis was alse
perfermed. The standards used are described by
Jaresewich et al. (1980) and were previded by the
Department eof Mineral Sciences eof the Smithsenian
Institutien (Washingten).

Petrephysical testing included grain density, dry
bulk density, free water abserptien and peresity,
fellewing the recemmendatiens ef the Internatienal
Secicty of Reck Mechanics (ISRM, 1979). It was net
pessible te determine the saturated density ner water
abserptien due te the slaking ef the samples in the
presence of water. A durability test was perfermed te
see whether there was any lack ef crystal bending due
te chemical cementatien. The ene cycle slaking in
water test (Lutten, 1977, Seedsman, 1986) fellewed
metheds used te assess the durability ef shales. This
invelved immersing dry samples in distilled water te
ebserve their disintegratien mechanisms, and te esti-
mate the extent ef slaking. Slaking is the precess
threugh which a material (cempacted but net
cemented) disintegrates er crumbles inte small par-
ticles or flakes when expesed te meisture. The extent
of slaking in the presence of water, and the mecha-
nisms by which it eccurs, depends en the mineral and
chemical cempesitien ef the sample, the nature of the
inter-crystal bends, and the size of peres and perme-
ability. After immersien in water, the recks were



ebserved centinueusly fer 24 h and their disintegra-
tien menitered. Samples were recerded as having
undergene cemplete breakdewn, partial breakdewn
or ne change. The durability ef the reck was estimated
using the “jar slake index” (Ij), prepesed by Lutten
(1977). This gives a simple descriptive index fer
slaking behavieur. A six peint classificatien scale is
used te describe the ebserved behavieur, ranging frem
1, in which the material degrades te a pile of flakes or
mud, te 6, in which ne change is ebserved.

4. Composition of the chalky carbonates
4.1. Mineralogy and petrology

The mest characteristic features ef the chalky
carbenates are their white celeur and massive and
disaggregated appearance. They ferm beds 0.5—-1 m

Table 1

thick and cemprise the lewer layers ef lacustrine
regressive sequences (Fig. 2). These facies have been
interpreted as basinal lacustrine depesits ferined in the
areas farthest frem the shere (Bustille et al., 2002).

Table 1 shews the bulk mineralegical cempesitien
of the chalky carbenates. The carbenate fractien
censists eof calcite and delemite ef variable preper-
tiens. Nen-carbenate patticles (clays and very fine
quartz) ferm less than 15% ef the reck velume. Twe
mineralegical types of chalky carbenates can be
defined en the basis ef their mineralegical cempesi-
tien: chalky calcitic and chalky dolomitic muds.

The chalky calcitic muds centain mere than 80%
calcite (lew Mg-calcite with 2—-4 mel% MgC@s,
accerding te XRD data). These have a lew clay mineral
centent (< 10%), mainly Al-smectite, illite and paly-
gerskite. Thin sectiens shew a hemegeneceus micre-
crystalline texture. Charephyte and estraced fragments
may be present in small quantities (<2%). Under SEM

Mineralogical composition and main physical properties of sampled Paleogene chalky carbonates

Samples Mineralogical composition Physical properties Stable isotopes
MT C » Cc-M Q PRY-D GP P s e
(%) (%) (%) (%) (%)

Mae-0 cP 29 59 9 3 2.55 40

Mae-1 C . 6 4 0 1.95 2.60 23

Mae-3 Cc 100 (] (] 0 2.00 2.54 22 —6.41 —5.58

Mae-4 » S 3] 6 0 1.7 2.61 33 —41 —0.65

Mae-S cP 65 29 6 0 1.60 2.64 39 (—3.4e, (—082,
—5.30) —425)

Mae-9 G 87 5) 7 1

Mae-10 C . 6 4 0 2.00 240 17

Mae-10 @ . 6 4 0 2.00 240 17

Mae-12 (© LE] 4 3 0 1.90 17

Mae-13 cP 74 13 12 1 1.85 2.56 38

Mae-14 » 0 91 9 0 215 2.64 19 33 07

Mae-18 @ 94 3 2 1 2.10 2.58 21 —7.01 —-538

Mae-20 cP 71 20 6 3 2.20 245 10 (—2.80, (—1.44,
—6.05) —4.63)

Mae-22 cP 31 39 9 21 2.10 2.63 20

Mae-24 » 3 84 12 1 1.95 2.62 S

Mae-25 » 3 84 12 1 1.95 2.61 25

Mae-27 » 20 17 2 2.00 2.63 24

Mae-28 € 82 6 12 0 2.49 21

Mae-29 © 3 6 6 0 1.95 2.59 24

Mae-30 » 2 84 12 2 —4.37 1.24

Mae-32 cP 50 31 13 6 2.60 25

Mae-33 € 29 (] 11 0 2.56 24

Mae-36 C 9% (] 4 0 2.59 24 —-58 —4.98

MT, mineralogical types (C = chalky calcitic mud, B = chalky dolomitic mud), C=calcite, B = dolomite, C-M = clay minerals, @ = quartz, Bry-
P =dry bulk density (g/cm®), GB= grain density (g/cm’), P=porosity (%). Stable isotopes data from Bustillo et al. (2002).



examinatien, the size and shape ef the calcite crystals is
very variable, but mest are less than 10 pun in diameter
(commenly 0.3-7 um) (Fig. 3A). The crystals are
euhedral (thembic) and subeuhedral (Fig. 3A), seme-
times with a spherical er reunded appearance (Fig. 3B).
The mesaic has a high intercrystalline peresity (Fig.
3A), but seme lecally shew intracrystalline peresity. In
seme places, the largest crystals (up te 25 pm) lecally
eccur as calcitic cement (Fig. 3D). The surfaces of the
crystals are cevered by fibreus clay minerals such as
phyllesilicate cement (Fig. 3C), which lecally appears
as intercrystalline sheets (Fig. 3B). EDAX semi-quan-
titative analysis shewed these fibreus clay minerals te
have ameunts (% weight) ef majer exides: Si®,=
46.85, AL®;=12.75 andMg®=12.21, that agree with
the chemical cempesitien of palygerskite (Weaver and
Pellard, 1973) and with their presence feund by XRD.

The chalky dolomitic muds centain mere than 80%
delemite. Accerding te XRD data, this is almest
steichiemetric (with 49.00—50.65 mel% CaC@®;) and

peerly erdered, censidering the values (0.37-0.54)
ebtained by the relative intensities of the 015 peak
and 110 peak (Hardy and Tucker, 1988). The highest
erdering values cerrespend te samples with a signifi-
cant quantity ef extrabasinal delemitic grains, which
shew sphereidal shapes and cerreded surfaces (Fig.
4D). Their clay mineral centent includes illite, Al-
smectite and palygerskite (10—15%). Thin sectiens
shew a hemegenceus micrecrystalline texture. Skel-
etal grains are net present. Under SEM examinatien,
the pure delemitic muds appear te be made of small
cuhedral delemite rhembehedra <7 pm in size (Fig.
4A). The large calcite crystals can enclese small
euhedral delemite crystals as a censequence eof lecal
calcitic cementatien, but this is net a velumetrically
impertant precess. Palygerskite eccurs en the crystal
edges and the faces of euhedral delemite rhembehe-
dra (Fig. 4A and B) and lecally as dense aggregates
asseciated with the edges ef illite and smectite
laminae (Bustille et al., 1998). Chalky delemitic

Fig. 3. SEM pictures of chalky calcitic muds. (A) Mosaic of calcite crystals with high porosity due to macro- and micropores. The size and
shape of the calcite crystals are variable. (B) Some of the crystals are rounded,; fibrous
crystals entirely covered by palygorskite. (B) General view of the chalky calcitic mud with large calcite crystals as local cement.



Fig. 4. SEM pictures of chalky dolomitic muds. (A) Mosaic of euhedral dolomite crystals with intercrystalline porosity and palygorskite cement.
(B) Close-up of the dolomite crystals showing palygorskite fibres on their faces. (C) Bissolution of the dolomite crystals gave rise to moulds
between the palygorskite sheets. (D) Bolomitic grain (Wo) showing corrosion on the surface. (F) A feldspar grain appears as extrabasinal grain.

muds shew great intercrystalline peresity (Fig. 4A);
less frequently they alse shew intracrystalline peres-
ity. The tetal disselutien ef the carbenate crystals
cevered with palygerskite sheets caused a secendary
meldic peresity (Fig. 4C). Where chalky delemitic
muds are everlain by lacustrine sandstenes, high
percentages of extrabasinal delemite and ether grains
are seen, all eof which shew signs ef cerresien and
disselutien (Fig. 4D).

Seme samples shew intermediate mixtures of cal-
cite and delemite, but generally there is mere of the
fermer than the latter (Table 1). Under SEM exami-
natien, anhedral and reunded calcite crystals appear
mixed with delemite crystals in a randem distributien
and with intercrystalline peresity (Figs. 5A—D). The
reunded calcite crystals are prebably relics ef the
primary calcitic muds, affected by disselutien. The
delemite crystals appear as euhedral rhembehedra
similar te these described in the chalky delemitic
muds. Seme shew intracrystalline and meldic peresity

(Fig. 5A and B). Palygerskite is very cemmen,
cevering the carbenate crystals er ferming sheets
between them (Fig. 5D). Lecally, palygerskite alse
appears in sheets asseciated with smectites and as
iselated aggregates that semetimes include small,
rhembic delemite crystals.

4.2. Geochemistry

The electren micreprebe data of iselated crystals of
calcite and delemite frem the mineralegically purest
samples (Mae-18, calcite; Mae4, delemite) tegether
with the percentages in the different types of carbe-
nates are summarized in Table 2. The chalky carbe-
nates shewed small quantities ef alumina and silica
due te the presence of clay minerals between carben-
ate crystals. The impessibility ef separating the clays
frem the carbenate crystals led te small readings fer
alumina and silica in the micreprebe analysis ef
iselated carbenate crystals. Isetepic data ef these



Fig. 5. SEM pictures of chalky calcitic-dolomitic muds. (A) General view of a chalky calcitic-dolomitic mud with intercrystalline, moldic
(arrow) and intracrystalline porosity. (B) Close-up of the inwacrystalline microporosity. (C) The calcite crystals are distinguished from the
dolomite crystals by their rounded and anhedral shapes. (W) Palygorskite cementing and covering the carbonate crystals.

samples ceme frem Bustille et al. (2002) and are
shewn in Table 1.

The chemical cempesitien ef the chalky calcitic
muds is very hemegeneceus and cerrespends te lew
Mg-calcite with <2% mele MgC®s (Table 2). Cen-
tents in Sr (mean=411 ppm), Mn (mean= 178 ppm)
and Fe (mean= 235 ppm) are lew but variable (Table
2). These values are similar te ether lacustrine carbe-
nates (Tlig, 1987; Wright et al., 1997), indicating
exygenated and nen-saline centinental water. Fer the
ether hand, Mn and Fe centents are lew cempared
with these prepesed by Veizer (1983) for a theeretical
average cempesitien ef a meteeric diagenetic lew-
Magnesian calcite.

In the chalky delemitic muds, the mel% CaC@®;
values estimated frem the micreprebe analysis data
vary between 48.9% and 50.5% (Table 2), indicating
that the delemite is nearly steichiemetric. Mn (<217
when Mn was detected) and Fe (mean=3595 ppm)
centents are lew and very variable as eccur in chalky-
calcitic muds (Table 2). Sr centents (<262 ppm when

Sr was detected) are very lew, but similar te these
estimated by Tlig (1987) in delemites fermed in
lacustrine envirenments under meteeric water influ-
ence. Garcia del Cura et al. (2001) give values
slightly higher in Sr (mean= 655 ppm) in lacustrine
delemites.

S. Physical properties
5.1. Microfabric

The studied samples are relatively seft, fiiable and
casily ereded but shew cehesion. Mest of the chalky
carbenate peresity is intercrystalline in erigin (Figs.
3-5); therefere, water transmissien is threugh the
bedy ef the chalky carbenates rather than aleng
selutien charmels. SEM analysis shews that the shape
and size of the intercrystalline peres in the samples
are net hemegeneeus. Peresity varies between 10—
40% (Table 1) and cerrespends te micre and macre-



Table 2
Chemical composition of chalky carbonates

Calcitic Mael8-1 Mael8-2 Mael8-3

mud

Mael8-4 Mael8-S

Mael8-6 Mael8-7 Mael8-8 Mael8-9 Mean

Ca® (%) 51,267 51,735 50,941 50,934 50,894

Mg® (%) 0.483 0.458 0.469 0.579 0.717

Si®, (%) 0.151 0.032 0.344 0.252 0.140
AlL®; (%) 0.013 0.001 0.113 0.009

Fe (ppm) 194 319 218 194 70
Mn (ppm) 457

Sr (ppm) 178 279 144 617 744

% Carbenates

51,745 51243 S1079 52,186 S1327
0320 0416 0.449 0.479 0492

0.131 0.161 0001 0.061 0.151
003 0.037 0019 0011 0029
606 47 235
54 23 178
812 550 524 414 411

CaCe, 98,646 98,690 98,529 98,333 97,975 98,775 98,204 98,716 98,684 98,579

MgC®, 1295 1215 1262 1554 1920 1011 1117 1200 1261 0013

MnCe, 0.000 0.000 0.029 0.000 0.000 0.000 0010 0.000 0.005 0012

SrC@; 0021 0.035 0017 0076 0.092 0.0%° 0.069 0.065 0.050 0058

FeC@, 0037 0.060 0042 0.037 0013 0116 0.000 (X () 0.000 0.035

Dolomitic Mae4-1 Mae4-2 Mae4-3 Mae4-4 Mae4-S Mae4-6 Mae4-7 Mae4-8 Mae4-9 Mae4-10  Mean
mud

Ca® (%) 28,579 28,647 28,052 28,407 30,478 29 065 29477 29333 28951 28,902 28,939

Mg@® (%) 20,037 20,252 20,307 20,633 21,403 20,951 21,008 21,365 20,698 21,610 20,876

Si®, (%) 0.147 0384 0318 0.306 0.058 0.662 0257 0314 1,048 0.676 0417

AlL@3 (%) 60.10] 0.191 0104 0118 0028 0310 0.123 0.095 0397 0251 0.171

Fe (ppm) 1213 233 295 653 319 948 199 922 201 389 595

Mn (ppm) - - - 186 217, 132 23 108 111

Sr (ppm) 178 - 237 211 51 262 188

% Carbenates

CaCe, 50,503 50,391 49,177 49,653 50,536 49,836 50,041 49,580 50,065 48,972 49,875

MgCeo, 49261 49,561 50,745 50,175 49370 49,977 49615 50,239 49796 50,942 49,968

MnCe; — - - 0.034 0.037 0024 0.005 0010 0012

SrC@; 0020 - 0.027 0024 0.005 0.029 0010

FeC@®, 0215 0.048 0.051 0.115 0052 0.163 0.339 0.152 0.139 0.067 0.134

Values below the detection limit (—).

peresity. Micreperes, with an average size of areund
2 nm, are reunded except where they result frem the
tetal disselutien ef the crystals. Micreperesity is
areund 70% ef the tetal peresity. Macreperes (2—
20 pm) represent areund 20% ef the tetal peresity
and are mere irregular in size and shape. Lecally,
larger peres >20 pm are alse enceuntered between
the larger calcite and delemite crystals (>80 pm).
Clay minerals partially fill the eriginal peresity ef the
chalky carbenates and play an impertant rele in
centrelling the final peresity ef these sediments.
Clays alse give a medium-te-high cehesien te the
chalky carbenates due te clay bending. Hewever, the
lack ef a significant carbenate cementatien renders
these recks friable.

5.2. Grain density, diy bulk density and porosity

Deminant physical preperties of the studied chalky
carbenates are their very lew dry bulk density (1.6—
2.2) g/cm’® and medium te relatively high peresity
(10—40%; Table 1). These values are typical of lew te
medium cempacted materials. The abselute values of
the dry bulk density ebtained here are very lew
cempared te materials with similar percentage peres-
ities (Table 1). The relatienship between dry bulk
density and percentage tetal peresity is shewn in
Fig. 6A. The expected negative linear cerrelatien
between dry bulk density and peresity is seen, except
in the case of the medium dense samples (2.0 g/cm’)
where there is a large variatien in peresity.
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Fig. 6. Relationship between porosity and the bulk grain density (A)
and their relationship with calcite content (B and C). Black
circles = chalky calcitic muds and white circles=chalky dolomitic
muds.

The grain density is almest censtant, the mean of
2.62 g/cm® being independent of the mineralegical
cempesitien ef the carbenates in the sample (Table 1).
These values are very lew cempared te these ef
typical limestenes or delemites, which nermally have
an average grain density of 2.70—2.80 and ever 2.9 g/
cm’, respectively.

Te detect any relatienship between mineralegical
cempesitien and variatien in these physical preper-

ties, the percentage eof calcite in the samples was
pletted against peresity and dry bulk density (Fig. 6B
and C, respectively). The graphs shew ne clear
evidence of any systematic relatienship between
calcite centent and these preperties. Hewever, it can
be seen that the chalky delemitic muds generally
have a semewhat higher dry bulk density than the
chalky calcitic muds.

The chalky calcitic muds (>60% calcite centent)
shew the largest variatien values in dry bulk density
and peresity (minimum: 1.6 g/cm’ and 10%; maxi-
mum: 2.2 g/cm’ and 48%, respectively). This, plus
the weak cerrelatien between the calcite centent and
physical preperties, shews the influence eof ether
facters such as: (i) the variable centent ef fibreus

Table 3

Results of the slaking test in water

Sample CC/ Slaking time Lutton Remarks

CM Index

Mac0 88/9 4-6h 0 Completely breaks
down

Mae-1 96/4 1015 min L} Completely breaks
down

Mae-4  94/6  Partial slaking 1 About one third of

in24h the material is

reduced to very
small pieces

Mae-5  94/6 15-20 min L} Completely breaks
down

Mae-10 96/4  Partial slaking 1 About one third of

in24h the material is

reduced to very
small pieces

Mae-20 81/6  20-30 min L} Completely breaks
down

Mae-22 70/9 4-6h L} Completely breaks
down

Mae-24 87/12  10-15 min 0 Completely breaks
down

Mae-29 94/6 24 h ) About three fourths
of the material is
reduced to very
small pieces

Me-30  86/12 4-6h 0 Completely breaks
down to small pieces

Me-36  96/4 24 h 2 About three fourths

of the material is
reduced to very
small pieces

CC/CM: relation between carbonate content (%) and clay minerals
content (%); Lutton Index (0-1-2).



clay minerals (which have a lewer grain density)
binding the carbenate crystals and (ii) the presence
of an impertant quantity ef irregularly distributed
intracrystalline peresity (as ebserved under the scan-
ning electren micrescepe). The presence ef the latter
affects the abselute density (beth the dry bulk
density and grain density) but net the percentage
peresity defined as the relatienship between mass
and velume. This is because the grain density ef
hellew crystals cannet be determined by cemmen
laberatery tests, and it is less than that ef nen-
disselved crystals.

The slaking ef the samples was alse studied (Table
3). The chalky carbenates shewed high levels of
slaking and dispersien, with “jar slake index” (Ij,
Lutten, 1977) values of between @ and 2 (Table 3).
After 1 h ef immersien in the distilled water, the
majerity ef the samples (except twe) crumbled te
ferm cearse-grained heaps and seme dispersed, finer
material at the bettem ef the beaker. Cemplete break-
dewn eccurred within 2 h. This is typical ef mest nen-
cemented sediments such as muds, marls er clay
shales (Weed and Dee, 1975; Seedsman, 1986; Dick
and Shakeer, 1992).

®n the basis ef the results, the chalky carbenates
can be classified as nen- durable “seil-like” materials
(Lutten, 1977), when they degrade rapidly with cem-
plete disruptien ef the eriginal structure ef the reck.
Onc reasen for this may be related te the failure in
tensien between the particles due te the cempressien
of ftrapped air inside the small peres between the
crystals. As indicated by Terzaghi and Peck (1967),
this is ene ef the main reasens fer the slaking
(disaggregation) of mest sediments with small peres.
In the studied samples, the micreperes made up
almest 70% ef the tetal peresity. Hewever, it may
alse be related te the less of clay bends by clay-water
reactiens, during the wetting and drying precess. As
ebserved with SEM, clay minerals are the main
cennecters between the calcite and delemite crystals
(Figs. 3—5). @nce these bends are breken, the calcite
and delemite crystals and the clays are free te dis-
perse. The quantity ef clay minerals detected by XRD
may net seem impertant, but many ef them are fibreus
and, theugh scarce, are unifermly distributed. They
eccur at all centacts between calcite and delemite
crystals, with crystal—clay—crystal being the main
interactien.

6. Discussion

These Palacegene chalky carbenates have with-
steed a cever of merc than 800 m ef sediments
witheut significant diagenetic precesses eccurring.
They alse shew high peresity (Table 1). The erigin
and the sedimentary precesses invelved in the accu-
mulatien ef carbenate muds, their eriginal mineraleg-
ical cempesitien and their diagenetic histery can help
explain their particular physical preperties.

6.1. @rigin of the carbonate muds

Bustille et al. (2002) interpreted these depesits as
being an inerganic carbenate sediment due te the
absence of skeletal debris. But ether pessibilities exist
such as the accumulatien ef fine detrital particles er
bie-induced precipitatien. Kelts and Hsii (1978) indi-
cated the impertance of detrital carbenates in the bulk
of lacustrine marls and chalks, and the difficulty in
distinguishing between primary and detrital lacustrine
carbenate. Carbenates precipitated in freshwater lakes
cemmenly have very negative §'*C and 5'%@ values,
which may permit the detrital cempenent te be
estimated (Kelts and Hsii, 1978). Isetepic analyses
of the studied chalky carbenates suggests that these
carbenates precipitated in equilibrium with isetepical-
ly light meteeric waters (Bustille et al., 2002; Table
1). Lecally the high 5'*@® values in seme chalky
delemitic muds (Table I, Mae-4 and Mae-14) may
be explained by the early fermation of delemite frem
water mere enriched in heavy isetepes and increased
evaperatien in the sedimentatien area (Bustille et al.,
2002). Thus, mest ef chalky carbenate muds prebably
fermed in situ in the basinal areas of the lake as the
result of inerganic calcite precipitatien frem supersat-
urated lake water. The erigin weuld be similar te the
abietic whitings ef calcite triggered by bie-mediated
cecceid algal bleems er evaperative cencentratien
described by Wet et al. (2002) in lacustrine chalks.
Seasenal whitings in lakes have been decumented in
ancient and medern lakes (Miiller and Wagner, 1978;
Platt and Wright, 1991). In seme medern lacustrine
delemite sediments, bacterial merphelegies in carben-
ate crystals have been described previding evidence
that delemite grewth was influenced by micrebial
activity (Vascenceles and McKenzie, 1997; Garcia
del Cura et al., 2001; Sanz-Mentere et al., 2003). In



the studied muds, scanning electren micregraphs
shew mesaics ef euhedral (rthembic) te subhedral
crystals (beth calcite er delemite) with ne direct
evidence of erganic features (Figs. 3-5).

Maercever, seme chalky carbenates belew sheets of
lacustrine sandstenes had high 5'*@ values (Table 1,
Mae-20 and Mae-30), which may pessibly be due te
detrital input frem the Mesezeic carbenates ef the
Iberian Range. There is evidence of alluvial reactiva-
tien of the adjacent fan systems, as demenstrated by
the presence of sheet-floed and debris-flew depesits
in beth the Belena de Serbe and Terremecha de
Jadraque secters (Arribas, 1986a). As a censequence,
extrabasinal carbenate cempenents, tegether with lit-
teral calcarceus mud (cempesed of very finely char-
ephyte debris, <10 pm), weuld have been depesited
in the mest distal areas of the shere lake. As eccurs in
seme marine chalks a rapid sedimentatien and rese-
dimentatien by turbidity currents may have develeped
a pereus calcareeus sediment with little early cemen-
tatien, whereas slew sedimentatien rates tegether with
much bieturbatien and bettem curent activity may
facilitate early cementatien and less ef peresity
(Tucker and Wright, 1990).

The accumulatien ef calcareeus muds in the ba-
sinal areas ef the lake weuld be very rapid and weuld
have preserved the high peresity ef the eriginal
sediment. The sedimentatien of these muds centrasts
with the lacustrine dynamics in the litteral and supra-
litteral areas where active biegenic carbenate preduc-
tien, tegether with the develepment ef an early
meteeric diagenesis (cementatien and recrystalliza-
tien), centributed te censelidated lacustrine lime-
stenes (Arribas, 1986a).

6.2. @riginal mineralogy and pore fluid composition

The chalky carbenate muds fermed under distinct
geechemical cenditiens. The textural, chemical and
mineralegical characteristics suggest that the chalky
calcitic muds prebably precipitated as lew Mg-calcite
(<2 mel% MgC@®; ) frem lew salinity fresh water, as
eccurs in Lake Censtanza (Miiller, 1971). The dele-
mite appears te have eriginated by early diagenetic
replacement as suggested by the presence ef micre-
rhembic crystals, near steichiemetry and peer erder
accerding te X-ray values (Gunatilaka, 199@; Last,
1990). This replacement may have eccurred via a

high Mg-calcite precurser mud since this is delemi-
tized in preference te lew Mg-calcite mud, as eccurs
in the recent lacustrine sediments of Central Spain
described by Yébenes et al. (1973). In the present
case, high intercrystalline and intracrystalline peres-
ity ceuld be asseciated with a pessible replacement
precess, as eccurs in the lacustrine micrites described
by Wright et al. (1997). The fermatien ef high Mg-
calcite lacustrine muds can be a censequence ef
chemical changes in lake water due te increased
evaperatien and raised salinity, er an increase in the
Meg/Ca ratie (Miiller et al., 1972; Kelts and Hsii,
1978). Miiller et al. (1972) prepesed a “dynamic
medel te explain the fermatien ef calcite and dele-
mite in the same sequence, in which extreme fluctu-
atiens ef the Mg/Ca ratie are the mest impertant
facter. In the present case, the cyclic increase in the
Meg/Ca ratie of the lake waters weuld be asseciated
with the input ef Mg”* derived frem the weathering
of Mesezeic carbenates in the seurce area, and with
an impertant develepment of palacesels in the supra-
litteral areas (Huérmeces del Cerre secter, Arribas,
1986a) and the subsequent less of Ca iens. In this
sedimentelegical medel, the cempesitien ef lacus-
trine water changed periedically frem slightly mag-
nesian (Mg/Ca<2) te magnesian (Mg/Ca between 2
and 12, Miiller et al., 1972), resulting in calcitic er
delemitic muds fermatien respectively.

The eriginal stable mineralegy (lew Mg-calcite and
delemite) eof these chalky carbenates weuld have
induced a very lew diagenetic petential (Schélle,
1977). Accerding te Meerc (2001), the stable miner-
alegy at the time of burial is ene of the mest impertant
facters that retards chemical cempactien.

6.3. The importance of clay minerals

The chalky carbenates centain clay minerals such
as illite, smectite, and palygerskite (Bustille et al.,
1998). Accerding te SEM ebservatiens, the mest
velumetrically impertant is palygerskite. The XRD
results prebably reveal smaller ameunts ef palyger-
skite than actually exist, because the quantitative
analysis is based en peak area. @uhadi and Yeng
(2003) werked in several artificial mixtures of paly-
georskite and calcite and feund that this quantitative
analysis underestimates the presence ef palygerskite
and everestimates the presence eof calcite.



Accerding te SEM ebservatiens, palygerskite
appears widely dispersed threugh the chalky carbe-
nates (Figs. 3—5). Palygerskite fibres ceat the carben-
ate crystals, cement peres and build aggregates lecally
with Al-smectite eor illite.

Twe main erigins fer palygerskite have been
prepesed in the literature: inheritance er by authi-
genesis. In het, arid regiens palygerskite can be
transperted by alluvial er aecelian precess frem the
seurces areas and be incerperated inte sediment as a
detrital cempenent (Verrechia and Le Ceustumer,
1996). The detrital erigin is rejected because in the
lutites that eccur in fleedplains related laterally te the
lacustrine carbenates enly smectite and illite appear,
net palygerskite (Arribas, 1985). @n the ether hand,
palygerskite authigenesis can be explained by twe
precess (Verrechia and Le Ceustumer, 1996; Werden
and Merad, 2003): (1) alteratien ef pre-existing phyl-
lesilicate minerals (such as mica and smectites) and
then transfernatien inte palygerskite and (2) precip-
itatien frem hypersaline pere waters.

The aggregates of palygerskite with Al-smectite or
illite, ebserved under SEM, indicate that the eriginal
clay assemblage was mildly te strengly transfermed
inte palygerskite. But palygerskite fibres alse ceat the
carbenate crystals and it is prebably fermed during
early diagenesis because they ferm the netwerk of the
secendary peresity (Fig. 4C). Micreperesity and the
texture ef silt-size carbenate previded additienal ap-
prepriate cenditiens fer early palygerskite precipita-
tien (Verrechia and Le Ceustumer, 1996). The high
silica centent ef the waters, evidenced by chert and
epaline nedules of the interlayered limestenes (Fig. 2;
Bustille et al., 2002), faveured the early diagenetic
fermatien ef the palygerskite frem a detrital clay
minerals precurser which previded the necessary
aluminium. The high centent in Mg in the pere waters
is linked te the cempesitien ef the seurce areas
(delestencs), the fermatien ef calcimerphic paleesels
in clese by supralitteral areas and alse te the partial
disselutien ef the delemite extrabasinal grains.

The fermatien ef the palygerskite cement at an
carly diagenetic stage weuld strengly influence the
physical preperties of these chalky carbenates. The
streng slaking ef the chalks (Table 3) is partly
explained in that palygerskite is feund at all the
centacts between the carbenate crystals. The pres-
ence of palygerskite caused twe impertant cennected

phenemena: the retentien ef pere water in the erig-
inal carbenate muds and, as a censequence, a de-
crease in permeability. @n the ether hand, Tucker
and Wright (1990) suggest that clay centent in
marine chalks weuld be impertant because generally
it inhibits early cementatien. The fibreus clay ceating
en the crystals, fermed during early diagenesis,
inhibits frem the eutset any chemical bending ef
calcite or delemite.

6.4. Porosity and diagenesis

Beth chalky textured carbenates and chalks present
a high peresity, which can be secendary er primary in
erigin (Meshier, 1989). Chalky texture in shallew
marine carbenates is determined by a secendary
peresity (intercrystalline, vug, meldic, etc., Chequette
and Pray, 1970), which is fermed during diagenesis
(Harris and Frest, 1984; Kaldi, 1989; Meshier, 1989)
and must be distinguished frem the depesitienal
peresity (interparticle and intraparticle peresity, Che-
quette and Pray, 1970), which characterizes marine
pelagic chalks (Meshier, 1989). Disselutien and ara-
genite-te-calcite cenversien are the main precesses
invelved in the secendary peresity develepment
(Kaldi, 1989; Meshicr, 1989; Saller and Meere,
1989; Helail and Lebmann, 1994), in mest cases as
a censequence of the early stabilizatien ef the eriginal
metastable muds (cempesed ef aragenite and high-
Magnesium calcite). Seme werkers relate this peresity
te disselutien asseciated with uncenfermity expesure
(Harris and Frest, 1984; Helail and Lehmann, 1994).
The diagenetic erigin of this peresity centrasts with
the preservatien ef eriginal depesitienal peresity
(intraparticle and interparticle peresity) in everpres-
sured chalks during burial diagenesis (Neugebauer,
1974; Schélle, 1977; Feazel and Schatzinger, 1985;
Tucker and Wright, 1990; Maliva and Dicksen, 1992).

In carbenate muds the deminant, prevailing trend
during burial is tewards cemplete or nearly cemplete
ecclusien ef peresity (Chequette and James, 1990).
The Palacegene chalky carbenates had undergene a
maximum burial depth ef 800 m with temperature
values between 30 and 40 °C, and censequently
dewatering, drastic less eof peresity and cempactien
ceuld be expected during burial. But this dees net
eccur. The fermatien ef very fine, mineralegically
stable carbenate sediments (calcitic and delemitic



carbenate muds), held tegether by palygerskite, influ-
enced the diagenesis path ef these facies.

The neefermatien ef palygerskite areund the car-
benate crystals as a phyllesilicate cement during
cediagenesis (early diagenesis, accerding te Werden
and Burley, 2003) helped trap the eriginal lacustrine
water in the pere system eof the eriginal carbenate
muds. This weuld be ef great impertance during
mesediagenesis (burial diagenesis, accerding Werden
and Burley, 2003) because it weuld maintain the fluid
pressure between the crystals. Under these cenditiens,
cempactien (physical and chemical) and cementatien
weuld be retarded (Neugebauer, 1974; Scheélle, 1974;
Feazel and Schatzinger, 1985; Chequette and James,
1990; Tucker and Wright, 1990; Maliva and Dicksen,
1992). Again, the cempesitien ef the lacustrine waters
(lightly magnesian te magnesian) trapped in the pere
system ceuld have helped te preserve the eriginal
peresity during burial (Meere, 2001). The everpres-
sured chalky carbenates ceuld theeretically be iselat-
ed frem the surreunding diagenetic waters. The very
lew Mn and Fe centents in chalky carbenates (Table
2) might indicate eriginal centents in the carbenate
muds fermed frem centinental highly exygenated
waters (Veizer, 1983). Accerding te this auther, cal-
cites precipitated by centinental waters sheuld be
depleted in Na, St, Mn and Fe. The pessible preser-
vatien ef lew eriginal centents in these elements
suggests a nen-medificatien ef the eriginal chemical
cempesitien.

The eriginal mineralegy eof the chalky carbenates
weuld influence burial diagenesis. Syndepesitienal er
early assemblages ef stable minerals (lew-Mg calcite
and delemite) typically suffer less burial alteratien
than sediments with metastable mineral cempenents
(Schelle, 1977; Scheélle et al., 1983; Feazel and
Schatzinger, 1985; Meere, 2001). If there was ne
aragenite in the eriginal sediment fer an early disse-
lutien te supply CaC@s, calcite cementatien and
lithificatien weuld be retarded. The chalky lacustrine
carbenates, fermed enly frem lew-Mg calcite and
delemite, weuld have a lew susceptibility te chemical
cempactien en burial.

Facies analysis of Palacegene carbenates (Arribas,
1986a; Bustille et al., 2002), has shewn that these
chalky carbenates are intercalated between imperme-
able lacustrine-palustrine limestenes and carbenate
sandstenes (Fig. 2), which tend te act as physical

barriers, impeding fluid flew and keeping the chalky
carbenates cempartmentalized. Accerding te Feazel
and Schatzinger (1985), permeability batriers due te
sedimentary precesses weuld centribute tewards pre-
serving the eriginal peresity ef the chalky carbenates,
and weuld facilitate the retentien ef everpressured
pere fluids during burial. Active biegenic carbenate
preductien, tegether with the early meteeric diagene-
sis in the litteral and eulitteral areas, were respensible
for the cenfiguratien ef natural permeability barriers.

7. Conclusions

1. The petrelegical, chemical, isetepic and physical
preperties of Palacegene chalky carbenates of the
Madrid Basin indicate a lack ef any diagenetic
precesses during burial. An impertant velume ef
primary peresity is preserved (between 10% and
40%) in these lacustrine carbenate muds in spite of
undergeing 800 m en burial, characteristic of the
chalky texture develepment.

2. The retentien ef peresity ceuld be related te the
cenvergence of several pesitive facters: (i) the
erigin and the sedimentary precesses invelved in
the fermatien ef the carbenate muds (rapid
accumulatien in basinal lacustrine areas); (ii) the
eriginal stable mineralegy (lew-Magnesian calcite
and delemite) of the primary carbenate sediments;
(iii) the eccurrence of palygerskite cement that
filled part of the eriginal peresity (intercrystalline);
(iv) the chemical cempesitien ef the pere water
(lightly enriched in Mg); (v) the iselatien of chalky
muds due te the develepment eof permeability
barriers; and in censequence (vi) pessible ever-
pressure during burial.

3. Mest eof the facters retarding diagenetic precesses
during burial are ceincident with these analysed
and estimated in pelagic marine chalks. The early
palygerskite fermatien tegether with carbenate
mud in lacustrine systems can be censidered as a
new facter, which weuld retard cempactien during
burial diagenesis, preserving depesitienal primary
peresity.

4. The identificatien ef chalky carbenates as well as
freshwater-chalks—such as basinal and deep
carbenate facies—within the centinental lacustrine
systems weuld be very interesting in the explera-



tien and characterization ef pessible reserveirs in
centinental carbenate sequences.
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