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Abstract Shallow-marine microporous limestones

account for many carbonate reservoirs. Their formation,

however, remains poorly understood. Due to the lack of

recent appropriate marine analogues, this study uses a

lacustrine counterpart to examine the diagenetic processes

controlling the development of intercrystalline micropo-

rosity. Late Miocene lacustrine microporous micrites of the

Madrid Basin (Spain) have a similar matrix microfabric as

Cenomanian to Early Turonian shallow-marine carbonates

of the Mishrif reservoir Formation (Middle East). The

primary mineralogy of the precursor mud partly explains

this resemblance: low-Mg calcites were the main carbonate

precipitates in the Cretaceous seawater and in Late

Miocene freshwater lakes of the Madrid Basin. Based on

hardness and petrophysical properties, two main facies

were identified in the lacustrine limestones: a tight facies

and a microporous facies. The tight facies evidences strong

compaction, whereas the microporous facies does not.

The petrotexture, the sedimentological content, and the

mineralogical and chemical compositions are identical in

both facies. The only difference lies in the presence of

calcite overgrowths: they are pervasive in microporous

limestones, but almost absent in tight carbonates. Early

diagenetic transformations of the sediment inside a flu-

ctuating meteoric phreatic lens are the best explanation for

calcite overgrowths precipitation. Inside the lens, the dis-

solution of the smallest crystals in favor of overgrowths on

the largest ones rigidifies the sediment and prevents com-

paction, while partly preserving the primary microporous

network. Two factors appear essential in the genesis of

microporous micrites: a precursor mud mostly composed of

low-Mg calcite crystals and an early diagenesis rigidifying

the microcrystalline framework prior to burial.

Keywords Microporosity � Micrite � Carbonate �
Reservoir � Spain � Middle East

Introduction

During the Cretaceous in the Middle East, the majority of

stratigraphic stages contains one or more shallow-marine

microporous carbonate reservoirs (Alsharhan and Nairn

2003; Volery et al. 2009). These reservoir formations are

characterized by a microporous micritic matrix composed

of sub-rhombic low-Mg calcite crystals with diameters

generally below 8 lm. The mean porosity and permeability

rate about 20% and few hundreds mD, respectively.

Although several authors studied these particular lime-

stones (Budd 1989; Lambert et al. 2006; Moshier 1989;

Perkins 1989; Richard et al. 2007), some fundamental

questions remain unresolved or are in controversy. Do the

porosity and permeability develop during early or late

diagenesis? Do the petrophysical qualities link to the
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primary sedimentological or/and mineralogical content?

What is the mineralogical composition of the precursor

mud changing with diagenesis into a microporous

limestone?

The last question was already debated in a previous

paper (Volery et al. 2009): the study of stratigraphic

occurrence of shallow-marine microporous carbonate for-

mations in the Middle East reveals that such carbonates

developed during periods of calcite seas. It clearly indi-

cates that mud mainly composed of low-Mg calcite crystals

is required to produce these microporous limestones. The

relative stability of low-Mg calcite sediments in compari-

son to aragonite and high-Mg calcite muds partly explains

the preservation of the primary microfabric and intercrys-

talline microporosity during diagenesis.

As recent shallow-marine muds are mostly aragonitic

and high-Mg calcitic in composition, they cannot be used

as a valuable analogue to study the formation of micro-

porous limestones. However, freshwater lakes may repre-

sent interesting environmental counterparts, as low-Mg

calcite often precipitates from lake water (Dean and Fouch

1983; Eugster and Kelts 1983; Kelts and Hsü 1978).

Late Miocene lacustrine microporous limestones of the

Madrid Basin are characterized by similar mineralogy

and microfabric as the Cenomanian to Early Turonian

shallow-marine carbonates of the Mishrif reservoir For-

mation in the Middle East, but have a less complicated

diagenetic history. In Iraq, for example, the Mishrif

Formation underwent hydrocarbon loading and was bur-

ied under more than 3,700 m of Upper Cretaceous and

Cenozoic sediments. On the contrary, the Late Miocene

micrites of the Madrid Basin were covered with less than

100 m of Cenozoic sediments and have never experi-

enced oil saturation. This study illustrates how lacustrine

counterparts can be used to better understand diagenetic

processes that control the formation and preservation

of microporous micrites. In a similar way, Paleogene

lacustrine chalky carbonates of the Madrid Basin were

compared to marine pelagic chalks reservoirs (Arribas

et al. 2004).

Geological setting

The Madrid Basin with an extension of more than

10,000 km2 forms an important part of the Tajo Basin, one

of the three large continental Cenozoic basins in the Iberian

Peninsula. The Madrid Basin is a triangular intracratonic

basin surrounded by three Cenozoic mountain ranges: the

Spanish Central System in the northwest, the Toledo

Mountains in the south, and the Iberian and Altomira

ranges in the east (De Vicente et al. 1996a, 1996b). Allu-

vial, fluvial, and lacustrine sediments filled the Madrid

Basin during the Cenozoic over a maximum thickness of

3,500 m (Junco and Calvo 1983).

Miocene deposits account for about one-third of the

sedimentary record in the Madrid Basin. The sediments are

subdivided into three units separated by discontinuities: the

Lower, Intermediate, and Upper Units (Junco and Calvo

1983). As a consequence of Alpine movements, the Madrid

Basin underwent compressive tectonics from the Late

Oligocene. Stress fields changed into extensive regimes

during the Late Miocene (Calvo et al. 1994; De Vicente

et al. 1996a, 1996b).

The Upper Unit, which contains the formation described

in this paper, is Turolian in age (Sanz et al. 1992) and is

characterized by rivers and shallow freshwater carbonate

lake deposits. While the lower part of the unit is mostly

constituted by fluvial and alluvial sediments, lacustrine

beds become mainly dominant in the upper part (Calvo

et al. 1996). Warm and dry climate conditions prevailed

during the deposition of the Upper Unit (Calvo et al. 1993;

Sanz et al. 1992).

Late Miocene lacustrine limestones of the Madrid Basin

were chosen because low-Mg calcite was often the primary

precipitate in these freshwater lakes (Bellanca et al. 1989;

Calvo et al. 1995; Utrilla et al. 1998). Lacustrine carbon-

ates were sampled in the quarry of Colmenar de Oreja

(Fig. 1) where they are surrounded by palustrine facies

(Wright et al. 1997). The top of the sedimentary record in

the quarry is affected by karstification and no Pliocene

Fig. 1 The Colmenar de Oreja quarry (40�0704400N and 03�2300400W)

is situated in Central Spain in the Madrid Basin, which forms an

important part of the Tajo Basin
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sediments exist (Instituto geologico y minero de Espana

1975).

Methods

The studied profile measures 162 cm. Sampling was done

with a vertical resolution of about 10 cm. In the cohesive

layers, 13 samples were taken (samples 1–12 and 9top).

Duplicates were sampled in the same level at about 1 m

laterally from the reference log. In total, 26 thin-sections

were prepared for petrographical analyses. In the poor

cohesive layers, five samples were taken (samples S1–S5),

but they were too friable to allow the preparation of rep-

resentative thin-sections.

Thin-sections were studied with classical petrographical

techniques using light microscopy and cathodolumines-

cence. The content in charophytes (associated with few

ostracods) and the percentage of matrix were quantified.

Calcite overgrowths intensity was evaluated. Cathodolu-

minescence studies did not reveal any significant

luminescence.

Scanning electron microscopy (SEM) was performed on

18 fragments from each of the different sampled layers

(samples 1–12, 9top, and S1–S5). Microfabrics were

studied on samples coated with gold. The SEM analyses

were carried out in Total laboratories (Pau, France) with a

Leo 1450VP. The working current was set at 15 kV.

Porosity (phi), permeability (K), and capillary pressure

(Cp) were measured in Total laboratories. In order to

prevent isolated non-representative heterogeneity (large

bioclasts, vugs, cracks caused by the plugging), two plugs

were drilled from each of the 26 cohesive samples. Some

layers were too friable to take representative plugs. In

total, porosity and permeability were analyzed on 35

plugs. The porosity was measured with helium. The

permeability was calculated with nitrogen and corrected

for the Klinkenberg effect. The capillary pressure was

performed for eight specific samples (samples 1, 2, 4, 5,

9, 10, 11, and 12) with the Purcell method in an Autopore

IV of Micrometrics.

The mineralogical and chemical composition of 20

samples coming from the 18 identified layers was identified

by X-ray diffraction (XRD) and X-ray fluorescence (XRF)

analyses. Diffraction peaks were measured for angles from

4.5� to 70�. The XRD device was an XPert Pro of Pana-

lytical and the XRF device a Pioneer S4 of Bruker.

The stable isotopic composition of O and C was mea-

sured on seven whole-rock samples (samples S2, 3, 5, 6, 8,

10, and 12) with the AP2003 mass spectrometer of Ana-

lytical Precision. Values were normalized with the refer-

ence material NBS 19 (TS-Limestone).

Results

Lacustrine limestones in the quarry of Colmenar de Oreja

are characterized by centimeter-sized beds presenting

variable degrees of cohesion (Fig. 2). Very friable layers

alternate with semi-cohesive chalky beds, cohesive chalky

ones, and hard limestones. The lacustrine section presented

in this study is situated on top of palustrine facies. The

section starts with chalky layers and ends with 20 cm of

hard limestones. On top of the described profile, more

lacustrine chalky layers are present. There is no remarkable

surface in the studied section.

Petrography and petrophysical properties

Petrographical observations and petrophysical measure-

ments show that the lacustrine micrites of Colmenar de

Oreja are divisible into two main facies: a tight facies and a

microporous one. On the macroscopic scale, the tight facies

corresponds to hard layers and the microporous facies to

chalky beds.

Tight facies (T)

Carbonates of the tight facies (T) are hard as typical

lithographic limestones. Samples are wackestones rich in

charophytes with some ostracods (Fig. 3a–b). The con-

centration in charophytes rates about 20%. Tests are

strongly squashed; they underwent compaction (Fig. 3a–b,

arrows). Only a few calcite overgrowths exist around some

charophytes. The muddy matrix is dark. Under the SEM,

the matrix of the tight facies presents a serrate to meshed

microfabric (Loreau 1972) (Fig. 3c–d). Crystals have

rhombic shapes with sizes generally smaller than 4 lm.

Clusters of crystals with no well-defined faces are larger

than 4 lm (Fig. 3d, arrows). SEM pictures show that

almost no intercrystalline microporosity exists. Porosities

and permeabilities of the T facies, respectively, range

from 8 to 18% and from 0.02 to 5.62 mD (Figs. 4, 5;

Table 1). Pore threshold radii rate between 0.1 and 0.4 lm

(Fig. 5; Table 1). Plugs coming from the same layer

present close values. A gradual diminution of the petro-

physical qualities occurs from the sample 10 to the

sample 12.

Microporous facies (M3, M2, M1)

Layers from the microporous facies are very chalky. They

are composed of wackestones rich in charophytes with a

few ostracods (Fig. 3e–f). The percentage of bioclasts rates

about 20 to 30%. Tests are morphologically preserved; they

are neither broken nor squashed. Matrix and charophyte
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Fig. 2 The studied section is composed of chalky limestones (alternations of friable, semi-cohesive, and cohesive chalky beds) topped by tight

limestones. Chalky limestones repeat after the tight limestones
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crystals underwent calcite overgrowths. The muddy matrix

is clearer than in the T facies.

Based on cohesion and hardness, calcite overgrowths,

and petrophysical properties, the microporous facies can be

subdivided into three sub-facies: a cohesive (M3), a semi-

cohesive (M2), and a friable one (M1).

Carbonates of the cohesive microporous facies (M3)

occur as relatively solid but still chalky layers. Calcite

overgrowths are pervasive. Under the SEM, the matrix

shows a punctic to serrate microfabric (Loreau 1972)

(Fig. 3g–h). The largest crystals reach about 10 lm in size

and present rhombic shapes (Fig. 3h, arrows). They are

often linked to charophytes test. The smallest crystals

(*2 lm) have rounder shapes. Intercrystalline micropo-

rosity is considerably present. The M3 samples have high

porosities and permeabilities spreading from 23 to 36% and

from 23 to 1,516 mD, respectively (Figs. 4, 5; Table 1).

Pore threshold radii value about 8 to 11 lm (Fig. 5;

Table 1). Samples from a same layer often possess values

close together.

Limestones of the semi-cohesive microporous facies

(M2) are softer and more friable than the ones from the M3

facies. Calcite overgrowths are present but generally less

developed. SEM observations allowed to identify a punctic

microfabric (Loreau 1972) of the matrix. The largest

crystals are about 6 lm in size and they are sub-rhombic in

shape with blunted edges. The smallest crystals reach about

2 lm and they are rounded. The microcrystalline frame-

work has a high intercrystalline microporosity. Limestones

from the M2 facies have very high values of porosities and

permeabilities (Figs. 4, 5; Table 1). The first feature varies

between 35 and 46% and the second between 187 and

2,780 mD. Pore threshold radii rate about 8 to 11 lm

(Fig. 5; Table 1). Homogeneous values generally exist

throughout the same layer.

The friable microporous facies (M1) is so chalky that

the sampling of consolidated fragments was impossible.

Nevertheless, with the SEM, charophytes and microcrys-

talline calcites could be observed. Crystal sizes reach up to

6 lm. All crystals present very round shapes.

Mineralogical composition

The analyses with XRD and XRF show an extremely

monotonous mineralogical composition throughout all the

samples: 98–99% of calcite and the rest of quartz

(Table 2). No variation exists between the tight and the

microporous facies or inside the three different micropo-

rous facies. Clay is totally absent in any sample. The

magnesium and the strontium contents vary between 0.12

and 0.31% and between 156 and 380 ppm, respectively. No

relation can be observed between the magnesium or the

strontium evolution and the tight or the microporous facies

occurrence.

Stable isotopes

The stable isotopic composition is very constant for all the

samples (Fig. 5; Table 2). The d18O ratio varies between

-6.5 and -5.7% PDB and the d13C between -10.3 and

-9.1% PDB. Oxygen values are comparable to those

found in freshwater lakes of the Madrid Basin at the end of

the Middle Miocene, but carbon values are a bit more

negative (about 2.0% less) (Bellanca et al. 1992). There is

no constant difference in the d18O or the d13C ratio

depending on the facies.

Discussion

Similarities between lacustrine and marine micrites

First of all, the obvious resemblance in microfabric between

lacustrine microporous micrites of Colmenar de Oreja

(Spain, Late Miocene) and shallow-marine microporous

micrites of the Mishrif reservoir Formation (Middle-East,

Cenomanian to Early Turonian) must be highlighted

(Fig. 6). SEM observations reveal that the matrix of both

carbonates presents a microporous network constituted by

low-Mg calcite crystals rhombic to sub-rhombic in shape

and with mean diameters generally below 8 lm. Moreover,

both limestones also possess tight layers composed of

meshed to coalescent microfabric (Loreau 1972) with

anhedral crystals.

However, the sedimentological facies are very different

between the marine micrites of the Mishrif Formation (Mid-

dle East, Cenomanian to Early Turonian) and the lacustrine

micrites of the Madrid Basin (Spain, Late Miocene). The

Mishrif Formation is made of bioclastic and peloidal lime-

stones (mainly mudstones to packstones and floatstones) rich

in rudists, bivalves, echinoderms, foraminifera, and algae,

while the studied lacustrine micrites from the Madrid Basin

are only constituted of wackestones with charophytes.

This similarity of microfabrics confirms the essential role

played by the mineralogical composition of the precursor

mud in the development of such microporous limestones

(Volery et al. 2009). During the Cenomanian to Early

Turonian, the seawater was favorable to the precipitation of

low-Mg calcite (Dickson 2002, 2004; Hardie 1996;

Lowenstein et al. 2001; Sandberg 1983; Siemann 2003).

Moreover, rudists, organisms mainly composed with low-

Mg calcite, were principal carbonate builders (Stanley and

Hardie 1998). During the Late Miocene in Spain, freshwater

lakes were characterized by low-Mg calcite precipitation

Facies (2010) 56:385–397 389
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(Bellanca et al. 1989; Calvo et al. 1995; Utrilla et al. 1998)

and charophytes proliferation, organisms with pure low-Mg

test. Thus, in both cases, the precursor mud was mainly

composed of low-Mg calcite crystals.

Such mineralogical prerequisite is easily explained in

terms of stability. Aragonite, and to a lesser extent high-Mg

calcite, have to transform into their polymorph of low-Mg

calcite to acquire relative chemical stability. In conse-

quence, they completely lose their primary microfabric.

Limestones issued from this transformation present bad

intercrystalline microporosity (Lasemi and Sandberg

1984). On the contrary, original low-Mg calcite crystals are

already in a stable form. Their primary microfabric and

microporous network can partly be preserved during

diagenesis.

Similarly, the low-Mg calcite nature of coccolith test

fragments composing chalk reservoirs (as widespread in the

North Sea) partly explains the preservation of the intercrys-

talline microporosity in these sediments.

Differences between the microporous and the tight

facies

Very contrasting petrophysical properties characterizes,

respectively, the tight and microporous micrites of Col-

menar de Oreja. Tight layers always have values of

porosity below 20% and permeability lower than 10 mD,

while the microporous facies generally has porosities

ranging from 25 to 45% and permeabilities from several

100 mD up to about 2,500 mD. Pore threshold radii vary

from less than 1 lm for the tight facies to about 10 lm for

the microporous one. Macroporosity due to charophyte

stems forms an important part of the total porosity. As the

content of charophytes remains constant throughout the

profile, the intercrystalline microporosity has not been

estimated and considered as proportional to the total

porosity.

Beds of the tight facies are hard limestones, whereas

layers of the microporous one are chalky carbonates. The

tight facies evidences strong compaction features such as

squashed charophytes, while the microporous facies exhibit

morphologically intact charophytes tests and do not present

any other signs of compaction.

This differential compaction is surprising as the petro-

graphical texture and the sedimentological content of both

facies are identical. Mineralogical and chemical analyses

show no significant differences in composition. Clays are

totally absent; thus they could not be involved as a factor of

compaction (Ehrenberg 2004; Ehrenberg and Boassen

1993; Lambert et al. 2006). The strontium content does not

indicate aragonite enrichment (Lasemi and Sandberg 1993)

in tight layers that may speak in favor of a differential

diagenesis as in limestone-marl alternations (Munnecke

and Samtleben 1996; Westphal 2006). The stable isotopes

present too little variations (Dd18O = 0.8% and

Dd13C = 1.2%) to be significant (Bellanca et al. 1992;

Eugster and Kelts 1983; Leng et al. 2006; Lerman 1978).

To conclude, neither the sedimentological content nor the

chemical and mineralogical composition can be the cause

of the differential compaction.

However, in microporous micrites preserved from

compaction, calcite overgrowths are ubiquitous, while

this feature is almost totally absent in limestones of

the tight facies. This clearly suggests that calcite over-

growths occurred during early diagenesis and prevented

compaction.

When a dissolution-reprecipitation occurs throughout

carbonates of homogenous mineralogical composition, the

smallest crystals are the most unstable and are dissolved in

favor of overgrowths of largest crystals, the ones with the

lowest energy state. This process is called Ostwald ripening

(Baronnet 1982; Morse and Casey 1988; Ostwald 1887). In

low-Mg calcite micrites of Colmenar de Oreja, observa-

tions with the SEM support this process. The microporous

limestones are made up of a punctic to serrate framework

(Loreau 1972) with rhombic large calcites (\10 lm) and

small rounder ones (*2 lm) (Fig. 7). So, the most euhe-

dral crystals are the largest, and the smallest ones evi-

dences dissolution. Ions of small calcites probably

nourished overgrowths of large ones.

On the contrary, samples of tight facies generally pres-

ent a serrate to meshed microfabric (Loreau 1972) built by

small rhombic crystals, less than 4 lm in size, and larger

clusters with no well-defined faces (\10 lm). Euhedral

crystals never reach the size of 6 to 10 lm as they do in the

microporous facies. Clusters are probably the result of

compaction of several small crystals. The lack of large

euhedral crystals indicates that calcite overgrowths never

occurred inside the tight facies with the same intensity as in

the microporous one.

Micritic muds that have benefited from calcite over-

growths were preserved from compaction. This partial

early cementation controlled by the Ostwald ripening

process (Baronnet 1982; Morse and Casey 1988; Ostwald

1887) permits to rigidify the carbonate sediment while

globally preserving the original fabric and primary

Fig. 3 a, b Tight facies: wackestones composed of squashed

charophytes (arrows) inside a dark micritic matrix. c, d Tight facies

(SEM pictures): serrate to meshed microfabric made of subhedral

rhombic crystals with size generally below 4 lm and clusters of

crystals with no well-defined faces (d, arrows). e, f Microporous

facies: wackestones composed of unbroken charophytes with calcite

overgrowths inside a light matrix showing intensive calcite over-

growths. Abundant macroporosity and microporosity. g, h Micropo-

rous facies (SEM pictures): punctic to serrate microfabric made of

euhedral rhombic crystals up to 10 lm in size (h, arrows) and rounder

smaller ones

c
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Fig. 4 Porosities and

permeabilities of samples from

the tight facies (T, circles), the

semi-cohesive microporous

facies (M2, squares) and the

cohesive microporous one (M3,

triangles). Samples of the

friable microporous facies (M1)

were not measured because of

the impossibility of taking plugs

in these very chalky layers.

Same number corresponds to

different sample but same layer

Fig. 5 Synthetic log with petrographical descriptions, stable isotopes

values, and petrophysical properties. The texture, the sedimentolog-

ical content, and stable isotopes values are very constant throughout

the section. The compaction is correlated to the absence of calcite

overgrowths. Samples that have undergone compaction (10, 11, and

12) possess serrate to meshed microfabrics and bad petrophysical

properties
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intercrystalline microporosity. With a limited external

source of calcium carbonate, the sediment only undergoes a

reshaping of its microfabric. In theory, no porosity should

be lost by this way. On the contrary, the microporous

network may even acquire better petrophysical properties

as the Ostwald ripening process makes it more homoge-

nous by eliminating small crystals and forming a larger and

more uniform grain size.

Late Miocene lacustrine deposits underwent only a

shallow burial (maximum 80 m) (Calvo et al. 1994).

However this was sufficient to drastically reduce the

porosity (about 20% loss) and the permeability (more than

2,000 mD loss) of non early cemented muds.

Diagenetic models

Based on previous observations, two early diagenetic sce-

narios can be considered. Late diagenesis was dominated

by the Pliocene exposure of the Madrid Basin (Sanz 1994).

Early diagenesis: scenario 1

The reason of the differential compaction may stem from

paleoenvironmental changes during the low-Mg calcite

production. Because of physicochemical modifications in

the lake (e.g., pH, alkalinity, temperature, water stratifi-

cation, or complete circulation, primary productivity…),

the size of precipitated crystals may change through time

(Teranes et al. 1999). In layers composed of large crystals,

fluids circulate and calcite overgrowths are intensive. On

the contrary, in layers made of smaller crystals, the bad

permeability prevents calcite overgrowths. These unce-

mented sediments will be strongly compacted under

lithostatic pressure (tight facies), while early cemented

layers will resist compaction and partly preserve their

primary microfabric with intercrystalline microporosity

(microporous facies).

Early diagenesis: scenario 2

Compaction differences may originate from early diage-

netic processes without influences from the primary

lithology. The low-Mg calcite accumulation occurs hom-

ogenously in a shallow freshwater lake (Bellanca et al.

1989; Calvo et al. 1995; Utrilla et al. 1998). When

the lacustrine sedimentation ends due to hydrological

changes, a meteoric phreatic lens may develop, fluctuating

throughout the lacustrine deposits. Ions exchanges occur

inside the phreatic lens, mostly at its top as the contact with

CO2-rich air and the evaporative pumping increase the

ionic strength just below the water surface. There, the

smallest crystals are slightly dissolved and nourish over-

growths on the largest ones. Moreover, when dissolution

Table 1 Values of porosity (phi), permeability (K), and pore threshold

radius from capillary pressure (Cp) for samples 1 to 12 and 9top

phi K (mD) Cp (lm)

1 a 0.23 269

b 0.30 1,152

c 0.27 392 10.83

d 0.27 631

Mean 0.27 611

2 a 0.41 2,780

b 0.42 2,715

c 0.37 1,650 7.97

Mean 0.40 2,382

3 a 0.34 341

b 0.35 663

Mean 0.34 502

4 a 0.34 1,131

b 0.36 1,516

c 0.31 752 9.29

d 0.32 946

Mean 0.33 1,086

5 a 0.25 310 7.97

b 0.26 23

Mean 0.26 167

6 a 0.41 1,739

b 0.44 2,118

c 0.45 596

Mean 0.43 1,484

7 a 0.38 304

8 a 0.44 1,239

b 0.41 1,108

Mean 0.42 1,173

9 a 0.44 1,338

b 0.46 1,681

c 0.45 1,437 10.83

Mean 0.45 1,485

9 Top 0.35 187

10 a 0.17 2.65 0.43

b 0.17 3.90

c 0.18 5.62

d 0.15 1.57

Mean 0.17 3.44

11 a 0.13 0.99

b 0.12 0.66

c 0.09 0.08 0.13

d 0.10 0.22

Mean 0.11 0.49

12 a 0.09 0.08 0.23

b 0.08 0.02

Mean 0.08 0.05

High porosity, permeability, and pore threshold radius values characterize

samples 1 to 9 of the microporous facies

Low porosity, permeability, and pore threshold radius values characterize

samples 10 to 12 of the tight facies
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occurs under occasional rain in the vadose zone, ions go

down by percolation and enrich the top of the phreatic lens.

Overgrowths are in this case dominant. All these processes

permit carbonate muds to rigidify.

Depending on climatic conditions, the water table may

have varied vertically (Fig. 8). Thus lacustrine horizons

affected by this dissolution-reprecipitation and its associ-

ated partial early cementation change during times.

Numerous different layers may be affected by theses

processes. In this case, the bedding observed at the outcrop

is purely diagenetic.

However, some muds always remain situated outside the

physicochemical active zone of the phreatic lens and are

not affected by this dissolution-reprecipitation process.

They will suffer strong compaction during burial, contrary

to early cemented muds.

The presence of palustrine facies a few meters above

these lacustrine limestones (Wright et al. 1997) supports

Table 2 Bulk compositions, CaO, MgO, and SrO contents, stable isotopic ratios of samples S1 to S5, 1 to 12 and 9top

Calcite (% mass) Quartz (% mass) CaO (% mass) MgO (% mass) SrO (ppm) d13C (%PDB) d18O (%PDB)

S1 99.70 0.27 55.16 0.22 356

S2 99.30 0.68 55.14 0.24 376 -9.2 -6.5

S3 98.10 1.90 53.82 0.26 298

S4 99.20 0.79 54.97 0.24 318

S5 99.60 0.38 55.76 0.19 306

1 99.80 0.20 55.22 0.29 380

2 99.80 0.16 56.20 0.16 228

3 99.90 0.14 55.56 0.19 224 -9.7 -6.3

4 99.80 0.15 56.61 0.13 156

5 99.20 0.77 55.77 0.19 205 -9.9 -6.1

6 99.50 0.45 55.84 0.15 272 -9.1 -6.5

7 99.70 0.34 55.62 0.27 274

8 99.80 0.20 56.22 0.15 239 -9.4 -6.1

9 99.70 0.30 55.68 0.27 284

9 top 99.60 0.43 55.72 0.18 257

10 99.60 0.41 56.02 0.12 246 -9.7 -6.3

11 99.60 0.38 56.00 0.13 260

12 99.60 0.38 55.63 0.31 278 -10.3 -5.7

Lacustrine limestones of Colmenar de Oreja are almost only composed of low-Mg calcite. Stable isotopic values are very constant throughout the

profile (rem: value 12 was measured during a different series)

Fig. 6 The obvious resemblance in microfabrics between a Late Miocene lacustrine microporous micrites of Colmenar de Oreja (Spain) and

b Cenomanian to Early Turonian shallow-marine microporous carbonates of the Mishrif reservoir Formation (Qatar)
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the existence of a phreatic lens after the lacustrine sedi-

mentation. Moreover, with this diagenetic scenario, the

different hardness of the three microporous sub-facies may

be explained in terms of residence time inside the ionic

active water. Indeed, cohesive microporous limestones

(M3) probably stayed longer inside the active zone of the

phreatic lens than semi-cohesive ones (M2), or still more

than friable ones (M1). In the M3 facies, dissolution and

reprecipitation processes had more time to cement the

carbonate sediment and led to the present most cohesive

beds. On the contrary, M1 muds benefited during only a

relative short time of this early cementation and are actu-

ally the least resistant layers. M2 limestones result from an

intermediate state. In fact, microporous samples of Col-

menar de Oreja could be described inside a continuous

diagram of petrographical and petrophysical properties.

These observations and data confirm the transformation of

their microfabric with a gradual diagenesis.

Late diagenesis

After the early compaction, lacustrine microporous and

tight facies were probably submitted to similar diagenetic

conditions. Carbonate deposits were exposed during

the Pliocene, leading to intensive karst development

(Sanz 1994). Because of their high permeability, friable

microporous layers (M1) underwent strong dissolution,

as demonstrated by the abundance of small round crys-

tals in the matrix. This could explain the very poor

cohesion of M1 limestones. The dissolution necessarily

Fig. 7 SEM pictures from the microporous facies of the lacustrine

micrites of Colmenar de Oreja (Late Miocene, Spain) showing a

bi-modal grain size (left picture: sample 04, right picture: sample 03).

The smallest crystals were preferentially dissolved (rounded shapes,

white arrows) and nourished overgrowths of largest ones (euhedral

rhombic shapes, black arrows). This particular bi-modal grain-size

supports a dissolution-reprecipitation by Ostwald ripening process. In

the right picture, small crystals (white arrows) are merged into a

larger crystal (black arrow)

A B C D
E

Fig. 8 Sketch illustrating the early diagenetic model of the scenario

2. a After the lacustrine sedimentation, a phreatic lens develops. In

the ionic active zone situated at the top of the lens, lacustrine muds

undergo dissolution-reprecipitation by Ostwald ripening and rigidify

themselves. The ionic strength diminishes with distance to the water

table top. Beds situated close to the water table surface are further

rigidified than the ones located deeper (grey levels). b, c The phreatic

lens fluctuates and new horizons are rigidified by the Ostwald

ripening process. d Hypothetical situation before compaction. e With

burial, early cemented layers resist compaction and partly preserve

their primary microfabric and intercrystalline microporosity

(M facies), while uncemented ones are strongly compacted and

become tight limestones (T facies). (Meaning of grey levels corre-

sponds to ones of Fig. 5)
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comes after the compaction, because such friable rocks

cannot have resisted the lithostatic pressure. The M2 and

M3 facies were also affected by late dissolution, but less

intense. The relative pronounced early cementation in

M2 and M3 layers partly protected them from further

dissolution.

Lacustrine carbonates of the tight facies show no dis-

solution signs. After compaction, the microfabric was

quasi impermeable to fluids and thus protected from

dissolution.

Conclusions

The remarkable similarity in the microfabrics of the

Cenomanian to Early Turonian shallow-marine micropo-

rous carbonates from the Mishrif reservoir Formation in the

Middle East and the Late Miocene lacustrine microporous

micrites from the Madrid Basin in Spain is not a coinci-

dence. In both environments, the precursor sediment was

mainly composed of low-Mg calcite crystals. The relative

stability of such carbonate mud permits the partial preser-

vation of the original microfabric and the primary inter-

crystalline microporosity under moderate diagenesis.

Lacustrine limestones of Colmenar de Oreja are made of

a microporous and a tight facies with contrasting petro-

physical properties. These differences cannot be linked to

the texture and sedimentological content or to the miner-

alogical and chemical composition. Tight limestones evi-

denced strong compaction, while microporous carbonates

remained non-compacted. Intensive calcite overgrowths on

matrix and charophytes crystals are present in the micro-

porous facies. Obviously, they have created a rigid

framework that prevented compaction.

Circumstances in which calcite overgrowths occurred

are badly constrained with the available data. The differ-

ential lithification probably results from early diagenetic

transformations (dissolution-reprecipitation by Ostwald

ripening process) linked to a fluctuating meteoric phreatic

lens. This hypothesis is supported by the presence of

palustrine deposits over the lacustrine sequence.

The study of lacustrine micrites of Colmenar de Oreja

(Spain, Late Miocene) shows that two factors seem

essential for forming microporous limestones: (1) a pre-

cursor mud mostly composed of low-Mg calcite crystals,

and (2) an early diagenesis rigidifying the microcrystalline

framework prior to shallow burial.
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