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ABSTRACT: Maximum Mesozoic transgressions flooded many continental areas worldwide, forming a wide and
shallow seaway on the Iberian Microplate during the Late Cretaceous. Several siliciclastic and mixed siliciclastic–
carbonate units developed along the Iberian Massif (cratonic area) while, at the same time, epeiric carbonate
platforms spanned Iberia. These siliciclastic deposits unconformably cover the Variscan basement, as well as the
Permian and Triassic deposits. This study focuses on sandstone provenance in central Spain, in a transgressive,
relatively quiet tectonic setting with a wide rock variety in the potential source areas. Results shown in this paper can
be applied in analogue systems; transgressive sandstones often form important hydrocarbon reservoirs due to their
high primary porosity. The Cretaceous siliciclastic deposits are included in four formations ranging in age from the
Cenomanian to the early Coniacian. The deposits were initially of fluvial origin, followed by a coastal-tidal setting.
Quantitative petrographic analysis of sandstones from these formations reveals compositional variations related to
provenance and weathering degree.

The oldest formation (Utrillas Fm.) was deposited on a paleorelief surface. Sandstone composition changes from
arkosic sandstones in the depressed area (Petrofacies P1a) to younger quartzarenites when sediments were deposited
on top of the paleotopographic high (Petrofacies P1b). Quartz grains in both sub-petrofacies are angular to
subangular, and the framework is poorly sorted. Intense weathering conditions are deduced for Petrofacies P1b,
manifested by grain infiltration, clay coatings, and the absence of plagioclase grains and alteration features on K-
feldspars. All these observations have been related to wetter conditions during P1b deposition. Main source areas of
the Utrillas Fm were Ordovician metasediments and orthogneisses, Permian volcanic rocks, and Triassic
Buntsandstein facies.

Petrofacies 2 encompasses the three coastal-tidal formations, constituted mainly by subarkoses generally showing a
subangular and poorly sorted framework. The deduced source areas are mainly associated with Variscan granitoids,
pre-Ordovician schists and paragneisses, and Ordovician metasediments. Glauconite and carbonate grains support
intrabasinal inputs. The low degree of sorting of this petrofacies related to a low-energy sedimentary environment
produced lower values of original porosity compared to transgressive sandstone hydrocarbon reservoirs. Also,
intrabasinal inputs promoted carbonate cementation and contribute to almost occlude the porosity.

INTRODUCTION

The exceptionally high global sea level during the mid and Late

Cretaceous (Haq et al. 1988) is attributed to high rates of sea-floor

spreading (Pitman 1978). As a consequence, wide continental areas were

flooded in both Atlantic margins, forming the Western Interior Seaway on

the North America plate, which reached more than 3000 km in length

(Miall et al. 2008). The westernmost evidence of the maximum Mesozoic

transgressions on the European margin is recorded on the Iberian

microplate, forming the much smaller Iberian Seaway (600 km in length;

Fig. 1), which connected the Atlantic and the Tethyan domains

discontinuously during the Late Cretaceous (Alonso et al. 1994; Garcı́a

et al. 2004; Garcı́a-Hidalgo et al. 2007).

The economic potential of transgressive sandstones as petroleum

reservoirs has been outlined by several authors (e.g., Parnell 1987; Barwis

1990; Catuneanu 2006). Transgressive sands are commonly more mature

both texturally and mineralogically than regressive sands, and therefore

usually show high original porosity (e.g., Devine 1991; Hubbard et al.

2002; Cattaneo and Steel 2003). Transgressive processes tend to induce

sediment winnowing of fines, enhancing reservoir quality (Posamentier

2002). An Upper Cretaceous example from the Western Interior Seaway is

the Cardium Sandstone, an important reservoir located in Alberta

(Canada), formed during the Turonian under relatively quiescent tectonic

conditions (Plint et al. 1986; Miall et al. 2008).

The Upper Cretaceous sedimentary record of the Spanish Central

System was characterized by relatively slow thermal subsidence (Martı́n-
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Chivelet et al. 2002; Garcı́a et al. 2004), during which siliciclastic and

mixed siliciclastic–carbonate units developed along the continental areas

(Iberian Massif), while epeiric carbonate platforms spanned the Iberian

microplate (Alonso et al. 1994; Gil et al. 2006). The synsedimentary

climate was dominantly warm and wet, due to the subtropical location of

the Iberian microplate during the Late Cretaceous (approximately between

258 N and 308 N; Philip and Floquet 2000).

Sandstone petrofacies have been extensively studied in tectonically

controlled sedimentary basins, such as foreland basins (e.g., Schwab 1986;

DeCelles and Hertel 1989; Critelli and Le Pera 1994; White et al. 2002;

Critelli et al. 2003; Garzanti et al. 2003) or rift basins (e.g., Arribas 2003,

2007, 2014; Garzanti et al. 2001; Garzanti et al. 2003; González-Acebrón

et al. 2007, 2010), due to the large volumes of siliciclastic sediments

produced by erosion of the active basin margins. However, provenance

studies are not common in areas of relative tectonic quiescence, with lower

input of siliciclastic sediments due to reduced relief. Since these settings

presents low sedimentation rates, it is important to consider influence of

the climate on sand transportation, deposition, and early diagenesis.

Previously, composition of transgressive sandstone units has been analyzed

mainly to understand their paleogeography and sequence stratigraphy (e.g.,

Marenssi et al. 2002; Amorosi and Zuffa 2011; Amorosi et al. 2012; Zhu

and Yang 2013).

The principal aims of this paper are: (1) to document and discuss the

sandstone framework composition of the Upper Cretaceous Iberian Seaway

as an analog of transgressive sandstone reservoirs; (2) to evaluate the

influence of postdepositional processes in the porosity evolution; (3) to

determine the sandstone provenance in a geological setting of relative

tectonic quiescence, to infer detailed variations in source areas and climatic

conditions; and (4) to establish additional criteria to distinguish orthogneiss

from granitoid source areas.

GEOLOGICAL SETTING AND STRATIGRAPHIC FRAMEWORK

The sedimentary record in the study area represents the Late Cretaceous

maximum transgressions over the Iberian Massif in central Spain. The Late

Cretaceous had the most extensive global sea level rise during the

Mesozoic (Haq et al. 1988; Hardenbol et al. 1998), which flooded part of

Iberia forming a wide and shallow seaway (Fig. 1) elongated NW–SE

between the Iberian and Ebro massifs (Alonso et al. 1982; Alonso et al.

1994; Garcı́a et al. 2004; Garcı́a-Hidalgo et al. 2007).

The study area is located at the southern margin of the current Spanish

Central System (Fig. 1), a NE–SW oriented Alpine belt crossing the Iberian

Peninsula for approximately 450 km. The region is interpreted as a pop-up

structure bounded by thrusts that show an opposite vergence (Warburton

and Alvarez 1989; De Vicente and Muñoz-Martı́n 2013). The Alpine

orogeny exposed the core of the chain, made up of Variscan metamorphic

and igneous rocks that formerly constituted the Iberian Massif. These

Variscan rocks are locally covered by Permian and Triassic siliciclastic

sediments. It is important to highlight that during the deposition of the

FIG. 1.—A) Paleogeographic map for the mid Cenomanian (~ 94 Ma) modified from Alonso et al. (1994), including the present situation of the Spanish Central System. B)

Geological map of the southern margin of the Spanish Central System indicating the location of the stratigraphic sections. SO, Soto del Real; GUA, Guadalix de la Sierra;

SAG, San Agustı́n de Guadalix; VEL, El Vellón; TORW, Torrelaguna (west section); TOR, Torrelaguna (east section); ALPA, Alpedrete de la Sierra (west section); ALP,

Alpedrete de la Sierra (east section); VAL, Valdesotos; TAM, Tamajón. Modified from Navidad and Castiñeiras (2011).
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Upper Cretaceous units the Iberian Massif was a cratonic area (Alonso et

al. 1994).

In the study area the Upper Cretaceous sedimentary rocks form a NE–

SW-striking outcrop belt 2–10 km wide (Fig. 1), constituting a south-

dipping monocline succession or cuesta (Bellido et al. 1990; Bellido et al.

1991; Portero-Garcı́a et al. 1990). This Upper Cretaceous succession

unconformably overlies the Paleozoic basement and Triassic sedimentary

rocks (Figs. 1, 2, 3).

The Variscan Berzosa-Riaza shear zone (Fig. 1) separates two different

geological domains of the Iberian Massif (Escuder-Viruete et al. 1998)

characterized by markedly different lithological associations, described

below because they are potential source areas:

1. High-grade Western Domain, consisting of pre-Ordovician schists

and paragneisses, with intercalations of orthogneisses (Fig. 1). In the

westernmost area Variscan granitoids are the dominant lithology (Fig.

1). Filonian rocks are also present, including granitic calc-alkaline

porphyritic dikes of highly variable thicknesses (usually 5–20 m) and

long lengths (5–60 km), related to the very late Carboniferous to

Early Permian magmatic event (Galindo et al. 1994; Huertas and

Villaseca 1994).

2. Medium- to low-grade Eastern Domain, formed by Ordovician

metasediments (slates, schists, and metaquartzites) with intercala-

tions of orthogneisses (Fig. 1). Additionally, Permian siliciclastics

(mainly conglomerates, sandstones, lutites, and volcaniclastic

graywackes, Marfil and De la Peña 1987) and coals outcrop in

Valdesotos area (Fig. 1, VAL). The volcaniclastic rocks show

rhyolitic source composition (Marfil and De la Peña 1987). Triassic

Buntsandstein facies (conglomerates, sandstones, and lutites) are also

present in this area, with arkosic sandstone composition (mean

Q58F41R1—quartz, feldspar and rock fragments—Arribas et al. 1986;

Ochoa and Arribas 2005).

The Upper Cretaceous succession that crops out along the southern

margin of the Spanish Central System represents a Cenomanian to

Maastrichtian major sedimentary cycle that has been divided into four

megasequences (MS). The first two are mainly siliciclastic, and the last two

are mainly carbonate (Alonso et al. 1994; Garcı́a et al. 2004; Guidi et al.

2005). This study is focused on the two first siliciclastic MS and on the

lower part of MS-3 (Fig. 2). The Cenomanian MS-1 (Fig. 2) consists

predominantly of siliciclastic fluvial deposits, corresponding in the study

area to the ‘‘Utrillas sandstones Formation.’’ (hereafter Utrillas Fm., Figs.

2, 3, 4A, B) (Alonso and Mas 1982; Alonso et al. 1982; Guidi et al. 2004,

2005). The Utrillas Fm. is restricted to the eastern part of the study area

(Fig. 3) and has variable thickness (Fig. 3), controlled by a paleotopo-

graphic step in the basement (Guidi et al. 2005).

The Utrillas Fm. passes upwards and laterally towards the NE into a

mixed siliciclastic–carbonate formation, which is only 2 m thick in the

study area (Fig. 3), the ‘‘Santa Marı́a de las Hoyas sandstones, lutites, and

limestones Formation’’ (hereafter Santa Marı́a de las Hoyas Fm., Figs. 2,

3), interpreted as coastal-tidal deposits (Guidi et al. 2005).

The early Turonian–early Coniacian age MS-2 (Fig. 2) is composed of

19–32 m of glauconite-bearing sandstones and clay mudstones, with marls

and sandy limestones towards the NE (Fig. 3C, D). This corresponds to the

‘‘Castro de Fuentidueña sandstones and lutites Formation,’’ hereafter

Castro de Fuentidueña Fm. (Guidi et al. 2004; 2005; Gil et al. 2004; Garcı́a

et al. 2004 and references therein). This formation comprises a

transgressive–regressive cycle (Amorosi et al. 2012). The Castro de

Fuentidueña Fm. shows a lateral transition to deeper water (mid-outer

ramp) carbonate-rich deposits to the NE (VAL and TAM zone, Fig. 1)

(‘‘Picofrentes marls Formation’’ and ‘‘Muñecas bioclastic limestones

Formation,’’ hereafter Picofrentes Fm. and Muñecas Fm., respectively,

Figs. 2, 3) (Alonso and Mas 1982; Alonso et al. 1982; Garcı́a et al. 2004;

Guidi et al. 2004, 2005).

The MS-3 and MS-4, of early Coniacian–late Santonian and late

Santonian–Maastrichtian age, respectively (Alonso et al. 1994; Guidi et al.

2004, 2005; Gil et al. 2004; Garcı́a et al. 2004), consist predominantly of

inner-ramp carbonate deposits, with subordinate siliciclastic tidal units as

the ‘‘Segovia sandstones and lutites Formation’’ (hereafter Segovia Fm.,

Fig. 2) (Alonso and Mas 1982; Guidi et al. 2005). The description and

interpretation of the various formations is summarized in Table 1.

MATERIALS AND METHODS

Ten representative stratigraphic sections were logged in the Cretaceous

sedimentary rocks (Figs. 1, 3) and 63 samples were collected for analysis.

All samples were prepared as doubly polished thin sections (30 lm)

impregnated with blue epoxy resin to facilitate porosity characterization.

Quantitative Petrographic Analysis

Quantitative petrographic analysis was performed on 47 selected fine-

and medium-grained sandstones under conventional polarization micro-

scope by the integrated Gazzi-Zuffa point counting method (Gazzi 1966;

Zuffa 1985). This procedure is an extension of the ‘‘Gazzi-Dickinson

method’’ (Ingersoll et al. 1984), which minimizes the compositional bias

due to different grain size. Four hundred to four hundred and fifty points

were counted per slide. Fifty-five petrographic categories have been

distinguished, including framework, cements, and porosity (Table 2).

Before point counting, carbonate-bearing thin sections were examined

though cold cathodoluminescence (CITL MK4 equipment, 300–500 lA,

11–16 kV, 0.1–0.2 Torr) and later stained using alizarin-red and potassium

ferricyanide (Lindholm and Finkelman 1972) to distinguish the carbonate

composition of cements and framework clasts.

To assess the provenance of specific framework components, their size,

morphology, and internal textures were analyzed. For quartz grains,

polycrystallinity, undulosity in monocrystalline grains, and the presence of

solid inclusions were studied. Porosity loss has been evaluated though the

Compaction Index (ICOMPACT, Appendix 1, see Supplemental Material)

following the method of Lundergard (1992). The sandstone framework

composition of the studied sandstones (Table 2) were analyzed using

various ternary plots (Fig. 5) and following the criteria of several authors:

Dickinson et al. 1983 (QmFLt); Dickinson 1985 (QmKP); Arribas et al.

1990; and Critelli and Le Pera 1994 (RgRsRm). For definition of each

parameter, see Tables 2 and 3. One petrofacies characterizes the Utrillas

Fm. (P1), whereas the overlying units are grouped in a second petrofacies

(P2), due to the relatively homogeneous character of their sandstones. The

main compositional values and other observations of each petrofacies are

summarized in Tables 3 and 4.

Quartz Cathodoluminescence

Quartz cathodoluminescence colors and internal textures of various

minerals were observed on eleven carbon-coated, polished thin sections

using a ‘‘hot cathode’’ cathodoluminescence microscope HC1-LM (cf.

Neuser et al. 1995). The system was operated at 14 kV accelerating voltage

and a current density of about 10 lA/mm2. Luminescence images were

captured by a Peltier-cooled digital video camera (KAPPA 961-1138 CF 20

DXC).

To interpret quartz cathodoluminescence, we have used the criteria of

Ramseyer et al. (1988) and Götze et al. (2001): (1) blue to violet: plutonic

quartz as well as quartz phenocrysts in volcanic rocks (often with strong

zoning), and high-grade metamorphic quartz, (2) red: is exclusive of

volcanic quartz, both matrix quartz and quartz phenocrysts, (3) brown:

quartz from regional metamorphic rocks, (4) non luminescent or weakly

L. GONZÁLEZ-ACEBRÓN ET AL.154 J S R



luminescent: authigenic quartz, (5) short-lived blue-green: hydrothermal

and pegmatitic quartz. Metamorphic quartz that recrystallized at high

temperatures (e.g., granulite) reverts to a blue luminescence color

comparable to that of plutonic quartz.

Heavy Mineral Analysis

The 63–250 lm grain-size fraction from eight samples of four different

stratigraphic sections (TAM, ALP, ALPA, VAL, Fig. 1) was examined for

heavy mineral composition. Samples were crushed using an agate mortar,

and heavy minerals were concentrated with sodium polytungstate (SPT, 2.9

g/cm3), using 10% acetic acid to eliminate carbonates when present. The

heavy minerals were split using a microsplitter and one of the splits was

mounted on a slide following the procedure of Mange and Maurer (1992).

More than 250 transparent grains were counted in the first suite of

preparations according to the ‘‘ribbon-counting’’ method (Mange and

Maurer 1992). The other split was prepared as a polished thin section for

examination by cold cathodoluminescence (same conditions as for the

carbonates; see above).

RESULTS

Petrology of the Utrillas Fm. Petrofacies 1 (P1) can be divided in two

sub-petrofacies. P1a occurs at the bottom of the Utrillas Fm. (Fig. 3), and

occurs only in the northeasternmost sections (VAL and TAM, Figs. 1, 3).

P1b is present in all sections in which the Utrillas Fm. is present (Fig. 3),

corresponding with the middle and upper part of the formation.

P1a consists of angular to subangular poorly sorted arkoses, with

porosities lower than 8% (Table 3). P1a mean composition is Qm46F53Lt1
(Tables 3, 4, Fig. 5A), with K-feldspars dominating over plagioclases

(Qm47K46P7, Tables 3, 4, Fig. 5B), showing some alkali feldspars with

graphic intergrowth (Fig. 6A), polycrystalline K-feldspars and microcline,

and both untwinned and polysynthetically twinned plagioclases. K-

feldspars present blue luminescence with brownish areas around

boundaries and microfractures. Coarse-grained plutonic rock fragments

are dominant, with minor arkosic sandstone (Fig. 6B), slate, and schist

fragments (Table 4, Appendix 1, and Fig. 5C). Quartz appears mainly as

monocrystalline grains (Qmr38Qmo39Qp23, Tables 3, 4), and some scarce

grains with corrosion gulfs are present. Furthermore, some quartz grains

exhibit inherited quartz cements. Frequently, monocrystalline and

polycrystalline quartz grains contain sillimanite needles. Most of the

quartz grains have a dark blue to violet luminescence color with sparse

monocrystalline dark-red luminescent quartz grains with red rims.

Tourmaline, apatite, muscovite, and zircon appear as accessory minerals.

Heavy mineral analysis reveals a high abundance of tourmaline (31–38%,

Table 5; fresh to slightly altered, angular) and zircon (~ 10%, Table 5;

fresh, both euhedral and rounded, yellow and blue cathodoluminescence

grains).

Regarding diagenesis, the intergranular volume is lower than 10%

(Table 3). The grains show tangential to long contacts, and cementation is

less important than compaction (ICOMPACT mean 0.9, Table 3). The

cements represent up to 3% of the total volume of the sandstone (Table 3).

The composition of the cements is mainly quartz, feldspar, Fe-oxide, and

carbonate (Appendix 1).

P1b consists of poorly sorted angular quartz rich subarkoses that change

upwards to poorly sorted angular to mainly subangular quartzarenites.

Porosity varies between 13 and 24% in the NE part of the study area (TAM

and VAL, Fig. 1, Table 3) and is lower than 4% or almost occluded towards

the central part (TOR and ALP, Fig. 1, Table 3).

The mean composition of P1b is Qm96F4Lt0 (Tables 3 and 4, Fig. 5A).

The scarce K-feldspars (Qm96K4P0, Tables 3, 4, Fig. 5B) show

luminescence features similar to the former petrofacies, but plagioclases

are almost absent. Rock fragments are uncommon in comparison to P1a

and are represented by coarse-grained plutonics (Fig. 5C), as well as some

rhyolitic rock fragments (Fig. 6C, D) observed in the VAL section (Fig. 1).

Proportions of quartz types (mean Qmr29Qmo44Qp27, Tables 3, 4) are

similar to those of P1a. An increase in non-undulatory monocrystalline

quartz grains (Qmr) is recorded from the bottom to the top of P1b

(Appendix 1). Monocrystalline quartz grains sometimes show corrosion

gulfs. Frequently, P1b shows a bimodal distribution of quartz grain size,

with a quartz grain population much smaller than the mean size (Fig. 6C,

D). Further, quartz cathodoluminescence colors are comparable to P1a

(Fig. 6E). Quartz grains with sillimanite needles, tourmaline, and zircon

solid inclusions as well as abundant fluid inclusions were observed (Fig.

6F). The heavy mineral assemblage is dominated by tourmaline, staurolite

(Fig. 6G), and kyanite (Table 5); the latter two are especially abundant in

FIG. 2.—Stratigraphy of the study Cretaceous

Megasequences (MS) of the southern margin of

the Spanish Central System. Notice that only the

lower part of MS-3 is represented. Bunt, Bunt-

sandstein facies.
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the VAL section (Fig. 1). Most staurolite grains present carbonaceous

inclusions. Zircon is less abundant than in the former sub-petrofacies (,

3%) and shows yellow and blue cathodoluminescence colors.

Intergranular volume varies between 11 and 33% (Table 3). Contacts

between grains are usually tangential. ICOMPACT values (mean 0.4, Table

3) indicate that cementation is more important than compaction. The

cements represent 4–28% of the rock (Table 3). Kaolinite pore filling and

epimatrix are rare and restricted to the VAL area (Appendix 1, Fig. 1). Illite

coatings (Fig. 6C, D, G) are the dominant cement type. When these

coatings are absent, the porosity is almost completely occluded by Fe-

oxide and rhomboid-shaped nonferroan calcite (Fig. 6H, Appendix 1), the

latter replacing part of the sandstone framework (Fig. 6H).

Petrology of the Santa Marı́a de las Hoyas, Castro de Fuentidueña, and

Segovia Fms. Petrofacies 2 (P2) includes all samples of Santa Marı́a de

las Hoyas Fm., Castro de Fuentidueña Fm., and Segovia Fm. (Figs. 2, 3). It

consists mainly of very poorly sorted angular to subangular subarkoses

(Fig. 7A, B), with no clear trends in sorting or roundness (Appendix 1).

The porosity is commonly occluded or quite low (1–6%, Table 3) showing

only higher percentages (up to 10%) in the SAG section (Fig. 1, Table 3).

The P2 mean composition is Qm83F15Lt2 (Tables 3, 4, Fig. 5A).

Feldspars decrease generally towards the top of the sections, especially in

the SW area (VEL, GUA, SAG, and SO sections, Fig. 1), where four

samples are classified as quartzarenites. Nevertheless, there is not a distinct

trend in most of the sections. K-feldspar dominates over plagioclase

(Qm83K13P2, Tables 2 and 3, Fig. 5B). Microcline (Fig. 7C) is observed

and plagioclase is present in the same two typologies previously described

in P1a.

This petrofacies is characterized by 1–6% of rounded glauconite (Fig.

7D) in most of the sections, except in the case of ALP and ALPA (Fig. 1),

where this percentage varies between 2 and 16%, reaching 30% in one

FIG. 3.—Correlation between the various sections of the southern margin of the Sierra de Guadarrama (Easter Spanish Central System). The orientation is shown in Figure

1. Sample positions are marked with an asterisk. Sections are modified from Guidi et al. (2005). For names of the stratigraphic sections see caption of Figure 1. Colors of the

formations are as in Figure 2. SMH, Santa Marı́a de las Hoyas Fm. Bunt, Buntsandstein facies.
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sample (Appendix 1). Glauconite size ranges from 50 to 300 lm and

appears on different substrates, including pellets, bioclasts, phosphate

fragments, and muscovite flakes. Some silicified bioclasts exist in GUA

and ALP and ALPA sections (Fig. 1), including pelecypods (mainly rudist

fragments) and bryozoa (Fig. 7D). Bioclasts are present mainly in the

bottom part of the transgressive systems tract of the Castro de Fuentidueña

Fm. (Fig. 3). Carbonate and mud intraclasts are also common, especially in

the NE part of the study area (Fig. 3). The samples richest in carbonate

intraclasts (~ 30–40%) show pervasive carbonate cementation and

replacement (Fig. 3).

P2 has higher Qmr (Qmr42Qmo37Qp21, Tables 3, 4) compared to P1b.

Solid inclusions of sillimanite needles, tourmaline, and zircon are detected

in quartz grains. In general, quartz has a dark blue to violet luminescent

color.

Coarse-grained rock fragments with both K-feldspar and plagioclase are

observed, showing microperthites (Fig. 7E). Some other coarse-grained

rock fragments contain quartz, K-feldspar, biotite, muscovite and chlorite.

Slate and sillimanite schist rock fragments (Fig. 7F) are present in lower

proportions. Coarse porphyritic volcanic rock fragments (0.4–1.0 mm) are

present in the GUA area (Figs. 1, 7G), especially at the bottom of the

Castro de Fuentidueña Fm. Heavy mineral analysis indicates a significant

decrease in staurolite content (1–4%, Table 5) compared to the former

petrofacies. Zircon content (, 5%, Table 4; yellow cathodoluminescence)

is similar to that in P1b.

Concerning diagenesis, intergranular volume is between 5 and 29%

(Table 3). The grains show tangential to long contacts. Intense

mechanical compaction is manifested by abundant pseudomatrix (up

to 10%, Appendix 1) and high ICOMPACT values (mean 0.7, Table 2).

Carbonate is the dominant cement and represents highly variable

portions of the rock (0–23%, Appendix 1), usually occluding the

porosity. Two types of carbonate cement have been observed: A)

rhomboid-shaped dolomite (red cathodoluminescence) partially or

totally replaced by nonferroan calcite cement (bright orange cathodo-

luminescence with concentric zoning). Type A is very pervasive and

usually replaces part of the sandstone framework (Fig. 7B, G)

nonferroan calcite poikilotopic cements (Fig. 7A, B), which reveal

concentric zoning of bright and dull luminescent orange cathodolumi-

nescence (Fig. 7A, B).

FIG. 4.—Field photographs of the study area. A) Unconformity between the Paleozoic and the conglomerates of the bottom of the Utrillas Fm. in San Agustı́n de Guadalix

(SAG, Fig. 1). B) Fluvial channel facies of the Utrillas Fm. in Valdesotos (VAL, Fig. 1). C) Carbonates of the Castro de Fuentidueña Fm. in Alpedrete de la Sierra (ALP, Fig.

1). D) Sandstones in a coastal channel of the Castro de Fuentidueña Fm. in Guadalix de la Sierra (GUA, Fig. 1).
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DISCUSSION

Utrillas Fm. The paleotopographic step in the basement (Fig. 3)

probably controlled distribution of the two sub-petrofacies. P1a was only

deposited from this step towards the NE (VAL and TAM, Figs. 1, 3),

suggesting that this area was topographically low. Later, the unit spreads

towards the SW, overstepping the paleorelief, and has a compositionally

more mature sub-petrofacies (P1b).

Source Areas of P1a.—The composition of P1a plots along the Qm-F

line of the QmFLt diagram (Fig. 5A). This petrofacies contains quartz withT
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TABLE 2.—Petrographic components identified in the studied sandstone thin

sections. Aside from framework and cements, porosity has also been studied.

FRAMEWORK CEMENTS

NCE

Q Qmr, monocrystalline quartz, extincion , 58 Romb carbonate

Qmo, monocrystalline quartz, extincion . 58 Calcite

Qm[Q], mono. quartz with inherited syntaxial

overgrowth

Dolomite

Qp2–3, polycrystalline quartz with 2 or 3

crystal units

Calcite in veins

Qp . 3, poly. quartz with more than 3 crystal

units

Quartz

Qfrg, quartz in plutonic rock fragment Quartz veins

Qmi, infiltrated quartz grain Kaolinite

Qmg, quartz in gneiss fragment Illite

Qmv, volcanic quartz Fe oxide

K-feldspar

K K, K-feldspar

Kfrg, K-feldspar in plutonic rock fragment

Kcao, kaolinite epimatrix on K-feldspar

Kcaoil, kaolinite plus illite epimatrix on K-

feldspar

Kil, illite epimatrix on K-feldspar

Mc, microcline

P P, plagioclase

Ab, albite

Abil, illite epimatrix on albite

Pfrg, plagioclase in plutonic rock fragment

L Ch, chert

Sl, slate

Sch, schist

Vfr, volcanic rock fragment

Sdfr, sandstone fragment

M Ms, muscovite

Msfrg, muscovite in plutonic rock fragment

MsSch, muscovite on schist fragment

Bt, biotite

CE Lm, micritic limestone

Ls, esparitic limestone

Dm, dolomicrite

Ds, dolosparite

Fo, fossils

NCI Mi, mud intraclast

Gl, glauconite

CI Ci, carbonate intraclasts

Tu, tourmaline

Op, opaque

Es, staurolite

Si, sillimanite

Rrc, carbonate replacement (rombs)

Rc, carbonate replacement

Ps, pseudomatrix

L. GONZÁLEZ-ACEBRÓN ET AL.158 J S R



FIG. 5.—Ternary plots describing sandstone

composition of the different petrofacies. A)

QmFLt. B) QmKP. C) RgRsRm.
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dark blue to violet luminescence, abundant coarse-grained fragments, some

plagioclase and microcline, and alkali feldspars with graphic intergrowths

(Fig. 6A). All these features support the erosion of orthogneisses and/or

granitic rocks. Limited textural maturity (poor sorting and subangular to

angular quartz grains; Appendix 1) indicates short transportation distance.

This fact, together with paleocurrents (Table 1), support that orthogneisses

in the cores of large Variscan anticlines (such as the current outcrop of the

Cardoso orthogneiss, Fig. 1) are the source of quartz, K-feldspar (including

polycrystalline deformed grains), plagioclase, and coarse-grained rock

fragments. Graphic intergrowths have been described in the orthogneisses

of the study area (Bellido et al. 1990). In addition, the presence of minor

amounts of schist and slate rock fragments (Appendix 1) and quartz grains

with sillimanite needles point to the erosion of the Ordovician metasedi-

ments of the Eastern Domain (Fig. 1). The low abundance of these types of

rock fragments (Table 3, Fig. 5C) is related to the low Sand Generation

Index (Palomares and Arribas 1993) of schists and slates, in comparison

with other lithologies such as orthogneisses.

Sandstone inputs from the Buntsandstein facies provided quartz grains

with inherited syntaxial overgrowths and arkose fragments (Fig. 6B).

Finally, the presence of the dark reddish luminescent quartz with a red rim

and the monocrystalline quartz grains with corrosion gulfs indicates inputs

from the rhyolitic Permian rocks (Fig. 1).

P1b.—The decrease in feldspars (Fig. 5A) and feldspar-bearing coarse-

grained rock fragments (Appendix 1) from P1a to P1b indicates that the

latter is compositionally more mature. In addition, plagioclase is almost

absent in P1b. All these facts can be related to intense weathering, which

altered feldspars (especially plagioclases), probably due to weathering in

warmer and wetter conditions. K-feldspars usually better resist chemical

weathering than calcium plagioclases (Adams et al. 1984). Further, the

brown cathodoluminescence observed in the microfractures and boundar-

ies of the K-feldspars in this area have also been related to weathering

(González-Acebrón and Götze 2012; Figs. 5–7). Chemical weathering is

most efficient in areas of low relief (Dickinson et al. 1983; Dickinson

1985) such as the Iberian Massif.

This temperature rise has been proposed by other authors for the mid-

Cretaceous and more specifically for the Cenomanian (Wilson and Norris

2001; Voigt et al. 2004, 2006). These studies are focused on marine

environments, usually through sediment and fossil isotopic analysis. Study

of sandstone weathering provides a way to evaluate climate influence in

continental settings.

Although the heavy mineral assemblage in all of the studied petrofacies

is biased to the highly stable minerals that resist burial diagenesis, the

presence of kyanite and staurolite (Fig. 6G) in this petrofacies is a useful

indicator. These minerals point to the erosion of both Variscan basement

domains (Fig. 1), including pre-Ordovician metasediments (Western

Domain) and Ordovician schists (Eastern Domain). Rhyolitic rock

fragments (Fig. 6C, D) and quartz cathodoluminescence colors (Fig. 6E)

suggest that Permian volcanic rocks continued to be eroded during the

sedimentation of this petrofacies in the VAL area. The erosion of

orthogneisses continued too, manifested by the presence of coarse-grained

quartzofeldspathic rock fragments. The similar degree of textural

immaturity of P1b (Appendix 1) compared to P1a indicates similar

transportation intensity and distance.

In addition, P1b quartzarenites have some features that can be

interpreted as related to infiltration as the presence of quartz grains

significantly smaller than their mean grain size, and the presence of illite

grain coatings (Fig. 6C, D, G). This type of coating has been related to an

edaphic precursor (smectite?) as proposed by several authors (e.g., Matlack

et al. 1989; Moraes and De Ros,1990, 1992), and can preserve the original

porosity in sandstones (Morad et al. 2010). In our case, the coatings are

located in sandstone bodies which show root traces or are located below

erosional surfaces. The presence of these coatings prevents later carbonate

cementation, which is very pervasive in the samples without the illite

coatings (Appendix 1). Thus, the sediments may have been subject to

heterogeneous diagenetic processes during the lowstand systems track,

which were controlled by the presence of clay-mineral infiltration. Finally,

although kaolin has been frequently described in the Utrillas Fm. (e.g., Gil

et al. 2006), kaolinite pore filling and epimatrix are rare in the study area

and detected only in the VAL section (Fig. 1).

Santa Marı́a de las Hoyas, Castro de Fuentidueña, and Segovia

Fms. P2.—This petrofacies shows a clear change in the framework

composition in comparison to P1b, due to both the higher feldspar content,

including plagioclase (Fig. 7A, B, C) and the intrabasinal inputs (Fig. 7D).

Glauconite is present in the Castro de Fuentidueña Fm. in both the

transgressive and the highstand systems tracts, being more abundant at the

upper part of the transgressive systems tract (Fig. 3). As has been

highlighted by Amorosi et al. (2012), the glauconite in these sandstones is

mostly allochthonous, as they are rounded and mostly concentrated in

ripple troughs, coming from a coeval glauconite-bearing unit (Picofrentes

marls Fm., Figs. 2, 3). Thus, the glauconite and marine bioclasts are

considered to be intrabasinal (Fig. 7D).

Additionally, the presence of glauconite cements indicates some

authigenic generation of glauconite. Similarly, glauconitized bioclasts

(Fig. 7H) were probably glauconitized in the subarkoses of P2. This

process is likely related to the large amount of allochthonous glauconite

present in the petrofacies.

Most of the observed coarse-grained rock fragments are likely derived

from granitoids and/or orthogneisses. The same ambiguity exists for the

dark blue to violet cathodoluminescence of quartz grains. Coarse-grained

rock fragments are more abundant to the west (Appendix 1). We interpret

that in most cases these fragments result from the erosion of the Variscan

granitoids (Fig. 1), which probably explains the increase in feldspar

content in this petrofacies in comparison to P1b. Although the feldspar

textures provide only qualitative provenance results (Scholonek and

Augustsson 2015), the observed microperthites in feldspars from some

rock fragments (Fig. 7E) can be interpreted in the same sense, since they

are not commonly preserved in orthogneisses. In addition, sillimanite

(Appendix 1, Table 4) and sillimanite-bearing schist fragments (Fig. 7F)

support derivation from the high-grade metasediments of the Western

Domain (Fig. 1). The erosion of the schists of both domains explains the

presence of staurolite in the VAL, ALP, ALPA, and SO sections (Table 4,

Fig. 1).

The coarse-grained porphyritic volcanic rock fragments (Fig. 7G)

represent local erosion of the Permian granite porphyry dikes in the

southwestern part of the study area. Considering their coarse grain size in

comparison to the mean grain size of the sandstone, their well-preserved

morphology (Fig. 7G), and the current position of the dike outcrops near

GUA section (Fig. 1), short transportation distance can be inferred (around

3 km). In case of longer transport, rock fragments this of kind would have

been disaggregated into mineral grains.

Regarding diagenetic process, this petrofacies is the one with the highest

development of carbonate cement and replacement (Fig. 7A, B, C, D, E,

G), probably related to the great amount in carbonate intraclasts. This

TABLE 4.—Number of samples (n), median compositional values, and

porosity ranges for each petrofacies. See Table 1 for abbreviations.

n QmKLt QmKP Qmr Qmo Qp Porosity

P1a 4 Qm46F53Lt1 Qm47K46P7 Qmr38Qmo39Qp23 , 8%

P1b 11 Qm96F4Lt0 Qm96K4P0 Qmr29Qmo44Qp27 , 24%

P2 32 Qm83F15Lt2 Qm85K13P2 Qmr42Qmo37Qp21 , 10%
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FIG. 6.—Photomicrographs of sandstone from the Utrillas Fm. A) Untwined plagioclase (P) and K-feldspar (K); notice another alkali feldspar with graphic intergrowth

(arrow). Crossed nicols (TAM-1, P1a). B) Arkose sandstone fragment (arrow). Notice the abundance of monocrystalline quartz grains. Crossed nicols (TAM-1, P1a). C, D)
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association has been observed by other authors (Morad et al. 2010;

Henares et al. 2016), particularly in transgressive systems tracts and at

sequence boundaries. In our case, pervasive carbonate cementation has

been observed in the transgressive lags but also along transgressive and

highstand systems tracts (Appendix 1), related to dissolution of carbonate

intraclasts, which are very common in both systems tracts (Fig. 3).

Carbonate cement is commonly derived from diagenetic shell dissolution

in the transgressive lags (Cattaneo and Steel 2003). Dolomitization and

dedolomitization also played a role in decreasing the initial porosity of P2

sandstones. Thus, although transgressive sandstones are usually texturally

and compositionally mature and homogeneous with high values in original

porosity (e.g., Parnell 1987; Barwis 1990; Catuneanu 2006), in our case

they correspond to poorly sorted angular to subangular subarkoses with

important intrabasinal content and pervasive carbonate cementation. The

poor sorting and subangular character of the grains are probably related to

a low-energy sedimentary environment, a tide-dominated (Table 1) low-

gradient margin of a shallow seaway. Further, the increase of sorting by

winnowing of fines has been described mainly in shelf ridge deposits,

which is not our studied case, due to long transportation during lowstands

of sea level (Posamentier 2002).

Additionally, transgressive sandstones usually present better reservoir

potential in the intermediate parts, because the base is rich in carbonate

cements and towards the top the presence of silt and clay decreases

porosity (Abbott 1985). In our case pervasive carbonate cementation is

widespread (Appendix 1), and silt and clay are more abundant towards the

NE (distal zones) and towards the top of the transgressive systems tracts

(Fig. 3).

CONCLUSIONS

Sandstone composition and source areas associated with the maximum

Mesozoic transgressions during tectonic quiescence in central Spain were

studied as an analog of transgressive sandstone reservoirs. Diagenetic

features were also evaluated to establish controls on porosity evolution, to

improve the predictive ability in other areas with limited data coverage.

Specifically, the Cenomanian fluvial Utrillas Fm. consists of lowstand-

systems-tract poorly sorted sandstones with angular to subangular detrital

grains in the south area of the Spanish Central System. A decrease in the

fraction of feldspars from older to younger sediments is observed, with

composition changing from arkoses to quartzarenites due to an increase in

weathering processes. The provenance of the Utrillas Fm. appears to be

dominantly from orthogneisses (Ordovician), plus sedimentary (Buntsand-

stein sandstones), volcanic (Permian rhyolites), and low-grade metamor-

phic rocks (Ordovician schists and slates). Near the top, additional input

from pre-Ordovician paragneisses are inferred.

The marine and coastal sandstones of the Santa Marı́a de las Hoyas Fm.

(Cenomanian, transgressive systems tract), the early Turonian–upper

Cenomanian Castro de Fuentidueña Fm. (transgressive and highstand

systems tract), and Segovia Fm. (transgressive systems tract) are composed

of angular to subangular, very poorly sorted subarkoses, controlled by a low-

energy sedimentary environment. This produced lower values of original

porosity compared to transgressive-sandstone hydrocarbon reservoirs.

TABLE 5.—Heavy mineral point counting. ZTR, ratio of zircon þ tourmaline þ routile to transparent non micaceous minerals.

Seq. Stratigraphy LST LST TST LST HST TST TST LST HST

Formation Utrillas Utrillas Segovia Utrillas Fuenti. Fuenti. Segovia Utrillas Fuenti.

Petrofacies P1a P1a P2 P1b P2 P2 P2 P1b P2

Sample TAM-2 % TAM-3 % SO-2 % ALP-1 % ALP-11 % ALPA-2 % ALPA-5 % VAL-4 % VAL-7 %

tourmaline 184 38.1 189 30.6 220 45.4 226 38.3 267 58.4 200 43.7 237.0 33.1 96 23.3 186 29.9

apatite 2 0.4 1 0.2 0 0.0 0 0.0 0 0.0 1 0.2 1.0 0.1 0 0.0 0 0.0

apatite with cement 4 0.8 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0.0 0.0 0 0.0 0 0.0

bipyramidal zircon 19 3.9 19 3.1 3 0.6 2 0.3 1 0.2 1 0.2 4.0 0.6 0 0.0 5 0.8

subrounded zircon 9 1.9 22 3.6 10 2.1 11 1.9 3 0.7 5 1.1 12.0 1.7 2 0.5 0 0.0

rounded zircon 23 4.8 21 3.4 10 2.1 2 0.3 3 0.7 4 0.9 8.0 1.1 2 0.5 1 0.2

monazite 3 0.6 14 2.3 1 0.2 3 0.5 7 1.5 0 0.0 4.0 0.6 0 0.0 1 0.2

xenotime 1 0.2 1 0.2 0 0.0 0 0.0 0 0.0 0 0.0 0.0 0.0 0 0.0 2 0.3

staurolite 0 0.0 8 1.3 14 2.9 27 4.6 18 3.9 7 1.5 6.0 0.8 228 55.3 5 0.8

kyanite 0 0.0 0 0.0 1 0.2 2 0.3 1 0.2 0 0.0 1.0 0.1 30 7.3 0 0.0

sillimanite 0 0.0 0 0.0 2 0.4 0 0.0 1 0.2 1 0.2 0.0 0.0 0 0.0 0 0.0

rutile 11 2.3 2 0.3 7 1.4 8 1.4 11 2.4 5 1.1 29.0 4.1 6 1.5 30 4.8

anatase 16 3.3 37 6.0 13 2.7 4 0.7 18 3.9 17 3.7 27.0 3.8 0 0.0 76 12.2

brookite 6 1.2 0 0.0 1 0.2 8 1.4 2 0.4 0 0.0 12.0 1.7 1 0.2 5 0.8

muscovite 0 0.0 2 0.3 0 0.0 2 0.3 2 0.4 0 0.0 1.0 0.1 0 0.0 1 0.2

biotite 3 0.6 0 0.0 3 0.6 7 1.2 0 0.0 4 0.9 2.0 0.3 4 1.0 2 0.3

chlorite 11 2.3 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0.0 0.0 0 0.0 0 0.0

glauconite 4 0.8 0 0.0 2 0.4 0 0.0 0 0.0 27 5.9 1.0 0.1 3 0.7 2 0.3

hornblende 1 0.2 12 1.9 0 0.0 2 0.3 0 0.0 1 0.2 0.0 0.0 0 0.0 0 0.0

garnet 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 1 0.2 0.0 0.0 0 0.0 0 0.0

carbonate 0 0.0 8 1.3 89 18.4 0 0.0 1 0.2 69 15.1 0.0 0.0 0 0.0 9 1.4

opaques 186 38.5 281 45.5 82 16.9 286 48.5 122 26.7 115 25.1 370 51.7 40 9.7 297 47.7

total 483 617 458 590 457 458 715 412 622

ZTR 52.5 41.1 54.9 42.9 62.6 47.4 40.7 26.0 35.9

 
Rhyolitic rock fragment (encircled) and illite grain coatings (arrow). Parallel and crossed nicols (VAL-2, P1b). E) Red-luminescent quartz with red rim (arrow), surrounded by

dark-blue-luminescent quartz under hot CL (VAL-5, P1b). F) Monocrystalline quartz containing solid inclusions of sillimanite needles (1), zircon (2), and tourmaline (3), as

well as abundant fluid inclusions (arrows). Crossed nicols (TAM-6, P1b). G) Staurolite, monocrystalline quartz showing bimodal size distribution and illite grain coatings.

Parallel nicols (VAL-3, P1b). H) Rhomboid-shaped nonferroan calcite (after dolomite) replacing sandstone framework. Crossed nicols (ALP-1, P1b).
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FIG. 7.—Photomicrographs of sandstone from the Castro de Fuentidueña Fm. (P2). A) General aspect of petrofacies 4. Parallel nicols (VEL-2). B) Same image as Part A

under cold CL. Notice the zoned calcite cements. The blue-luminescent grains are K-feldspars, in which weathered areas exhibit dull luminescence. C) Microcline (M),
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These formations are interpreted to have been derived from similar

source areas to the Utrillas Fm., plus important contributions of the

Variscan granitoids in the westernmost area. Intrabasinal inputs are inferred

from the presence of glauconite grains, carbonate mud intraclasts, and

marine bioclasts. Most glauconite is detrital, although some authigenic

glauconite formed in these sandstones. Carbonate intraclasts promoted

pervasive carbonate cementation and replacement, which typically

occludes porosity.

Petrographic features, such as mineral textures (zoning, feldspar

intergrowths) and other characteristics (number of subcrystal units in

quartz grains, presence of rock fragments, accessory minerals, or solid

inclusions) are relevant in provenance studies, especially in areas with

possible plutonic and orthogneissic source rocks. In our case, sillimanite

needles in quartz as well as the presence of metamorphic minerals

(staurolite, sillimanite, and kyanite) have been used as qualitative

indicators for the erosion of metasediments. In addition, polycrystalline

K-feldspars are preferentially derived from gneissic source areas, and

microperthites are typically from granites. Further, porphyritic-dike rocks

generated very characteristic rock fragments containing K-feldspar and

quartz, which can be considered as a provenance marker.

SUPPLEMENTAL MATERIAL

Appendix 1 is available from JSR’s Data Archive: http://sepm.org/pages.

aspx?pageid¼229.
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Silicified bryozoan (B) and glauconite (G) grains. Notice the presence of nonferroan calcite cement in the bryozoan’s zoecias (pink stained). Parallel nicols (ALPA-2). E)

Microperthite textures in a coarse-grained rock fragment. Notice a thin quartz vein crossing the fragment. Crossed nicols (GUA-1). F) Schist fragment with sillimanite.

Crossed nicols (SAG-1). G) Coarse porphyritic rock fragment. Crossed nicols (GUA-1). H) Glauconized bioclasts (arrows). Notice the pervasive carbonate replacement of the

sandstone framework. Parallel nicols (ALPA-2).
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NAVIDAD, M., AND CASTIÑEIRAS, P., 2011, Early Ordovician magmatism in the Northern

Central Iberian Zone (Iberian Massif): new U-Pb (SHRIMP) ages and isotopic Sr-Nd
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VOIGT, S., GALE, A.S., AND FLÖGEL, S., 2006, Sea-level change, carbon cycling and

palaeoclimate during the Late Cenomanian of northwest Europe; an integrated

palaeoenvironmental analysis: Cretaceous Research, v. 27, p. 836–858.
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