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a b s t r a c t

This study aims at unravelling the diagenetic history and its effect on the pore system evolution of the
Triassic redbeds exposed in SE Spain (TIBEM1), an outcrop analogue of the TAGI (Trias Argilo-Gréseux
Inférieur) reservoir (Berkine-Ghadames Basin, Algeria). Similar climatic, base level and tectonic condi-
tions of aforementioned alluvial formations developed analogue fluvial facies stacking patterns.
Furthermore, interplay of similar detrital composition and depositional facies in both formations resulted
in analogue early diagenetic features. Petrographic observations indicate lithic subarkosic (floodplain
facies) and subarkosic (braidplain facies) compositions which are considered suitable frameworks for
potential reservoir rocks. Primary porosity is mainly reduced during early diagenesis through moderate
mechanical compaction and formation of K-feldspar overgrowth, gypsum, dolomite and phyllosilicate
cements. Early mesodiagenesis is testified by low chemical compaction and quartz cementation. Telo-
diagenetic calcite filling fractures and K-feldspar dissolution determined the final configuration of ana-
lysed sandstones. Mercury injection-capillary pressure technique reveals overbank deposits in the
floodplain as the least suitable potential reservoirs because of their lowest open porosity (OP < 16%),
permeability (k < 5 mD) and small dimensions. On the other hand, braidplain deposits show the highest
values of such properties (OP up to 31.6% and k > 95 mD) and greater thickness and lateral continuity, so
being considered the best potential reservoir. The accurate estimation of TIBEM microscale attributes can
provide important input for appraisal and enhanced oil recovery performance in TAGI and in others
reservoirs consisting on similar fluvial sandy facies.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

About 60% of petroleum reservoirs are sandstones (Bjørlykke
and Jahren, 2010). In recent decades the increasing emphasis on
maximizing recovery from existing oil and gas fields has prompted
a renewed interest in the qualitative and quantitative character-
ization of reservoirs. Heterogeneity in continental sandstone bodies
occurs at various levels and scales, ranging from micrometres to
hundreds of metres, and is commonly attributed to variations in
depositional facies, diagenesis and structural features such as the
presence of fractures and faults (De Ros, 1998; Schulz-Rojahn et al.,
1998). In this context, depositional system mainly controls: (i)
sand-body geometry and architecture, sedimentary structures and
mud/sand ratio, (ii) hydraulic sorting, (iii) primary porosity and
permeability of sandstones, and (iv) near surface pore-water
s@ugr.es (S. Henares).

All rights reserved.
chemistry (Hartmann and Beaumont, 1999; Morad et al., 2000).
Numerous interrelated factors such as detrital composition,
textural parameters, tectonic setting, burial depth, composition and
basinal fluid flow patterns determine type and development of
physical and chemical diagenesis (Salem et al., 2000). Of particular
relevance in reservoir quality assessment is porosity (primary and
secondary), which varies according to the interplay of the main
features mentioned above. Consequently, understanding the rela-
tionship between depositional facies and diagenesis is crucial in
reservoir quality predictions (Bloch and McGowen, 1994).

Understanding reservoir evolution requires a relatively detailed
reservoir 3D model, although its accuracy depends on the quantity
and quality of available input data. In this sense, outcrop analogue
studies have been demonstrated to be a powerful tool, supple-
menting sparse subsurface data with outcrop-derived measure-
ments (Bryant and Flint, 1993; Ajdukiewicz and Lander, 2010). An
appropriate analogue selection includes similar tectonic setting,
geological age, subsidence rates and sedimentary environments
(Bryant and Flint, 1993; Bjørlykke and Jahren, 2010). Triassic
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redbeds exposed in the Tabular Cover of the Iberian Meseta (SE
Spain; herein referred to as TIBEM; Henares et al., 2011; Viseras
et al., 2011) constitute an outcrop analogue of the TAGI (Trias
Argilo-Gréseux Inférieur) reservoir (Rossi et al., 2002; Fernández
et al., 2005; Viseras and Fernández, 2010). This Giant Field hosts
the main oil reservoirs in the Berkine (Ghadames) Basin (Algeria)
with reserves exceeding 250 million barrels of oil equivalent
(MacGregor, 1998). TIBEM and TAGI result from the erosion of
Paleozoic granitic and metamorphic terrains during the Tethyan
rifting (MiddleeUpper Triassic), and deposited in a peri-
intracratonic basin under similar climatic, base level and tectonic
conditions. Hence, basin architectures show similar fluvial facies
stacking patterns, varying from moderate sinuosity to braided
fluvial channels (streaming over floodplain fine sediments,
including palaeosol development) evolving upsection to tidal-
influenced facies (Fernández and Dabrio, 1985; Turner et al.,
2001; Rossi et al., 2002; Ratcliffe et al., 2006). Reservoir-scale
TAGI sandstone correlation and modelling is hampered by
marked vertical and lateral facies variations, plus sequences are
biostratigraphically barren (Ratcliffe et al., 2006).

This study aims at determining the spatial variations and timing
of diagenetic processes and their influence on the pore system
among well-defined fluvial facies in sandstone bodies of TIBEM.
Differences in the late burial history between TAGI and TIBEM exist.
However, mutual age, tectonic setting, detrital composition and
depositional facies justify its comparison, and make the TIBEM a
suitable analogue for the TAGI reservoir. Furthermore, the accurate
estimation of its microscale attributes can provide important input
for exploration, appraisal and enhanced oil recovery performance
in this reservoir and in others with similar fluvial sandy facies
throughout the Berkine-Ghadames basin.

2. Geological and stratigraphic background

Triassic redbeds of the Tabular Cover of the Iberian Meseta
(TIBEM) crop out between the Iberian Massif to the North
Figure 1. Geographical and geological location of the TIBEM. Arrows show the paleocurrent
2011).
(Central Iberian Zone) and the Betic Cordillera to the South
(External Zones; Fig. 1). The basin is part of the continental
realm developed during the Tethyan continental rifting process
(Late PermianeUpper Triassic; Sánchez-Moya et al., 2004). The
ca. 250 m thick Triassic (Anisian-Norian) sedimentary succes-
sion is organised in four subhorizontal depositional sequences
(IeIV according to Fernández and Dabrio, 1985). The succession
consists of siliciclastic alluvial-lacustrine and fluvial facies
directly overlying the Paleozoic basement. Each sequence
developed under the same base level conditions controlled by
Tethys level fluctuations (Haq et al., 1987; Fernández et al., 1993,
2005). Basing on sedimentary structures and facies association,
Arche et al. (2002) identify three stratigraphic units produced by
minor regressionetransgression cycles during a general sea
level rise.

As indicated by paleocurrent data, the main drainage directions
were WeE and SWeNE with the section in Alcaraz (Albacete, SE
Spain) proving to be the most distal part of the TIBEM outcrop
(Fernández and Dabrio, 1985; Henares et al., 2011) (Fig. 1). The
succession is about 160 m thick and includes, from the base to the
top, sequences II, III (Buntsandstein facies) and IV (Keuper facies)
(Fig. 2). Sandstone bodies and micritic carbonate levels from silt-
rich sequence II were deposited in a floodplain including chan-
nels (meandering and straight) and overbank deposits (crevasse
splay lobes and sheet flood deposits) (Viseras and Fernández, 1994)
during a general base level rise (Fig. 2). Channel bodies are 3e7 m
thick and several decametres long, while overbank deposits vary
from 1 to 3 m thick and 30 to several hundred metres long
(Fernández and Dabrio, 1985). A widespread development of cal-
crete paleosols, consistent with a falling base level (Fernández et al.,
1993), accompanies the deposition of sequence III. A 20m thick and
100 km long sandstone bank from braidplain depositional system,
marks the beginning of sequence IV (Fernández et al., 2005; Viseras
and Fernández, 2010, Fig. 2). A progressively faster base level rise
triggered the deposition of silt-rich coastal plain facies and inter-
tidal sabkha evaporites. Shallow marine dolomites of the Imón
directions of drainage near the study area (Alcaraz) (Henares et al., 2011; Viseras et al.,



Figure 2. TIBEM stratigraphic succession in the Alcaraz area (modified after Dabrio and Férnandez (1986)).
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Formation (Upper TriassiceLower Jurassic) overlie and cap
sequence IV.

3. Sampling and methods

Two principal sedimentary environments were studied: flood-
plain (sequence II; Fig. 3A, B) and braidplain (base of sequence IV:
Fig. 3C). Samples from floodplain deposits were selected from: (i)
overbank (crevasse splay lobe and sheet flood deposits) and (ii)
channel facies (meandering and straight). Samples from the
straight channel are from the lower and the medium part of the
channel centre. The meandering channel has been sampled in its
centre, margin, point bar and scroll bar sandy facies.
Four depositional environments were analysed from the braid-
plain: (i) sand flat area (tiered bars zone and vertical post-
sedimentary cemented fractures); (ii) sand flat tail area (foreset
units); (iii) channel area (upper flow regime planar bedding, planar
cross-bedding and overturned and trough-cross bedding zones);
(iv) slough channel (see inset table in Fig. 3 for more detailed in-
formation about analysed facies).

Seventeen selected samples were thin sectioned and polished
for petrographic study, including etching and staining, using hy-
drofluoric acid and Na-cobaltnitrite for plagioclase and K-feldspar
identification respectively (Chayes, 1952). 340e561 points per thin
sectionwere determined, according to the Gazzi-Dickinsonmethod
(Ingersoll et al., 1984; Zuffa, 1987, 1985). Confidence regions of
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detrital-mode means were calculated according to Aitchison
(1997). Confidence regions (90%) were computed using the log-
ratio transformation of compositional data ‘R’ and the ‘Composi-
tion’ software package (Boogaart and Tolosana-Delgado, 2008).

Bulk and clay-fraction mineralogy identification was carried out
by X-ray diffraction (XRD) in powders and oriented air-dried ag-
gregates respectively. A Philips X’Pert PRO system was used, and
the results were interpreted using the XPowder(C) software
(Martin, 2004). The textural features of the cements were studied
by examining freshly broken and polished sample surfaces using a
field emission scanning electron microscope (FESEM Gemini, of
Carl Zeiss SMT) and a scanning electron microscope (SEM Cam-
brigde Steresocan 360), both equippedwith an energy dispersive X-
ray spectrometer. Cold-cathodoluminescence was used for micro-
scopic optical inspection of carbonate cements. In addition, mer-
cury injection-capillary pressure (MICP) was carried out on two
fragments per sample of about 1 cm3 using a Micromeritics Auto-
pore III porosimeter model 9410. Pores ranging between 0.003 and
360 mm were analysed to characterize the pore system of the
sandstones.

4. Results

4.1. Petrology

4.1.1. Depositional texture
Grain size of sandstones from floodplain varies from very fine-

grained overbank to fine-grained channel deposits with moder-
ately to well-sorted rounded grains. In some cases, sedimentary
structure is highlighted by laminae showing a fine to slightly
coarser grain size alternation (e.g. point bar; Fig. 4A), whereas
others show higher concentrations of micas and Fe oxides (e.g.
sheetflood deposit and crevasse splay lobe; Fig. 4B). Contacts be-
tween grains vary from punctual to elongated concave-convex in
samples with a high compaction degree. Sandstones from braid-
plain are fine to medium-grained with well-sorted subrounded to
rounded grains. Exceptions are represented by samples with
abundant detrital matrix. Sutured contacts were observed in sam-
ples showing evidence of chemical compaction.

4.1.2. Arenite framework composition
The composition of the analysed sandstones varies from lithic

arkose to lithic subarkose (Q62F27Rf11) in sandstones from the
floodplain (sequence II) to dominantly subarkose and subordinate
lithic subarkoses (Q74F16Rf10) in sandstones from the braidplain
(base of sequence IV; Tables 1and 2, Fig. 5) (according to Pettijohn,
1975).

Quartz is the dominant grain. It occurs in both monocrystalline
(Qm) and polycrystalline form, with the latter being more abundant
in braidplain deposits (Fig. 5A). A peculiar corrosion embayment
alteration has been recognised on quartz grains from sand flat
facies (“embayed quartz” from Clearly and Connolly, 1974, Fig. 6A).
Feldspars are well represented: K-feldspars (K; mostly orthoclase
and secondarily, microcline) dominate on plagioclase (P; mainly
albite) (Fig. 5A). Moreover, plagioclase content decreases upsection
from the floodplain (Qm69K15P16) to the braidplain deposits
(Qm83K12P5) (Fig. 5B). They are typically monocrystalline and their
presence is scarce in rock fragments. Floodplain deposits show
alteration of potassium feldspars by kaolinite and/or illite and
plagioclase by sericite. Locally, feldspars show partial dissolution of
the detrital grain (Fig. 6B, C). Rock fragments (Rf) encompass
composite quartz (>63 mm monomineralic, polycrystalline rock
fragment of plutonic or high grade metamorphic undeterminable
origin) and lithic fragments, representing 2.7% of Total Framework
Composition (TFC). Lithic fragments consist of fine-grained schists
and minor phyllites. Micas (mainly muscovite) are rare (0.5% TFC)
and mainly concentrated in sandstones from the floodplain. They
are frequently altered and stained by Fe-oxides and show defor-
mation due to mechanical compaction. Heavy ultrastable mineral
assemblage (0.4% TFC) consists of zircon, tourmaline and rutile, and
less frequently, opaque minerals. These grains typically concentrate
in sandstones from the floodplain along preferential finer-grained
laminae and are usually well rounded (Fig. 6D, E).

4.1.3. Matrix
Matrix content varies from 7% of the total composition in

floodplain to 6.6% in braidplain sandstones. Detrital matrix, con-
sisting of siliciclastic grains, i.e. quartz and feldspars of less than
63 mm in size, is transported and deposited with the coarser sand-
size grains above all in braidplain facies (Fig. 7A). Diagenetic matrix
or pseudomatrix consists of clay minerals (size under 30 mm),
frequently reddish-stained by adsorption of Fe-oxides (Fig 7B, C, D).
Pedogenesis (sensu FitzPatrick, 1984 and Scarciglia, 2; Fig. 7A),
replacement of feldspar grains by kaolinite and/or illite (Fig. 7B)
andmechanical deformation of ductile grains (silty-clay intraclasts)
(sensu Dickinson, 1970; Arribas, 1984, Fig. 7C and D) are the pro-
cesses responsible of pseudomatrix formation. Its occurrence has
been documented in all deposits, though is more abundant in
floodplain facies.

4.2. Diagenesis

4.2.1. Compaction
Mechanical compaction is manifested as deformation of ductile

grains such as micas and silty-clay intraclast (Fig. 7C, D). This pro-
cess, favoured by the occurrence of these grains and inhibited by
early diagenetic cements, enhances a denser sediment packaging in
floodplain sandstones. Ductile grains concentrate preferentially in
the finer-grained laminae. Chemical compaction usually generates
elongate concave-convex contacts and triple joints. Pressure solu-
tion (grain contact dissolution) processes also occur especially be-
tween quartz and plagioclase grains, sometimes favoured by the
presence of clay coatings.

4.2.2. Cements
Fe-oxide cement: this occurs in low concentrations (0.4%),

typically in braidplain samples. It mostly precipitates in veins and
fractures, although it has been identified locally as a pore-filling
type cement adjacent to detrital grains (Fig. 8A).

Illitic clay grain-coatings: this cement has been recognized in all
of the studied environments (0.6%). Coatings consist of reddish-
stained illitic platelets arranged tangentially to detrital grain sur-
faces (Fig. 8B). Usually the coats are thicker in braidplain samples
(Fig. 9A), whereas in overbank samples they are usually thin and
discontinuous. Sometimes, illite is associated with mixed-layer
illite/smectite (Fig. 9A, B).

Kaolinite-illite pore fillings: this type of cement (1.7%) occurs
preferentially in floodplain facies including abundant intraclasts.
Kaolinite plates are typically less than 10 mm and normally occur
bordering detrital framework grains. Gypsum and carbonate
patches enclosed by this cement have been recognized (Fig. 8C).
Locally, kaolin masses are reddish-stained due to admixed Fe-
oxides. Some kaolinite is transformed into illite, forming face-to-
face aggregates (Fig. 9C).

Quartz cement: This only occurs in minor amounts (<0.1%). Two
different textures are recognized: (1) grain overgrowths and (2)
microcrystalline growths. A large number of inherited abraded
overgrowths are observed (Fig. 8D). Nevertheless, when authigenic
syntaxial overgrowths form, they are discontinuous and thin
around quartz detrital grains developing euhedral faces. This
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Figure 4. A) Alternation of finer- and coarser-grained laminae in point bar facies. B) Laminae with higher mica and Fe-oxide contents in crevasse splay facies.
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texture developed in samples with important chemical compaction
features. Microcrystalline quartz growths, identified by FESEM,
consist of subeuhedral crystals usually less than 5 mm (Fig. 9D).

K-feldspar overgrowths: this type of cement occurs in higher
concentration than that of quartz (1.4%) and is especially well
represented in braidplain facies. It consists of thick syntaxial
overgrowths, forming euhedral prisms around detrital K-feldspar
grains (Fig. 9E). Locally, its growth occludes primary pore spaces
(Fig. 8E).

Carbonate cement: this cement is composed of dolomite and
subordinate calcite (5%) and normally concentrates in fracture-
associated braidplain facies. Poikilotopic crystals are the most
common texture for both minerals, although locally mosaic-type
textures have been recognized (Fig. 8F). Replacements of frame-
work grains and kaolinite cement are pervasive (Figs. 8G, 9C).
Zoned orange-yellowish luminescent dolomite and null lumines-
cent calcite usually occur together in the same sample (Fig. 10AeD).
Dolomite is more abundant whereas calcite precipitation occurred
in small randomly distributed spots. Patches with regular borders
of luminescent dolomite were also observed enclosed by gypsum
cement in samples from the slough channel.

Gypsum cement: it was recognised (4.6%) exclusively in flood-
plain facies and in the braidplain slough channel. Usually it consists
of poikilotopic crystals occluding the primary porosity (Figs. 8H,
9F). A drusy texture was observed in veins filled with gypsum.
4.2.3. Dissolution
Secondary porosity is related to feldspars, carbonates and gyp-

sum dissolution. Feldspar detrital grains preferentially dissolve
following the cleavage planes without affecting associated over-
growths (Fig. 6B and C). Secondary pores with irregular rims occur
where dolomite and gypsum have been dissolved. Fractures are
also observed within gypsum crystals.
4.3. Pore system

MICP data show considerable differences in open porosity (OP)
values and pore size distribution between floodplain and braidplain
facies (Table 3; Fig. 11). The lowest OP values are systematically
related to the occurrence of carbonate and gypsum cements, finer
grain sizes and, occasionally, higher mechanical compaction. The
highest OP values are mostly associated with the occurrence of K-
feldspar overgrowths and coarser grain sizes. Permeability values
Figure 3. Outcrop photointerpretations and facies models of the analysed deposits, with l
channel deposits from the floodplain environment. C) Braidplain environment. Note that th
shows the samples legend.
(k) were obtained (Table 3) basing on MICP data and Pittman’s
equation (Pittman, 1992, 2001).

4.3.1. Open porosity
Overbank deposits in the floodplain show very uniform OP

values with 15.6% (k ¼ 2 mD) for crevasse splay lobe (C) and 15.7%
(k ¼ 3 mD) for sheet flood deposit (S) (Table 3). Gypsum cement, as
well as a high mechanical compaction, has been documented in
these facies. Straight channel shows OP values varying from 23.6%
(k ¼ 154 mD; medium part, R2) to 24.1% (k ¼ 140 mD; lower part,
R1). In the meandering channel, the different facies show variable
OP values, from the lowest to the highest as follows: channel
margin (Cm; 16%; k¼ 16mD), point bar (P; 19.8%; k¼ 56mD), scroll
bar (Tp; 27.2%; k ¼ 133 mD) and centre of the channel (Cc; 30.7%;
k ¼ 413 mD). In the channel margin, gypsum cement occurs,
whereas the point bar facies shows significant mechanical
compaction features.

Braidplain sand flat area shows the highest OP value (SF; 31.6%;
k¼ 473mD) in the tiered bars zone and the lowest OP value related
to postsedimentary carbonate-cemented fractures (D; 4.9%; k ¼ 2
mD). Most of the braidplain facies include well-developed K-feld-
spar and, subordinately, quartz overgrowths. In the sand flat tail
area (Fs1, Fs2 and Fs3), OP values range from 5.1% to 28.2% (k ranges
between 45 and 536 mD, respectively). Carbonate cement is
randomly distributed in this facies. In the channel area, OP evolves
upward in the succession as follows: 29.4% (k ¼ 419 mD; lower
zone; LP), 24.4% (k ¼ 325 mD; medium zone; MR) and 31.2%
(k ¼ 725 mD; upper zone; OV). In gypsum-cemented slough
channel sandstone, OP decreases to 18.1% (k ¼ 95 mD; CS).

MICP analysis was carried out on two samples from the sand flat
area (AGD1) where postsedimentary carbonate-cemented fractures
occur. The first 6 cm away from the fracture, shows OP value of 30%
(k¼ 358 mD; AGD1 no cem.), whereas in the second, 1 cm away, OP
value sharply decreases to 3.4% (k ¼ 14 mD; AGD1 cem.).

4.3.2. Pore size distribution
Overbank deposits from the floodplain show a bimodal-type

distribution of pore radii (Fig. 11A). 80.3% of OP corresponds to
pores with a radius of less than 1 mm (ultramicropores according to
Brewer, 1964) (Table 3). On the other hand, straight and
meandering channels show a unimodal distribution of pore radii
with only the meandering channel margin displaying a bimodal-
type (Fig. 11B). 76.9% of OP in the straight channel and 67% in the
meandering channel (margin, point bar and scroll bar facies) result
etters indicating the name and the position of the samples. A) and B) Overbank and
e facies model corresponds to one aggradation cycle in the braidplain. Attached table



Table 1
Modal composition of selected representative floodplain facies.

C S Cc Cm P Tp R1

Crevasse splay Sheetflood Centre meand. Margin meand. Point bar Scroll bar Straight ch.

Quartz (single crystal) 148 209 195 184 194 162 192
Polycrystalline Q without tectonic fabric 1 5 2
Q in plutonic r.f. 2 2 2
Q in sandstone
Composite Q 3 17 40 24 48 52 26
Carbonate replacement on Q
K-feldspar (single crystal) 80 71 22 26 25 38 34
Kf in plutonic r.f 2 2
Carbonate replacement on Kf
Plagioclase (single crystal) 72 34 44 48 23 70 40
P in plutonic r.f. 2 1 4
Carbonate replacement on P
Mica (single crystal) 1 4 4 2 4
Mica in plutonic r.f. 4
Opaque 1 2
Tourmaline 1
Rutile 1 1
Zircon 3
Slate lithic fragment
Phyllite lithic fragment 1
Fine grained schist 2 8 1 2
Fe-oxides 2 1 2
Matrix
Siliciclastic/Detrital matrix 8 60 8 2 21 36 8
Pseudomatrix 6 6 18 13 8
Cements
Carbonates 22
Phyllosilicate pore filling 7 8 4 12 24 20 28
Quartz overgrowth 2
K-feldspar overgrowth 6 7 2 13
Gypsum 24 58 36 90 3
Fe-oxides 2 2
Carbonate replacement on undetermined grain
Clay grain coats 4 8 3

Q % (2s) 48.8 (0) 62.6 (0) 64.4 (0) 62.2 (0) 66.4 (0) 48.8 (0) 64.9 (0)

F % (2s) 50.2 (5.6) 31.4 (26.1) 21.8 (15.5) 25.0 (15.5) 16.4 (1.4) 32.5 (22.6) 25 (4.2)
Rf % (2s) 1 (0) 6 (8.9) 13.9 (26.9) 12.8 (9.9) 17.1 (27.1) 18.7 (22.1) 10.1 (13.8)
Qm % (2s) 49.2 (0) 65.9 (0) 74.1 (0) 69.2 (0) 77.9 (0) 57.9 (0) 71.6 (0)
F % (2s) 50.5 (5.7) 33.1 (18.4) 25.9 (21) 27.8 (15.6) 19.7 (13.3) 40.7 (32.2) 28.4 (20.4)
Lt % (2s) 0.3 (0) 0.9 (0.7) 0 (0) 3.0 (0) 2.4 (2.8) 1.4 (0) 0 (0)
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from pores whose radii are within 1e10 mm (ultra- and micropores
according to Brewer, 1964). Pores in the centre of the meandering
channel are exception with radii between 10 and 100 mm (micro-,
meso- and very fine macropores according to Brewer, 1964), mak-
ing 70.9% of the OP of this facies.

In the braidplain, most of the sand flat, sand flat tail and channel
facies show a unimodal distribution of pore radii (Fig. 11C). How-
ever, there are some exceptions in samples from: postsedimentary
carbonate-cemented fractures in the sand flat area; base of the sand
flat tail area; and the slough channel. The first two have an irregular
pore size distribution whereas the slough channel is a bimodal-
type. 70.8% of OP in all the braidplain samples results from pores
whose radii are within 10e100 mm (micro-, meso- and very fine
macropores according to Brewer, 1964, Table 3). Samples with pore
radii between 1 and 10 mm correspond to the aforementioned ex-
ceptions (ultra- and micropores according to Brewer, 1964) repre-
senting 46.1% of the OP in postsedimentary carbonate-cemented
fractures, 76% in the base of the sand flat tail area and 44.7% in the
slough channel.

In addition, the samples from the sand flat area located at
different distances (1 and 6 cm) from a carbonated-cemented
fracture show a unimodal distribution of pore radii. However,
lower peak height is recognised in the sample taken 6 cm away
from the fracture (Fig. 11D). In the latter, 55.5% of OP corresponds to
pores with radii of between 10 and100 mm (micro-, meso- and very
fine macropores according to Brewer, 1964), whereas in the sample
taken closer to the fracture, 60.6% of OP is due to pores with radii in
the 1e10 mm range (ultra- and micropores according to Brewer,
1964) (Table 3).

5. Discussion

5.1. Provenance and composition

TIBEM sandstones, i.e. floodplain and braidplain facies
(sequence II and IV), are consistent with a provenance typical of
‘transitional’ to ‘craton interior’ tectonic setting according to the
Dickinson (1985) classification scheme for tectonic setting
discrimination (Fig. 5C). Nevertheless, differences in composition
are observed between floodplain and braidplain environments
(Fig. 5A, B). Upsection (from floodplain to braidplain), there is an
increase in roundness of quartz grains, which commonly bears
inherited overgrowths, and in monocrystalline quartz content. A
decrease in plagioclase and pseudomatrix content is also observed.
In addition, an ultrastable heavy mineral assemblage occurs,
especially in floodplain facies, with a high roundness degree
(Fig. 6D and E). These features suggest that analysed Triassic fluvial
sediments were supplied from similar plutonic source rocks.



Table 2
Modal composition of selected representative braidplain facies.

D SF AGD1 Fs1 Fs2 Fs3 LP MR OV CS

Sand flat Sand flat tail Channel Slough ch.

Quartz (single crystal) 185 236 220 192 209 258 214 277 220 242
Polycrystalline Q with tectonic fabric 2 2 2 1 2 4 2
Polycrystalline Q without tectonic fabric 12 10 6 2 9 9 4 9 6 10
Q in plutonic r.f. 1 3 6
Q in sandstone 2 1
Composite Q 13 20 32 15 30 34 56 23 32
Carbonate replacement on Q 12 8 15 6 2
K-feldspar (single crystal) 46 44 38 40 53 29 15 26 16 18
Kf in plutonic r.f 2 1 3 1
Carbonate replacement on Kf 17 1
Plagioclase (single crystal) 22 13 4 24 13 12 26 6 33 2
P in plutonic r.f. 2
Carbonate replacement on P 2 2 3
Mica (single crystal) 4 4
Opaque 2 5
Tourmaline 1
Rutile 2
Zircon 1 1
Slate lithic fragment 4
Phyllite lithic fragment 3 3
Fine grained schist 1 2 1 2 1 2
Fe-oxides 2 3 2
Matrix
Siliciclastic/Detrital matrix 2 41 2 3 20 4 12 130 16 1
Pseudomatrix 5 6 4 1 1 1 2 16
Cements
Carbonates 95 40 35 19 30 44 11 2
Phyllosilicate pore filling 9 2 2 1
Quartz overgrowth 1
K-feldspar overgrowth 7 18 4 5 8 8 9 11
Gypsum 104
Fe-oxides 4 3 1 8 6 5
Carbonate replacement on undetermined grain 6 18 6 1 7 4
Clay grain coats 9 1 6 7

Q % (2s) 66.1 (122.3) 66.1 (0) 82.1 (0) 66.9 (130.1) 71.3 (137.2) 77.4 (178.2) 71.6 (0) 75.9 (0) 75.1 (0) 81.9 (169.7)

F % (2s) 29.2 (18.3) 29.2 (21.9) 16.4 (20.2) 21.4 (11.3) 21.3 (27.2) 12.9 (13.2) 13.7 (7.8) 8.8 (14.1) 16.7 (12) 6.7 (11.3)
Rf % (2s) 4.7 (8.5) 4.7 (8.5) 1.5 (0) 11.7 (15.5) 7.3 (6.2) 9.7 (19.1) 14.7 (14.2) 15.3 (0) 8.2 (15.6) 11.4 (21.2)
Qm % (2s) 64.5 (122.3) 75.6 (0) 79.7 (0) 73.8 (0) 71.8 (0) 82.2 (0) 81.1 (0) 87.1 (0) 78.6 (0) 87.7 (0)
F % (2s) 30.3 (18.3) 18.3 (21.9) 16.7 (20.2) 25 (19.6) 23 (27.2) 15 (12.3) 16.7 (11.9) 10.1 (14.1) 17.5 (12) 7.2 (11.3)
Lt % (2s) 5.2 (8.5) 6.1 (3.6) 3.6 (0) 1.2 (0.7) 5.2 (3.6) 2.9 (0) 2.3 (1.4) 2.8 (0) 3.9 (2.5) 5.1 (4.6)

S. Henares et al. / Marine and Petroleum Geology 51 (2014) 136e151 143
However, compositional maturity, degree of roundness and the
association of zircon-tourmaline-rutile ultrastable minerals clearly
indicate recycling and possible cannibalization of Permo-Triassic
siliciclastic successions (Suttner et al., 1981; Zuffa, 1987; Johnsson
et al., 1988; Arribas et al., 1990).
Figure 5. Ternary plots of compositional parameters and tectonic discrimination. A) QFRf:
crystalline quartz, K-feldspars and plagioclase. C) QmFLt: monocrystalline quartz, feldspars a
block; CO: collisional orogeny; VA: volcanic arc. Light grey dotted lines indicate Weltje’s rec
2 ¼ MiddleeUpper TAGI (after Rossi et al. (2002)).
5.2. Chronology of diagenetic processes

Textural features and relationships between cements and re-
placements suggest the chronology of eo-, meso- and telodiage-
netic stages (Fig. 12). Near-surface and early diagenetic processes
quartz, feldspars and rock fragments (according to Pettijohn, 1975). B) QmKP: mono-
nd lithic fragments [according to Dickinson (1985) and Weltje (2006)]. CB: continental
alculated provenance fields. Grey-filled fields represent TAGI samples: 1 ¼ Lower TAGI,



Figure 6. A) Crossed-nicols photomicrograph showing corrosion embayment alteration in quartz grains from sand flat deposits. B) and C) One-nicol photomicrographs showing
partial dissolution of detrital feldspar grains in sand flat deposits. D) One-nicol photomicrograph showing preferential concentration of heavy and opaque minerals along a discrete
lamina in the crevasse splay deposit. Note the abundance of zircons. E) SEM image of a well rounded zircon in a sample from the braidplain channel area.
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(eodiagenesis) consist of cementation by Fe-oxides, illite after
smectite replacement (clay coats), kaolinite and K-feldspar over-
growths and mechanical compaction. Gypsum cementation
developed dominantly in floodplain and to a lesser extent in slough
channel facies where patches of dolomitewere also recognised. The
poikilotopic texture of dolomite indicates relatively high pore-
network connectivity and it is therefore associated with an early
mesodiagenetic stage which also includes moderate mechanical
and chemical compaction and quartz overgrowths. Diagenetic
processes related to exhumation and weathering (telodiagenesis)
result in the formation of calcite cement and patches of late
Figure 7. Crossed-nicols microphotographs of matrix and pseudomatrix. A) Detrital matr
feldspar grain in the sheet flood deposit. C) and D) Mechanically deformed muscovite (cre
kaolinite, precipitated within carbonate crystals. The generation of
secondary porosity is negligible and is related to feldspars, gypsum
and/or carbonate dissolution.

The aforementioned diagenetic sequence reflects an evolution
from meteoric to brackish-dominant porewaters. Since TIBEM
sandstones are fluvial in origin, they were fluxed by freshwater
immediately after deposition. Owing to kinetic constraints, illitic
coatings are normally the transformation product of eodiagenetic
smectite coatings during a shallow burial (Morad et al., 2000, 2010).
In fact, Worden and Morad (2003) suggest that texture similar to
those of Fig. 9A and B, illustrates the progressive burial diagenetic
ix in a sample from the braidplain channel area. B) Kaolinite completely replacing a
vasse splay deposit) and silty-clay intraclast (point bar deposit) grains, respectively.



Figure 8. Photomicrographs of the petrography of TIBEM sandstones cements. A) Fe-oxide pore-filling cement in a sample from the braidplain channel area. Proximity to detrital
grains and the textural relationship with K-feldspars reveal its early precipitation (one-nicol). B) Relatively thick and continuous illitic clay coatings in a sand flat tail sample.
Textural relationships suggest an early formation (crossed-nicols). C) Gypsum cement patch enclosed by kaolinite-illite pore-filling cement in the sheet flood deposit. Note the high
compaction degree highlighted by elongated concave-convex contacts and triple joints between detrital grains (crossed-nicols). D) Inherited abraded quartz overgrowth in a sample
of braidplain channel area (crossed-nicols). E) Well-developed K-feldspar overgrowths in a sample from the braidplain channel area. Note the occlusion of primary pore spaces,
avoiding a high mechanical compaction (one-nicol). F) Mosaic-type texture in carbonate cements of fracture-associated sand flat facies (crossed-nicols). G) Pervasive carbonate
replacements on detrital grains in sand flat facies (crossed-nicols). H) Gypsum cement in slough channel facies. Early precipitation of this cement hinders a high compaction degree.
Patches of early dolomite can also be observed (crossed-nicols).
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Figure 9. SEM (left column) and FESEM (right column) images showing more-detailed petrographic features of TIBEM sandstone cements. A) Thick mixed-layer illite-smectite (I/S)
grain coatings surrounding detrital grains in a sample from the braidplain channel area. Bright brownish dots on grain surfaces correspond to Fe-oxides. B) Mixed-layer illite-
smectite (I/S) grain coating on feldspar grain (K-felds.) in fracture-associated sand flat facies. C) Kaolinite-illite (Kaol.-ill) pore-filling cement being replaced by the dolomite (Dol.)
cement in fracture associated sand flat facies. D) Microcrystalline quartz growths (Micro-qtz) in the slough channel facies. E) K-feldspar overgrowth postdating illitic grain coating in
a sample form the braidplain channel area. F) Gypsum cement occluding primary porosity in the slough channel facies.
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transformation of infiltrated smectite into illite, via amixed-layer of
smectite (80%)-illite (20%). Kaolinite pore-filling precipitation has
likely been favoured by the occurrence of clay intraclasts and the
abundance of altered K-feldspars. Leaching by acidic meteoric wa-
ters may supply the required oxidizing conditions for Fe-oxides
formation (Bjørlykke, 1994; Bjørlykke and Aagaard, 1992; Worden
and Morad, 2003). Under shallow burial conditions, the chemistry
of porewaters is greatly affected by the evaporationeprecipitation
processes (Dutta and Suttner, 1986). Thus, porewater evolves dur-
ing burial to more saline compositions, saturated in cations,
resulting in gypsum and K-feldspar overgrowths precipitation and
minor dolomite patches (in slough channel facies). Internal Kþ from
K-feldspar dissolution by meteoric waters with a low (Kþ, Naþ)/
(Hþ) ratio, and refluxing of the upper evaporitic units and car-
bonate formation (units K4eK5 and Imón Formation) probably
increase the Kþ/Hþ ratio and constituted the source of Ca2þ (Rossi
et al., 2002). Relatively deep burial (early mesodiagenesis) resul-
ted into significant chemical compaction, highlighted by quartz
dissolution features such as intergranular sutured contacts. This
suggests that most of the silica required for quartz cementationwas
internally sourced by detrital grain contact pressure- or clay-
induced dissolution. Also, transformation of smectite into illite
frequently results in concomitant quartz cementation (McKinley
et al., 2003). Carbonate cement distribution seems to be
associated to braidplain areas where telodiagenetic fractures
developed. These fractures may act as preferential conduits for
density-driven brine refluxes, originated during the Upper Triassic
marine-influence stage. Dolomite likely precipitates from such Mg-
rich waters whereas calcite formed during the uplift and conse-
quent introduction of meteoric waters following the dedolomiti-
zation process (Morad et al., 1990). Dissolution of gypsum also
results in an increase of the calcium activity of the ground water,
which raises the ion activity product of calcite and thus enhances
the potential for calcite precipitation (Burt, 1993). Zonation in
dolomite crystal luminescence observed in Figure 10 can be
attributed to variations in the Fe/Mn ratio, with the more lumi-
nescent areas being richer in Mn content. Null luminescent calcite
may therefore correspond to negligible Mn contents related to
more oxidizing conditions, due to mixing between marine and
meteoric water compositions (Lee and Harwood, 1989; Horbury
and Adams, 1989; Morad et al., 1992, 1990).

Available sedimentological data indicate a 600 m maximum
overburden (Fernández, 1977). Diagenetic signatures suggest a
burial temperature between 40 �C and 70 �C. Quartz overgrowths
usually require temperatures greater than 60 �C, although its
occurrence can be influenced by several processes such as clay
mineral transformations (smectite into illite), grain to grain pres-
sure solution, feldspar alteration, weathering, among others



Figure 10. Cathodoluminescence microphotographs of carbonate cement in fracture-associated sand flat facies. A) Luminescent dolomite and null luminescent calcite occurring in
the same sample. Note the orange-yellowish dolomite dominance over the randomly distributed patches of null calcite. Blue luminescent grains correspond to detrital feldspars
(magnification 4�). B), C) and D) Zonation in luminescent dolomite crystals (magnification 10�). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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(McBride, 1989). Transformation of smectite into illite can take
place at temperatures between 47 �C and 68 �C in a potassium-rich
environment (Weibel, 1999).

5.3. Porosity evolution, diagenesis and depositional facies

Pore system evolution, i.e. open porosity and pore radii, strongly
depend on the depositional and early diagenetic features of the
analysed sandstones. Petrographic observations (well sorted tex-
tures and quartz- and feldspar-rich framework composition) would
suggest high pore space preservation (Bloch, 1991) and, thus, high
potential as reservoir rocks (Caracciolo et al., 2013). Nevertheless, in
overbank deposits, the very fine grain size and the abundance of
pseudomatrix, trigger a high compaction degree, resulting in low
OP (<16%) and the finest pore radii (0.1e1 mm; Table 3, Fig. 11A).
Moreover, the low hydrodynamic regime in both overbank and
braidplain slough channel facies, probably favours the early pre-
cipitation of gypsum, occluding the primary pore spaces. On the
other hand, in braidplain sandstones, the medium grain size, the
scarcity of pseudomatrix and other cements, except for early well-
developed K-feldspar overgrowths, likely prevents a high
compaction, preserving high OP (>21%) and the highest pore radii
(10e100 mm; Table 3, Fig. 11C). Detrital matrix could also act as a
mechanically-resistant component of the framework against the
compaction. Fracture-associated carbonate-cemented samples are
exceptions showing minimum OP (<5%) and finer pore radii (1e
10 mm; Table 3, Fig. 11C). They can therefore act as barriers for the
lateral migration of fluids, which may compartmentalize the
sandstone body. Floodplain channel deposits show intermediate
grain size, matrix and cement content with respect to overbank and
braidplain facies. OP and pore radii values vary considerably among
the different analysed sub-environments, between 16 and 31% and
corresponding to the 1e10 mm range (Table 3, Fig. 11B).

It is also worth noting that gypsum-cemented samples show
systematically bimodal distribution of pore sizes, while carbonate-
cemented samples display a unimodal distributionwith lower peak
heights (Fig. 11D). The effect of fluid density and pore size on
crystallization process can be traced back through the literature
(Putnis and Mauthe, 2001 and references herein). In very fine-
grained deposits (e.g. overbanks) and/or in those with a high
clayey content (e.g. the margin of the meandering channel and the
braidplain slough channel), gypsum-saturated fluids likely precip-
itate into larger pores, resulting in smaller pore-throats and/or
remaining supersaturated in the smallest spaces (Putnis and
Mauthe, 2001). As a result, the pore size distribution appears as
bimodal. On the other hand, given the different density of
carbonate-saturated fluids, precipitation probably takes place in
the larger pores of the braidplain deposits.

Permeability (k) strongly depends on the direction it is
measured. Nevertheless, there are many examples in the literature
using MICP data to deduce permeability values (e.g. Schowalter,
1979; Katz and Thompson, 1987; Kolodzie, 1980; Swanson, 1981;
Pittman, 1992, 2001). In analysed sandstones, permeability is very
sensitive to pore size distribution. k values vary greatly depending
on the dominant pore size and on which proportion it dominates
(Table 3). Samples S (sheet flood deposit) and Cm (meandering
channel margin) show similar OP values (15.7% and 16%, respec-
tively) but different dominant pore sizes (interval 1e0.1 mm and
interval 10e1 mm, respectively) with k being higher in Cm. Samples
SF (sand flat area) and OV (channel area) show similar OP values
(31.6% and 31.2%, respectively) and identical dominant pore size
(100e10 mm) but in different proportions (78.3% and 85.2%,
respectively) with k being higher in OV.

5.4. Analogue features

TIBEM and TAGI are both alluvial/fluvial formations that
developed during Tethys rifting (MiddleeUpper Triassic) and
deposited on a coastal retrograding plainwhich onlap the Paleozoic
eroded and deformed basement (Fernández and Dabrio, 1985;



Table 3
Open porosity (OP) and permeability values for the analysed deposits, showing the distribution of pore sizes. Cake diagrams represent the distribution of pore sizes in the main sedimentary environments: overbank and channel
deposits (floodplain) and braidplain. Note the dominant pore size increase, from 0.1 to 1 to 10e100 mm, in the same aforementioned environment order. The last diagram shows the distribution of pore sizes in carbonated- and
gypsum-cemented braidplain samples, where the dominant pore size decreases to the 1e10 mm range.

Facies Crevasse Sheet flood Centre meand. Margin meand. Point bar Scroll bar Straight ch. Sand flat Sand flat tail Channel area Slough ch.

Sample C S Cc Cm P Tp R1 R2 D SF AGD1 (no cem.) AGD1 (cem.) Fs1 Fs2 Fs3 LP MR OV CS

Porosity (%) 15.6 15.7 30.7 16 19.8 27.2 24.1
23.6

4.9 31.6 30 3.4 5.1 28.2 20.1 29.4 24.4 31.2 18.1

Permeability (mD) 2 3 413 16 56 133 140
154

2 473 358 14 45 536 105 419 325 725 95

>100 mm 0.7 1.2 0.52 2.6 0.7 0.7 0.9 0.6 3.2 0.8 1.1 1 4.1 1.3 1 0.8 1.1 0.8 1.4
100e10 3.8 3.6 70.9 8.4 4 4.5 8.2 15 8.4 78.3 55.5 34.8 49.6 61.5 8.9 72.3 56.6 85.2 19.4
10e1 13.8 16.1 23.3 40.6 77.5 82.9 77.7 76.1 46.1 17.9 32.9 60.6 22.3 29.3 76 23.3 34.2 9.7 44.7
1e0.1 46.5 52.1 2.4 28.8 8.7 5.4 5.7 4.2 34.2 2.4 7 3.7 14.9 4.7 10.4 2.6 5.6 2.8 20.7
<0.1 35.2 26.9 2.9 19.6 9.2 6.5 7.4 4 8.1 0.6 3.4 0 9.1 3.3 3.6 0.9 2.6 1.5 13.9
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Figure 11. Pore radii distributions of analysed deposits. A) C: crevasse splay; S: sheet flood. B) Cc: centre of meandering channel; Cm: margin of meandering channel; P: point bar;
Tp: scroll bar; R1: lower part of straight channel; R2: medium part of straight channel. C) D: cemented fracture in sand flat facies; SF: sample from sand flat; Fs1-3: sand flat tail
facies, from base to top; LP, MR and OV: channel area, from base to top; CS: slough channel. D) AGD1: sample from the sand flat, affected or not by a fracture.
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Turner et al., 2001; Rossi et al., 2002; Ratcliffe et al., 2006). Thus,
similar paleogeography, tectonic regime and climatic conditions
lead to analogous stacking associations of fluvial facies on their
stratigraphic successions of 150e160 m thickness.

The base of the successions (not outcropping in the Alcaraz area)
is characterised by coarse alluvial fan deposits which adjust to
basement relief. Upwards, there is a rejuvenation of fluvial systems,
resulting in relatively low sinuosity and isolated channels within
floodplain siltstones, with crevasse and sheet-like splay deposition
(Viseras and Fernández, 1994; Turner et al., 2001). Floodplain facies
are red and/or green (secondarily reduced) with lacustrine cal-
cretes, indicating paleosols development (Turner et al., 2001;
Fernández et al., 2005). Nevertheless, the thickest sand body in
TAGI corresponds to the deposition on an anastomosing system
whereas in TIBEM it is interpreted as a braidplain depositional
system. In both cases, this deposit is thought to be the best po-
tential reservoir. Both successions end with silt- and evaporite-
richer facies, culminating in the Liassic carbonate platform
(Fernández and Dabrio, 1985; Viseras and Fernández, 1994; Turner
et al., 2001; Ratcliffe et al., 2006). TIBEM and TAGI show similar
detrital composition and depositional facies (i.e. textural parame-
ters). In TAGI, sandstone composition evolves upsection (from the
Lower to the MiddleeUpper TAGI) from quartz arenites to sub-
arkoses (Fig. 5A) whereas TIBEM mainly resembles the Middlee
Upper TAGI framework composition, albeit with a slightly higher
feldspar content. The main difference between TIBEM and TAGI lies
in the post-Triassic sedimentary evolution. In TAGI, overlaying
sediments reach thickness up to 3000 m, whereas in TIBEM there is
no evidence for an overburden greater than 600 m (Fernández and
Dabrio, 1985; Viseras and Fernández, 1994; Turner et al., 2001;
Ratcliffe et al., 2006). Although the nature of cements is similar in
Figure 12. Chronology of diagenetic processes,
both cases, some of them occur as different mineral phases at a
distinct diagenetic stage (Rossi et al., 2002). Carbonate precipitation
in TAGI occurs early and results inmagnesiteesiderite and dolomite
formation (Rossi et al., 2002). In TIBEM, dolomite precipitates as
early cement, whereas calcite does it later. In TAGI, sulphate ce-
ments (anhydriteebarite) precipitated during the last diagenetic
stage, whereas in TIBEM gypsum precipitates early. Porosity values
of TAGI sandstones are systematically less than 20% increasing from
Lower to MiddleeUpper TAGI, due to the dissolution of detrital and
authigenic feldspars. The same upward increase in porosity is
documented in TIBEM (up to 30%) where feldspar dissolution also
takes place, although in minor amount than in TAGI.

In TAGI, variation in diagenesis between Lower and Middlee
Upper parts is related to differences in initial feldspar content and
in syndepositional grain-coating illitic clays (Rossi et al., 2002).
Since sediment composition and depositional facies are primary
controlling factors on early/shallow diagenesis and consequently
on porosity and permeability reduction or enhancement, compar-
ison between TIBEM and TAGI is justified.

6. Conclusions

Coupling the information from depositional facies, sandstone
petrology and petrophysical analysis of TIBEM (Tabular Cover of the
Iberian Meseta) sandstone bodies leads to the following
conclusions:

1. There is a significant maturity increase upsection from flood-
plain to braidplain environments, evidenced by changes in
depositional texture and detrital composition. Grain size and
roundness of quartz grains increase, whereas matrix content
deduced by mutual textural relationships.
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decreases. Detrital composition evolves from arkose (Q62F27Rf11)
in the floodplain to subarkose (Q74F16Rf10) in the braidplain
deposits, showing an important increase of monocrystalline
quartz while feldspar content decreases, especially plagioclases.

2. Petrographic observations revealed that primary porosity has
been mostly reduced and pore system affected during the
early diagenetic stage (eodiagenesis) through cementation by
Fe-oxides, illite coatings, kaolinite and K-feldspar overgrowths
and mechanical compaction. Early gypsum cement also oc-
curs, dominantly in floodplain and subordinately in slough
channel facies. Poikilotopic dolomite has been attributed to an
early mesodiagenetic stage, which also includes moderate
mechanical and chemical compaction and quartz over-
growths. Diagenetic processes related to exhumation and
weathering (telodiagenesis) result in calcite formation and
patches of late kaolinite, hosted by carbonate crystals. Negli-
gible secondary porosity is related to feldspars, gypsum and/
or carbonate dissolution. The aforementioned diagenetic
sequence reflects an evolution from meteoric to slightly saline
porewaters, with a refluxing of acidic waters during the last
diagenetic stage.

3. On the basis of open porosity values, pore size distribution
pattern, permeability and sedimentary architecture, sandstone
deposits can be classified as a function of their quality as po-
tential reservoir. Overbank facies are considered the least
suitable reservoirs due to their low open porosity and perme-
ability, finest pore radii and small dimensions. Channel de-
posits show better attributes such as higher open porosity
values and dimensions, but the properties of their depositional
sub-environments vary greatly. Braidplain sandstone body
constitutes the highest-quality potential reservoir because of
its high open porosity and permeability values as well as its
thickness and lateral continuity. It is worth to note the occur-
rence of cemented fractures and facies-related heterogeneities,
such as the slough channel, which may compartmentalize the
potential reservoir, acting as barriers and/or baffles to fluid
migration.

4. This study points out TIBEM as an outstanding outcrop analogue
for the TAGI reservoir. The fact that TIBEM experienced telo-
diagenesis and that is currently subjected toweathering justifies
the differences with TAGI. However, the evolution and the
compositional signatures of the two successions were deter-
mined by those mutual factor (tectonic setting, source area and
climatic conditions) known to exert a primary control on early
diagenesis and thus porosity and permeability reduction (or
enhancement). Comparison of both formations represents a
valuable source of information to broaden the knowledge of
TAGI reservoir.

Acknowledgements

Funding and support was provided by the research projects
CGL2009-07830/BTE (MICINN-FEDER) and PO9-RNM-4905 (Junta
de Andalucía) as well as by the research groups RNM369 and
RNM179 (Junta de Andalucía). We also would like to thank the
owner of the land Mr. L. Fernández, The Consejería de Agricultura
de Castilla-La Mancha and CEPSA E.P. are also thanked for the
necessary licenses and information. The quality of the manuscript
has greatly improved thanks to suggestions of Richard Worden and
an anonymous reviewer.

References

Aitchison, J., 1997. The one hour course in compositional data analysis of compo-
sitional data analysis is simple. In: Pawlowsky, G.V. (Ed.), Proceedings of IAMG
‘97 e the Third Annual Conference of the International Association for Math-
ematical Geology. International Center for Numerical Methods in Engineering
(CIMNE), Barcelona, pp. 3e35.

Ajdukiewicz, J.M., Lander, R.H., 2010. Sandstone reservoir quality prediction: the
state of the art. AAPG Bull. 94, 1083e1091.

Arche, A., López-Gómez, J., García-Hidalgo, J.F., 2002. Control climático, tectónico y
eustático en depósitos del Carniense (Triásico Superior) del SE de la Península
Ibérica. J. Ib. Geol. 28, 13e30.

Arribas, J., 1984. Sedimentología y diagénesis del Buntsandstein y Muchelkalk de la
Rama Aragonesa de la Cordillera Ibérica (provincias de Soria y Zaragoza). PhD
dissertation. Universidad Complutense de Madrid, Spain, p. 354.

Arribas, J., Gómez-Gras, D., Rosell, J., Tortosa, A., 1990. Estudio comparativo entre las
areniscas paleozoicas y triásicas de la isla de Menorca: evidencias de procesos
de reciclado. Rev. Soc. Geol. Esp. 3, 105e116.

Bjørlykke, K., 1994. Fluid-flow processes and diagenesis in sedimentary basins. In:
Parnell, J. (Ed.), Geofluids: Origin, Migration and Evolution of Fluids in Sedi-
mentary Basins, Geological Society Special Publication, vol. 78, pp. 127e140.

Bjørlykke, K., Aagaard, P., 1992. Clay minerals in North Sea sandstones. In:
Houseknecht, D.W., Pittman, E.D. (Eds.), Origin, Diagenesis and Petrophysics of
Clay Minerals in Sandstones, Society of Economic Paleontologists and Miner-
alogists Special Publication, vol. 47, pp. 65e80.

Bjørlykke, K., Jahren, J., 2010. Sandstones and sandstone reservoirs. In: Bjørlykke, K.
(Ed.), Petroleum Geoscience: from Sedimentary Environments to Rock Physics.
Springer-Verlag, Berlin, pp. 113e140.

Bloch, S., 1991. Empirical prediction of porosity and permeability in sandstones.
AAPG Bull. 75, 1145e1160.

Bloch, S., McGowen, J.H., 1994. Influence of depositional environment on reservoir
quality prediction. In: Wilson, M.D. (Ed.), Reservoir Quality Assessment and
Prediction in Clastic Rocks, SEPM Short Course, n� 30, pp. 41e58.

Boogaart, K.G.v.d., Tolosana-Delgado, R., 2008. “Compositions”: a unified R package
to analyze compositional data. Comput. Geosci. 34, 320e338.

Brewer, R., 1964. Fabric and Mineral Analysis of Soils. Wiley, New York, p. 482.
Bryant, I.D., Flint, S.S., 1993. Quantitative clastic reservoir geological modelling:

problems and perspective. In: Flint, S.S., Bryant, I.D. (Eds.), The Geological
Modelling of Hydrocarbon Reservoirs and Outcrop Analogues, International
Association of Sedimentologists Special Publication, vol. 15, pp. 3e20.

Burt, R.A., 1993. Ground-water Chemical Evolution and Diagenetic Processes in the
Upper Florida Aquifer, Southern South Carolina and Northeastern Georgia. U.S.
Geological Survey water-supply paper, 2392, p. 76.

Caracciolo, L., Arribas, J., Ingersoll, R.V., Critelli, S., 2013. The diagenetic destruction of
porosity inplutoniclastic petrofacies: theMioceneDiligenciaandEoceneManiobra
formations, OrocopiaMountains, southern California, USA. In: Scott, R., Morton, A.
(Eds.), Provenance Analyses in Hydrocarbon Exploration, Geological Society of
London Special Publication (in press). http://dx.doi.org/10.1144/SP386.9.

Chayes, F., 1952. Notes on the staining of potash feldspar with sodium cobaltnitrite
in thin section. Am. Mineral. 37, 337e340.

Clearly, E.J., Connolly, J.R., 1974. Distribution and genesis of quartz in a piedmont-
coastal plain environment. Geol. Society Am. Bull. 82, 2755e2766.

Dabrio, C., Fernández, J., 1986. Evolución del estilo alluvial en el Triásico de Alcaraz
(Albacete). Cuader. Geol. Ib. 10, 173e206.

De Ros, L.F., 1998. Heterogeneous generation and evolution of diagenetic quartz-
arenites in the Silurian-Devonian Furnas Formation of the Parana Basin,
southern Brazil. Sediment. Geol. 116, 99e128.

Dickinson, W.R., 1970. Interpreting detrital modes of graywacke and arkose.
J. Sediment. Petrol. 40, 695e707.

Dickinson, W.R., 1985. Interpreting provenance relations from detrital modes of
sandstones. In: Zuffa, G.G. (Ed.), Provenance of Arenites, NATO-ASI Series. Reidel
Publishing Company, Dordrecht, Netherlands, pp. 333e361.

Dutta, P.K., Suttner, L.J., 1986. Alluvial sandstone composition and paleoclimate, II.
Authigenic mineralogy. J. Sediment. Petrol. 56, 346e358.

Fernández, J., 1977. Sedimentación triásica en el borde Sureste de la Meseta. PhD
dissertation. Universidad de Granada, p. 173.

Fernández, J., Dabrio, C., 1985. Fluvial architecture of the Buntsandstein facies
redbeds in the Middle to Upper Triassic (Ladinian-Norian) of the Southeastern
edge of the Iberian Meseta (Southern Spain). In: Mader, D. (Ed.), Aspects of
Fluvial Sedimentation in the Lower Triassic Buntsandstein of Europe. Springere
Verlag, Berlin, pp. 113e140.

Fernández, J., Bluck, B.J., Viseras, C., 1993. The effects of fluctuating base level on the
structure of alluvial fan and associated fan delta deposits: an example from the
Tertiary of the Betic Cordillera, Spain. Sedimentology 40, 879e893.

Fernández, J., Viseras, C., Dabrio, C., 2005. Triassic fluvial sandstones (Central South
Spain): an excellent analogue for the TAGI reservoir of Algeria. In: Fernández, J.,
Viseras, C., Dabrio, C. (Eds.), 67th European Association of Geoscientists and
Engineers, Field Guide F1, p. 18.

FitzPatrick, E.A., 1984. Micromorphology of Soils. Chapman and Hall, London and
New York, p. 433.

Haq, B.U., Hardenbol, J., Vail, P.R., 1987. Chronology of fluctuating sea levels since the
Triassic. Science 235, 1156e1167.

Hartmann, D.J., Beaumont, E.A., 1999. Predicting reservoir system quality and per-
formance. In: Beaumont, E.A., Foster, N.H. (Eds.), Treatise of Petroleum Geology/
Handbook of Petroleum Geology: Exploring for Oil and Gas Traps, AAPG Special
Volumes, pp. 1e154 (chapter 9).

Henares, S., Viseras, C., Fernández, J., Pla-Pueyo, S., Cultrone, G., 2011. Triassic Red
Beds in SE Spain: evaluation as potential reservoir rocks based on a preliminary
petrological study. AAPG. Search and Discovery Article, #50541.

http://refhub.elsevier.com/S0264-8172(13)00302-4/sref1
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref1
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref1
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref1
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref1
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref1
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref1
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref2
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref2
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref2
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref3
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref3
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref3
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref3
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref4
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref4
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref4
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref5
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref5
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref5
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref5
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref6
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref6
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref6
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref6
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref7
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref7
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref7
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref7
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref7
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref8
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref8
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref8
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref8
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref9
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref9
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref9
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref10
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref10
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref10
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref10
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref10
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref11
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref11
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref11
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref12
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref13
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref13
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref13
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref13
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref13
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref14
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref14
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref14
http://dx.doi.org/10.1144/SP386.9
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref16
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref16
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref16
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref17
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref17
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref17
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref18
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref18
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref18
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref19
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref19
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref19
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref19
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref20
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref20
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref20
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref21
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref21
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref21
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref21
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref22
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref22
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref22
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref23
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref23
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref24
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref24
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref24
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref24
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref24
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref24
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref25
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref25
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref25
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref25
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref26
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref26
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref26
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref26
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref27
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref27
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref28
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref28
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref28
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref29
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref29
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref29
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref29
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref29
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref30
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref30
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref30


S. Henares et al. / Marine and Petroleum Geology 51 (2014) 136e151 151
Horbury, A.D., Adams, A.E., 1989. Meteoric phreatic diagenesis in cyclic late
Dinantian carbonates, northwest England. Sediment. Geol. 65, 319e344.

Ingersoll, R.V., Bullard, T.F., Ford, R.L., Grimm, J.P., Pickle, J.D., Sares, S.W., 1984. The
effect of grain-size on detrital modes: a test of the Gazzi-Dickinson point-
counting method. J. Sediment. Petrol. 49, 103e116.

Johnsson, M.J., Stallard, R.F., Meade, R.H., 1988. First-cycle quartz arenites in the
Orinoco River basin, Venezuela and Colombia. J. Geol. 96, 263e277.

Katz, A.J., Thompson, A.H., 1987. Prediction of rock electrical conductivity from
mercury injection measurements. J. Geophys. Res. 92, 599e607.

Kolodzie, Jr.S., 1980. Analysis of pore throat size and use of the Waxman-Smits
equation to determine OOIP in Spindle field, Colorado. In: Society of Petro-
leum Engineers 55th Annual Fall Technical Conference, p. 10.

Lee, M.R., Harwood, G.M., 1989. Dolomite calcitization and cement zonation related
to uplift of the Raisby (Zechtstein carbonate), northern England. Sediment.
Geol. 65, 285e305.

MacGregor, D.S., 1998. Giant fields, petroleum systems and exploration maturity of
Algeria. In: MacGregor, D.S., Moody, R.T.J., Clark-Lowes, D.D. (Eds.), Petroleum
Geology of North Africa, Geological Society of London Special Publication, vol.
132, pp. 79e96.

Martin, J.D., 2004. XPowder. A Software Package for Powder X-ray Diffraction
Analysis. Legal deposit GR 1001/04.

McBride, E.F., 1989. Quartz cement in sandstones: a review. Earth Sci. Rev. 26, 69e
112.

McKinley, J.M., Worden, R.H., Ruffell, A.H., 2003. Smectite in sandstones: a review of
the controls on occurrence and behaviour during diagenesis. In: Worden, R.H.,
Morad, S. (Eds.), Clay Mineral Cements in Sandstones, International Association
of Sedimentologists Special Publication, vol. 34, pp. 109e128.

Morad, S., Al-Aasm, I.S., Ramseyer, K., Marfil, R., Aldahan, A.A., 1990. Diagenesis of
carbonate cements in Permo-Triassic sandstones from the Iberian Range, Spain:
evidence from chemical composition and stable isotopes. Sediment. Geol. 67,
281e295.

Morad, S., Marfil, R., Al-Aasm, I.S., Gómez-Gras, D., 1992. The role of mixing-zone
dolomitization in sandstone cementation: evidence from the Triassic Bunt-
sandstein, the Iberian Range, Spain. Sediment. Geol. 80, 53e65.

Morad, S., Ketzer, J.M., De Ros, L.F., 2000. Spatial and temporal distribution of
diagenetic alterations in siliciclastic rocks: implications for mass transfer in
sedimentary basins. Sedimentology 47, 95e120.

Morad, S., Al-Ramadan, K., Ketzer, J.M., De Ros, L.F., 2010. The impact of diagenesis
on the heterogenity of sandstone reservoirs: a review of the role of depositional
facies and sequence stratigraphy. AAPG Bull. 94, 1267e1309.

Pettijohn, F.J., 1975. Sedimentary Rocks, third ed. Harper and Brothers Publisher,
New York, p. 618.

Pittman, E.D., 1992. Relationship of porosity and permeability to various parameters
derived from mercury injection-capillary pressure curves for sandstones. AAPG
Bull. 76, 191e198.

Pittman, E.D., 2001. Estimating Pore Throat Size in Sandstones from Routine Core-
analysis Data. Search and Discovery Article 40009. http://www.
searchanddiscovery.net/documents/pittman/index.htm.

Putnis, A., Mauthe, G., 2001. The effect of pore size on cementation in porous rocks.
Geofluids 1, 37e41.

Ratcliffe, K.T., Martin, J., Pearce, T.J., Hughes, A.D., Lawton, D.E., Wray, D.S., Bessa, F.,
2006. A regional chemostratigraphically-defined correlation framework for the
late Triassic TAG-I Formation in Blocks 402 and 405a, Algeria. Petrol. Geosci. 12,
3e12.

Rossi, C., Kälin, O., Arribas, J., Tortosa, A., 2002. Diagenesis, provenance and reservoir
quality of Triassic TAGI sandstones from Ourhoud field, Berkine (Ghadames)
Basin, Algeria. Mar. Petrol. Geol. 19, 117e142.

Salem, A.M., Morad, S., Mato, L.F., Al-Aasm, I.S., 2000. Diagenesis and reservoir-
quality evolution of fluvial sandstones during progressive burial and uplift:
evidence from the Upper Jurassic Boipeba Member, Recôncavo Basin, North-
eastern Brazil. AAPG Bull. 84, 1015e1040.

Sánchez-Moya, Y., Arribas, J., Gómez-Gras, D., Marzo, M., Pérez-Arlucea, M.,
Sopeña, A., 2004. Primera fase de rifting intracontinental Pérmico Superior-Tri-
ásico. In: Vera, J.A. (Ed.), Geología de España. SGE-IGME, Madrid, pp. 484e485.

Schowalter, T.T., 1979. Mechanics of secondary hydrocarbon migration and
entrapment. AAPG Bull. 63, 723e760.

Schulz-Rojahn, J., Ryan-Grigor, S., Anderson, A., 1998. Structural controls on seismic-
scale carbonate cementation in hydrocarbon-bearing Jurassic fluvial and ma-
rine sandstones from Australia: a comparaison. In: Morad, S. (Ed.), Carbonate
Cementation in Sandstones, International Association of Sedimentologists
Special Publication, vol. 26, pp. 327e362.

Suttner, L.J., Basu, A., Mack, G.H., 1981. Climate and the origin of quartz arenites.
J. Sediment. Petrol. 51, 1235e1246.

Swanson, B.F., 1981. A simple correlation between permeabilities and mercury
capillary pressures. J. Petrol. Technol. 33, 2498e2504.

Turner, P., Pilling, D., Walker, D., Exton, J., Binnie, J., Sabaou, N., 2001. Sequence
stratigraphy and sedimentology of the late Triassic TAG-I (Blocks 401/402,
Berkine Basin, Algeria). Mar. Petrol. Geol. 18, 959e981.

Viseras, C., Fernández, J., 1994. Channel migration patterns and related sequences in
some alluvial fan systems. Sediment. Geol. 88, 201e217.

Viseras, C., Fernández, J., 2010. Triassic braidplain deposits and their potential as
reservoir rocks. Examples from Spain and Morocco. In: Schwarz, E., Georgieff, S.,
Piovano, E., Ariztegui, D. (Eds.), Sedimentology at the Foot on the Andes, 18th
International Sedimentological Congress, Mendoza, Argentina, p. 908.

Viseras, C., Fernández, J., Henares, S., Cuellar, N., 2011. Facies architecture in
outcropping analogues for the TAGI reservoir. Exploratory interest. In: AAPG
International Conference and Exhibition, Milan, Italy. #90135.

Weibel, R., 1999. Effects of burial on the clay assemblages in the Triassic Skagerrak
Formation, Denmark. Clay Mineral. 34, 619e635.

Weltje, G.J., 2006. Ternary sandstone composition and provenance: an evaluation of
the ‘Dickinson model’. In: Buccianti, A., Mateu-Figueras, G., Pawlowsky-Gahn, V.
(Eds.), Compositional Data Analysis in the Geosciences: From Theory to Practice,
Geological Society of London Special Publication, vol. 264, pp. 79e99.

Worden, R.H., Morad, S., 2003. Clay minerals in sandstones: controls on formation,
distribution and evolution. In: Worden, R.H., Morad, S. (Eds.), Clay Mineral
Cement in Sandstones, International Association of Sedimentologists Special
Publication, vol. 34, pp. 3e41.

Zuffa, G.G., 1985. Optical analyses of arenites: influence of methodology on
compositional results. In: Zuffa, G.G. (Ed.), Provenance of Arenites, NATO-ASI
Series. Redsel Publishing Company, Dordrecht, Netherlands, pp. 165e189.

Zuffa, G.G., 1987. Unravelling hinterland and offshore palaeogeography from
deep-water arenites. In: Legget, J.K., Zuffa, G.G. (Eds.), Deep-marine Clastic
Sedimentology: Concepts and Case Studies. Graham and Trotman, London,
pp. 39e61.

http://refhub.elsevier.com/S0264-8172(13)00302-4/sref31
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref31
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref31
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref32
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref32
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref32
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref32
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref33
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref33
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref33
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref34
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref34
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref34
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref35
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref35
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref35
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref36
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref36
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref36
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref36
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref37
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref37
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref37
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref37
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref37
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref38
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref38
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref39
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref39
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref40
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref40
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref40
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref40
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref40
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref41
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref41
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref41
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref41
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref41
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref42
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref42
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref42
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref42
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref43
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref43
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref43
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref43
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref44
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref44
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref44
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref44
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref45
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref45
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref46
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref46
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref46
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref46
http://www.searchanddiscovery.net/documents/pittman/index.htm
http://www.searchanddiscovery.net/documents/pittman/index.htm
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref48
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref48
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref48
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref49
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref49
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref49
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref49
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref49
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref50
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref50
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref50
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref50
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref51
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref51
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref51
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref51
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref51
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref52
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref52
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref52
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref52
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref54
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref54
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref54
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref55
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref55
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref55
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref55
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref55
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref55
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref56
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref56
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref56
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref57
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref57
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref57
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref58
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref58
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref58
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref58
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref59
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref59
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref59
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref60
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref60
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref60
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref60
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref61
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref61
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref61
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref62
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref62
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref62
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref63
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref63
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref63
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref63
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref63
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref64
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref64
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref64
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref64
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref64
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref65
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref65
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref65
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref65
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref66
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref66
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref66
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref66
http://refhub.elsevier.com/S0264-8172(13)00302-4/sref66

