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The significance of rip-up clasts as sandstone framework grains is frequently neglected in the literature being
considered as accessory components in bulk sandstone composition. However, this study highlights the great
value of muddy and dolomitic rip-up clast occurrence as: (a) information source about low preservation potential
from floodplain deposits and (b) key element controlling host sandstone diagenetic evolution and thus ultimate
reservoir quality. High-resolution petrographic analysis on Triassic fluvial sandstones from Argana Basin (T6 and
T7/T8 units) highlights the significance of different types of rip-up clasts as intrabasinal framework components
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of continental sediments from arid climates. On the basis of their composition and ductility, three main types are

Keywords: distinguished: (a) muddy rip-up clasts, (b) dolomitic muddy rip-up clasts and (c) dolomite crystalline rip-up
Triassic clasts. Spatial distribution of different types is strongly facies-related according to grain size. Origin of rip-up
Fluvial sandstones clasts is related to erosion of coeval phreatic dolocretes, in different development stages, and associated
R‘_Esel’VOir muddy floodplain sediments. Cloudy cores with abundant inclusions and clear outer rims of dolomite crystals
R‘p'“P_daStS suggest a first replacive and a subsequent displacive growth, respectively. Dolomite crystals are almost stoichio-
ggg:::is metric. This composition is very similar to that of early sandstone dolomite cement, supporting phreatic

dolocretes as dolomite origin in both situations. Sandstone diagenesis is dominated by mechanical compaction
and dolomite cementation. A direct correlation exists between: (1) muddy rip-up clast abundance and early
reduction of primary porosity by compaction with irreversible loss of intergranular volume (IGV); and (2) occur-
rence of dolomitic rip-up clasts and dolomite cement nucleation in host sandstone, occluding adjacent pores but
preserving IGV. Both processes affect reservoir quality by generation of vertical and 3D fluid flow baffles and
barriers that compartmentalize the reservoir. These findings may provide quantitative useful data for the better
understanding of reservoir quality in analogous hydrocarbon-bearing basins such as the Bay of Fundy, Nova Sco-
tia (Canada).

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Calcretes and dolocretes have been widely recognized in ancient
fluvial sediments deposited under relative arid climates and saline/
evaporate conditions (Goudie, 1983; Wright and Tucker, 1991; Milnes,
1992; Kraus, 1999). They may form as vadose (pedogenic) or phreatic
(groundwater) mineral precipitates (Arakel, 1986; Wright, 1994;
Colson and Cojan, 1996; Chen et al., 2002). Genesis of dolocretes has
been attributed to similar formation mechanisms of calcretes. Several
processes to generate near-surface and soil-related dolomite accumula-
tions by increasing Mg/Ca ratio of phreatic solutions have been sug-
gested: (1) mixing of saline brines and fresh groundwater (El-Sayed
et al., 1991; Colson and Cojan, 1996); (2) calcite precipitation from
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nearby groundwater resulting in Ca*-depleted but Mg?*-enriched
groundwater (Hutton and Dixon, 1981; Spétl and Wright, 1992;
Armenteros et al., 1995); and (3) fluid movements through Mg-rich
clays (Pimentel et al., 1996). Examples of phreatic dolocretes in
Permo-Triassic fluvial sediments have been reported in the Paris Basin
(Spétl and Wright, 1992), Sherwood Sandstones in the Corrib Field
(W Ireland; Schmid et al., 2004, 2006), Wessex basin (S England;
Mader, 1986; McKie et al., 1998), Abo-Tubb interval (NE New Mexico,
USA; Kessler et al,, 2001), Orenburg region (South Urals, Russia;
Kearsey et al., 2012) and Argana Basin (Brown, 1980), among others.
Deposits generated above mean channel depth in fluvial systems
(floodplain sediments and paleosols-calcrete and dolocretes) are
prone to be incised and eroded during channel migration and base-
level fall (Miall, 2006). Then, these penecontemporaneus reworked
grains become part of fluvial sandstone framework as intrabasinal
components, being called as “intraclast” or “rip-up clasts”. They usually
concentrate in particular depositional facies such as channel-lags
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deposits (Allen and Wright, 1989; Garzanti, 1991). Its grain size distri-
bution, mostly greater than other framework components according
to their lower density (Zuffa, 1980, 1985), may result in a significant
volume of sandstone framework represented by such clasts. Thus, rip-
up clast occurrence has an important significance on paleoclimatic and
paleogeographic reconstructions, by testifying the existence of coeval
primary dolocretes, preserving provenance signature of intrabasinal
sediments (Garzanti et al., 1989; Garzanti, 1991; Odin, 1985; Zuffa,
1980, 1985; Purvis and Wright, 1991; Spétl and Wright, 1992). In
addition, there are evidences of the impact exerted by these grains on
diagenetic evolution of host sandstones and, eventually, on reservoir
quality through: (i) favoring mechanical compaction with a consequent
drastic loss of intergranular space (Rittenhouse, 1971; Pittman and
Larese, 1991; Gluyas and Cade, 1997; Paxton et al., 2002; Mousavi and
Bryant, 2013); and (ii) sourcing eodiagenetic carbonate cements that
reduce original porosity (Burley, 1984; Schmid et al., 2004, 2006;
Morad et al., 2010; De Ros and Scherer, 2012).

On the basis of the double applied interest of rip-up clasts, occur-
rence and abundance of different types of such grains in Triassic fluvial
deposits of Argana Basin (S Morocco; Fig. 1A) provide a great scenario to
evaluate these questions. Thus, by coupling high-resolution petrograph-
ic and chemical analysis, this paper aims at: 1) characterizing origin and
source of such clasts; and 2) evaluating their impact on host sandstones
postdepositional evolution by examining their behavior during
diagenesis. The proved correlation between the Argana Basin and the
hydrocarbon-bearing Bay of Fundy Basin in Nova Scotia (Canada;
Smoot and Castens-Seidell, 1994; Olsen, 1997; Calder et al., 1998;
Hofmann et al., 2000; Letourneau and Olsen, 2003) reveals the relation-
ship between spatial distribution of the different rip-up clast types and
depositional facies as particularly interesting for a better understanding
of fluid flow heterogeneity and reservoir compartmentalization.

2. Geological setting

The Triassic Argana Basin is located in the Western High Atlas of
Morocco and is up to 20 km in width and extends over 85 km
(Fig. 1A). It forms the eastward extension of the hydrocarbon-bearing
Essaouira Basin (Medina, 1988; Broughton and Trépanier, 1993; Ellouz

et al., 2003) which corresponds to the conjugate Atlantic passive
continental margin of the Bay of Fundy Basin in Nova Scotia, Canada
(Calder et al., 1998; Olsen et al., 2000; Letourneau and Olsen, 2003).
Both basins show remarkable similarities in sedimentary facies and
stratigraphy throughout their thick Late Permian-Early Jurassic
successions suggesting a predrift proximity (Fig. 1B; Smoot and
Castens-Seidell, 1994; Kent et al., 1995; Olsen, 1997; Hofmann et al.,
2000). In Argana Basin, estimated maximum burial depth is about
1600-2000 m with a maximum temperature at the base of the strati-
graphic sequence (ca. 6000 m thick) ranging between 150 and 250 °C
(Leikine et al., 1996). Hydrothermal processes are not completely
discarded by some authors (Lahcen et al., 2007). Argana Basin consists
of a half-graben basin with 5-30° tilted blocks towards the NW that
has experimented two main phases of extension, influencing sediment
distribution patterns (Brown, 1980; Medina, 1991, 1995). First (pre-
rifting) phase of extension only affected deposition of Late Permian
sediments (Medina, 1991, 1995) whereas the second phase is
considered coeval to Triassic deposition (syn-rift) by some authors
(Brown, 1980; Laville and Petit, 1984; Medina, 1991, 1995) or later to
that time (post-rift) by others (Hofmann et al., 2000; Baudon et al.,
2012).

At the end of the Triassic, Argana and Fundy Basins were situated in
the subtropical belt at about 20°N paleolatitude, where deposition took
place under semi-arid to arid climates (Hay et al., 1982). In the Argana
Basin, a long-term change in paleoclimate that ranges from semi-arid
conditions with seasonal precipitation (Early to Middle Triassic) to-
wards an arid, non-seasonal climate (Late Triassic) is preserved within
the sedimentary cycles developed during several million years
(Hofmann et al., 2000). A short-lived event of increased precipitation
within the general trend of aridification is identified during the Carnian
Pluvial Episode (Arche and Lopez-Gémez, 2014 and references therein).

2.1. Stratigraphy

Continental red beds of the Argana Basin are represented by a ca.
5000-m-thick succession of Permo-Triassic sedimentary rocks
(Tixeront, 1973, Brown, 1980) capped by the Argana basalt (205 +
16 Ma; Fiechtner et al., 1992; Fig. 2). This stratigraphic succession is
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Fig. 1. A) Geological map of Western High Atlas showing present location of the study area. B) Paleogeographic map of Morocco at Triassic time (modified after Laville and Pique, 1991).



220 S. Henares et al. / Sedimentary Geology 339 (2016) 218-233

AgelFm|  Member Log Lithofacies Depostional Env.
Argana basalt =7 Tholeitic basalt
©
- Hasseine _ S| Shallow ephemeral
R (T8) Mudstones with interbedded § € lakes
o % (300-1200m) siltstones and fine-grained e Extensive saline
=l 3 sandstones N mudfliats
o D" sidi Mansour (T7)\| ‘@| Ephemeral streams
©| o (0-200m) SE— 1
—!| [Tadrart Ouadou (T6) Siltstones and mudstones
(0-150m) : Basal conglomerate grading Braided rivers and
Pt \into sandstones aeolian dunes
(T5) ) ) Alluvial plain with
(200-500m) M_asswe mudstones intercalated | meandering
with sandstones ephemeral streams

Tanamert (T3)

Clayey mudstones, siltstones
and fine-grained sandstones

Flood plain with
intercalated
meandering rivers

Early-Middle Triassic
Timezgadiouine

(0-10m) Volcanoclastic conglomerate Braided rivers
g Meandering rivers
Tourbihine
(12) Cycles of con_glomerates- intercalated with
% (0-1000m) sandstones-siltstones-mudstones | food plain deposits
£l e
=4 )
|
a|©
ol = . ;
= Ait Driss Coarse irregulary bedded Alluvial fans
| (T1) conglomerate Braided rivers
(0-1500m)

Fig. 2. Simplified lithostratigraphic log for the Permian and Triassic record in Argana Basin, showing the analyzed stratigraphic interval (modified after Tixeront, 1973; Brown, 1980;

Hofmann et al., 2000). Thicknesses are maxima.

subdivided into eight lithostratigraphic units or members (namely T1 to
T8; Tixeront, 1973) grouped into three formations (Brown, 1980). The
lowermost Ikakern Fm (Late Permian, Brown, 1980; Jalil and Dutuit,
1996) rests unconformably on Palaeozoic basement and includes Ait
Driss (T1) and Tourbihine (T2) members. It typically consists of alluvial
fan conglomerates, grading vertically and laterally into cycles of con-
glomerate-sandstone-siltstone-mudstone from meandering rivers in-
tercalated with floodplain deposits (Brown, 1980). The intermediate
Timesgadiouine Fm (Early-Middle Triassic, Klein et al., 2011) overlies
unconformably the Ikakern Fm and consists at its base on the
Tanameurt Mb (T3), a volcanoclastic sheet-like conglomerate body of
braided river origin (Brown, 1980). Aglegal Mb (T4) is dominated by
clayey mudstones, siltstones and, in minor extent, fine-grained sand-
stones deposited in a flood plain/playa environment with development
of vertisols and intercalations of meandering fluvial deposits (Brown,
1980; Hofmann et al., 2000). Irohalene Mb (T5) is characterized by
sandstones cyclically intercalated with massive mudstones, generated
on an alluvial plain setting with meandering ephemeral streams
(Hofmann et al., 2000). The upper Bigoudine Fm (Late Triassic,
Fiechtner et al., 1992) encompasses the Tadrart Ouadou Mb (T6) at
the base, the Sidi Mansour (T7) and the Hasseine Mbs (T8) (Tixeront,
1973; Brown, 1980). The Tadrart Ouadou sandstone is interpreted as
the result of the aforementioned Carnian Pluvial Event (Arche and
Lopez-Gémez, 2014) and is continuous throughout the Argana Basin.
This unit consists in proximal braided river conglomerates grading up-
ward into sand-dominated, distal braided river deposits with intercalat-
ed aeolian sandstones (Hofmann et al., 2000; Mader and Redfern, 2011).
Both T7 and T8 are composed of similar, cyclically arranged mud-rich fa-
cies difficult to be separated into two distinctive members. T7/T8 strata
formed in shallow ephemeral lakes and extensive saline mudflats with
periodic fluvial and aeolian inputs of sand (Hofmann et al., 2000).

2.2. Depositional facies

For the purpose of this study, two fluvial systems are analyzed: the
braided system corresponding to the Tadrart Ouadou Mb (T6 unit)
and a straight channel from the Sidi Mansour-Hassein interval (T7/T8
unit).

The braided system from Tadrart Ouadou Mb was characterized in
two different outcrops, 6 km apart approximately (Fig. 3A and B), to
target its main depositional environments: main channel, lobate unit
bars, compound bars and secondary channels. In one of the outcrops,
cross-bedded sandstones with up to 2 m thick cross-bed sets are
recognized with abundant rip-up clasts accumulated at the toes of
cross-bedded sandstones (Fig. 3A). They correspond to foresets of
megaripples and dunes developed at the tail of lobate unit bars that
cover channel erosive bases (Lunt et al., 2004). Lateral and downstream
accretion of lobate unit bars results in a larger-scale compound bar
(Bridge et al,, 1998; Lunt et al., 2004). This facies association is represen-
tative of a deep perennial braided system comprising multistorey fills
with both lateral and vertical aggradation (Viseras and Fernandez,
2010; Mader and Redfern, 2011). A main channel segment may become
partially disconnected due to bank attachment processes, when bars
migrate obliquely respect to the main current direction, being reduced
to a secondary channel (Lunt et al., 2004). Secondary channel fills are
characterized by a fining upward succession comprising epsilon cross-
bedded sandstone with abundant rip-up clasts at the base, to cross-
and ripple-laminated sandstone with flaser and wavy structures at the
top (Fig. 3A). In the other outcrop, lowermost part shows meter-thick
sets of planar cross-bedded and horizontal laminated sandstones with
several tens of meters in lateral extension (Fig. 3B). Top is marked by
an erosional-base channelized deposit with abundant rip-up clasts
(Fig. 3B). Internal architecture and the occurrence of internal erosion
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Fig. 3. Outcrop photointerpretations with analyzed depositional facies and sample location together with photomicrographs of the main textural features (plane-polarized light, PPL).
A) Main braided channel (base and top; CB1 and CB2, respectively) along with adjacent lobate unit bars (bar-head and bar-tail; Bh and Bt, respectively) and associated secondary
channel (base, mid and top; CS1, CS2 and CS3, respectively). B) Compound braided bar (lower-implantation- and middle-accretion-parts; SF1 and SF2, respectively) and its cross-bar

channel (SF3). C) Straight channel (base and top; PCr1 and PCr2, respectively).

surfaces and rip-up clasts point out to a compound braided bar-type
deposit (Viseras and Fernandez, 2010) truncated by a cross-bar channel
(Bridge et al., 1998).

Fluvial deposit from the T7/T8 interval is characterized by a 2 m-thick
sandstone, with alternations of mudstone layers, that shows vertical
aggradation (Fig. 3C). From the base to the top, a planar cross-bedding
structure evolves to trough cross-bedding. Sedimentary architecture,
dimension and internal structures suggest a straight channel as the
fluvial depositional system (Viseras and Fernandez, 2010, Viseras et al.,
2011).

3. Methodology

A total of twelve sandstone samples from unweathered outcrop
portions were analyzed which correspond to four fluvial depositional
environments: (1) main braided channel (and adjacent lobate unit
bars; Fig. 3A); (2) associated secondary channel (Fig. 3A), all in the
first outcrop of T6 unit; (3) compound braided bar and its cross-bar
channel (Fig. 3B) in the second outcrop of T6 unit; and (4) straight
channel (Fig. 3C) of T7/T8 interval.

High-resolution petrographic analysis was performed including a
special characterization and classification of the rip-up clasts according

to their petrographic features and diagenetic behavior. Analysis was
carried out on polished thin sections and freshly broken surfaces by
using optical and field emission scanning electron microscopes
(FESEM Gemini of Carl Zeiss SMT) equipped with an energy dispersive
X-ray spectrometer. Cold-cathodoluminescence (CL) allowed to
examine textural features and relationship between rip-up clasts and
carbonate cements. Samples were etched and stained with hydrofluoric
acid and Na-cobaltinitrite for plagioclase and K-feldspar identification,
and with alizarin red-S and potassium ferricyanide for carbonate
type discrimination. Gazzi-Dickinson (600 points per thin section)
(Ingersoll et al., 1984; Zuffa, 1985, 1987) and grain size (100 grains
per thin section) point-countings provided qualitative and quantitative
data on framework composition and interstitial component to charac-
terize depositional and diagenetic fabrics (Table 1). Intergranular
volume (IGV), porosity loss by compaction and cementation (COPL
and CEPL, respectively) as well as compactional index (Icomp) Were
calculated following established conventions (Table 1; Lundegard,
1992). Chemical composition of carbonates within rip-up clast and ce-
ments was determined on selected representative samples that contain
higher amount of both types. Ca, Mg, Mn, Fe, Sr, and Ba contents were
obtained by using a Cameca SX100 electron microprobe operating at
15 kV and 20 nA with an electron beam of 5 pm diameter.
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Table 1

S. Henares et al. / Sedimentary Geology 339 (2016) 218-233

Petrographic data base of framework and interstitial components in analyzed sandstones, including main compositional and diagenetic indexes.

Unit T6

T7/T8

Depositional env. Channel + Lobate unit bar

Slough channel

Compound bar Straight channel

Sample CB1 CB2 Bh Bt CS1 CS2 CS3 SF3 SF2 SF1 PCr1 PCr2
Framework

Qm 286 320 330 309 257 296 319 305 321 353 352 371
Qp 45 42 39 52 38 43 18 52 29 54 40 40
K 42 41 27 29 8 49 27 18 24 20 13 16
K replaced by clays 1 4 6 1 3 1 3 1 1

P 21 24 14 20 9 20 43 22 27 18 8 18
P replaced by clays 3 8 5 6 1 8 1 7 2 4 4
Phyllite 5 5 10 11 2 6 16 7 9 5 27 44
Schist 2 1 2 4 1 2 2 1 7 16
Siltsonte 1 5 1 1 16

Sandstone 6 2 1 1 3 3
Muscovite 2 5 2 12 2 3 5 1 2 2 1 2
Chlorite 1 2
Opaque 4 4 6 4 2 2 1 3 1 6
Turmaline 2 1 2 1

Zircon 2 1 2 1

Rutile 1 1

Epidote 1 2 1 1 1 2 1 2
Glauconite 1 1
Muddy RuC* 88 77 59 70 24 50 48 20 56 38 8 2
Dolomitic muddy RuC 13 24 20 13 4 4 3 6 2
Dolomite crystalline RuC 4 2 9 89 19 14 12 4 2 7 3
Intergranular space

Feldspar overgrowth 2 1 1 2 2 3 1 1 2 1 3
Quartz overgrowth 40 28 37 33 29 20 6 30 47 47 20 13
Dolomite 30 24 47 15 99 55 70 61 21 30 70 30
Calcite 63 9 8 4 1
Primary porosity 3 5 6 20 5 7 5 14 17 29 18
Total 596 600 600 600 600 600 600 610 600 603 607 600
IGV® 12.7 9.7 14.6 12.5 18.8 14.2 9.5 18.8 15.0 17.2 213 11.6
COPL® 313 33.6 29.7 314 26.1 30.1 33.7 259 294 27.5 23.7 321
Leomp” 0.8 0.9 0.8 0.8 0.7 0.8 0.8 0.7 0.8 0.7 0.7 0.8
Q¢ 81.7 81.5 85.3 824 91.5 81.7 77.1 87.1 79.7 89.6 86.2 80.1
F¢ 16.4 171 10.7 139 5.5 16.9 18.5 10.2 139 8.8 5.7 7.6
R¢ 2.0 13 4.0 3.7 3.0 14 43 2.7 6.4 1.5 8.1 12.3
Qm¢ 80.8 80.6 87.5 83.5 934 80.9 79.8 87.9 84.0 89.8 93.1 90.5
K4 12.3 113 7.4 9.5 29 13.7 7.5 5.5 7.1 5.1 3.7 4.1
pd 6.9 8.1 5.2 7.0 3.6 5.5 12.8 6.6 8.9 5.1 32 5.4
Mean grain size (mm) 0.27 0.19 0.26 0.18 0.29 0.25 0.1 0.3 0.22 0.2 0.18 0.17

2 RuC: rip-up clast.

b IGV: intergranular volume, COPL: compactional porosity loss, Icomp: compactional index (Lundegard, 1992).

¢ Q: total quartz, F: total feldspar, R: total rock fragments (Pettijhon et al., 1973).
4" Qm: monocrystalline quartz, K: K-feldspar, P: plagioclase (Dickinson, 1985).

4. Results
4.1. Host sandstone detrital fabric

Grain size ranges from very-fine to medium-grained sand with mod-
erately to well-sorted, subrounded to subangular grains. Mean grain
size varies within each depositional environment according to deposi-
tional facies. In the main channel and adjacent lobate unit bar, mean
grain size decreases, vertically, from channel-lag deposit (0.27 mm) to
channel top (0.19 mm) and, laterally, from bar-head (0.26 mm) to
bar-tail (0.18 mm) (Fig. 3A). In associated secondary channel, there is
a fining upward succession from basal channel-lag (0.29 mm) to epsilon
cross-beds (0.25 mm) and ripple cross lamination at the top (0.1 mm)
(Fig. 3A). In the compound braided bar, mean grain size increases
from the base of the bar (0.2 mm) upwards (0.22 mm), being coarsest
at the cross-bar channel (0.3 mm). In the straight channel, mean grain
size slightly decreases upwards (from 0.18 to 0.17 mm). Depositional
texture, far to be uniform at thin section scale, usually displays sedimen-
tary structures such as parallel and ripple cross lamination highlighted
by laminae with higher rip-up clast content (Fig. 3A to C) or alternation
of laminae with different grain sizes (Fig. 3A, Bh sample).

Compositional signature classifies sandstones mainly as extraclastic
arenites (Fig. 4A; according to Zuffa, 1980) with subarkosic composition
in samples from braided fluvial system (average QsssFi32R3) and
sublitharenitic composition in samples from straight channel (average
Qs3.1Fs.7R102) (Table 1; Fig. 4B). Non-undulatory monocrystalline
quartz is the dominant grain type followed by polycrystalline quartz
without tectonic fabric and, in minor extent, inherited quartz (i.e. quartz
with rounded overgrowths). Feldspars consist of K-feldspars and
plagioclases in similar proportions that barely vary among different
facies (total average of Qmg,sgKg,P; in T6 braided system and
Qmyg; gK39P4 3 in T7/T8 straight channel; Fig. 4C). Rock fragments are
represented in order of abundance by low-, medium-grade metamor-
phic (phyllites and schists) and sedimentary (sandstones and silt-
stones) grains. Other extrabasinal components in accessory content
are micas, mainly muscovite, and silt-sized, well-rounded heavy
minerals (zircon, tourmaline, rutile, epidote and opaques; 0-1.6%).
Intrabasinal components may amount to an important portion of frame-
work. They are substantially represented by different rip-up clast types
(up to 29.2%; see next section for further characterization) and, subordi-
nate, by well-rounded glauconite with similar size of other accessory
host framework grains (0.2%).
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4.2. Rip-up clast characterization

Rip-up clasts occur in all analyzed sandstones (Fig. 4D) and their size
decreases as grain size does according to depositional facies. On the
basis of their petrographic features (rip-up clast composition: inclusion
or not of dolomite crystals and, if so, its abundance and size) and their
mechanical behavior (ductile, semi-ductile and rigid), the following

three main classes of rip-up clasts are differentiated: 3

1) Muddy rip-up clasts. They are dark red in color due to Fe-oxide pres-
ence and are composed by clay minerals, mainly illite from EDX
analyses (Fig. 5A). They occur in all depositional facies with a general
trend of increasing abundance in coarser facies from main braided
and straight channels. Opposite trend is observed in associated
braided secondary channel and compound bar environments
(Fig. 4D). They usually concentrate in preferential laminae according
to sedimentary structure (Fig. 3B). Size ranges from 0.1 to 5 mm. This
rip-up clast type displays a highly ductile behavior during mechani-
cal compaction which deforms and squeezes them between other
rigid framework grains (Fig. 5A).

2

—

Dolomitic muddy rip-up clasts. They are composed by dolomite crys-
tals embedded in a clayey matrix with similar characteristics to that
of muddy rip-up clasts (Fig. 5B and C). Inclusion of silt-sized
siliciclastic grains is rare. Dolomite occurs as euhedral rhombic crys-
tals, some of them with a clean outer rim (Fig. 5B) that appears as a
slight zonation at SEM (Fig. 6A and B). Most of dolomite crystals con-
tain red-colored inclusions, some with a radial pattern from the cen-
tral crystal area until the clean rim (Fig. 5B). Dolomite abundance
within the clast varies between 10% and 50% of total clast volume.
Crystal size is highly variable among crystals of different clasts, rang-

~

with clast size (0.3-0.9 mm). Abundance of this rip-up clast type de-
creases according to grain size in each depositional environment,
being absent in some facies of channel and adjacent lobate unit bar
(Fig. 4D). Their spatial distribution does not follow sedimentary
structure. These rip-up clasts display a semi-ductile behavior during
diagenesis, being partially deformed by mechanical compaction
(Fig. 5B and C).

Dolomite crystalline rip-up clasts. They are usually composed by do-
lomite crystals with minor amounts of intercrystalline clayey matrix
(Fig. 5D and E), similar to that of muddy rip-up clasts. In other
cases, they are exclusively composed of crystalline dolomite consti-
tuting an idiotopic mosaic (Fig. 5F and G). Inclusion of siliciclastic
grains is common and, sometimes, abundant. Dolomite crystal habit
is analogous to that of the dolomitic muddy rip-up clasts, including
clear outer rims and inclusions (Fig. 5D, E and H; Fig. 6B). Subhedral
and anhedral habits with nonplanar, highly irregular intercrystalline
boundaries are also present (Fig. 5E). Dolomite abundance within
the clast varies between 50% and 100% of total clast volume. Dolomite
crystal size is highly variable between crystals from the same clast
and crystals from different clasts, ranging from dolomicrite textures
(Fig. 5G) up to 0.2 mm, without an apparent relationship with clast
size (0.3-3 mm). These rip-up clasts are mainly equidimensional
and may show organic structures filled by inherited dolomite cement
(Fig. 5H). Abundance of dolomitic crystalline rip-up clasts decreases
as grain size does in each depositional environment, being especially
abundant as channel-lag deposits (Fig. 4D). This rip-up clast type be-
haves as rigid grains, non-deformed by mechanical compaction, pre-
serving its original grain shape (Fig. 5D to G).

Under CL, dolomite crystals within rip-up clasts are systematically

ing from 0.05 to 0.1 mm, and does not show an apparent relationship bright orange luminescent (Fig. 6D to H). Euhedral rhombic dolomites
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clean outer rims

e n

Fig. 5. Photomicrographs showing the different rip-up clast types. A) Muddy rip-up clast strongly deformed by mechanical compaction (CB1 sample). B and C) Dolomitic muddy rip-up
clasts partially deformed by mechanical compaction (CS2 and CS1 samples, respectively). Notice clean outer rims in dolomite crystals. D) Dolomite crystalline rip-up clast composed by
euhedral, rhombic dolomite crystals with clean outer rims and radial-pattern inclusions, embedded in a clayey matrix (CS1 sample). The yellow box area corresponds to SEM image of
Fig. 6A. E) Dolomite crystalline rip-up clast composed by dolomite crystals with nonplanar intercrystalline boundaries and radial-pattern inclusions, embedded in a clayey matrix (SF3
sample). F and G) Dolomite crystalline rip-up clasts exclusively composed by dolomite crystals constituting meso- and microcrystalline idiotopic mosaics, respectively (SF3 and Bh
samples, respectively). H) Dolomite crystalline rip-up clast composed by dolomite crystals with clean outer rims and radial-pattern inclusions, embedded in a clayey matrix (CS1
sample). Organic structures within the clasts (light areas) are filled by inherited dolomite cement. The yellow box area corresponds to SEM image of Fig. 6B. Circle area corresponds to
CL photomicrograph of Fig. 6F. (All photomicrographs in plane-polarized light, PPL, except G in cross-polarized light, XPL).

with clear outer rims show a slight zonation from darker orange cores to radial pattern and red-colored at optical microscope luminesce darker
brighter yellowish orange rims (Fig. 6D, E and F). Inherited dolomite ce- orange (Fig. 6C to F).

ment within dolomitic crystalline rip-up clasts may present the same Microprobe analysis indicates that dolomite crystals within rip-up
zonation (Fig. 6F). Bright orangish yellow luminescent inclusions are clasts are approximately stoichiometric (total average CaO = 50.09%
observed within dolomite crystals (Fig. 6C and D) whereas those of wt.; MgO = 48.55% wt.) with relative high Mn and Fe contents (total
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Fig. 6. A and B) SEM images of euhedral dolomite crystals with zonation from central areas to clearer outer rims, in both cases (dotted lines), and bright inclusions and clayey matrix due to
the presence of Fe-oxides, in B. C and D) Same microphotograph under PPL and CL showing luminescence difference between dolomite crystal within rip-up clasts (bright orange
luminescent) and poikilotopic dolomite cement (slightly darker; dol cm). Clear outer rims (arrows) luminesce brighter yellowish orange. Black-colored inclusions under PPL are bright
orangish yellow luminescent whereas those red-colored are darker orange (solid circle) (CS1 sample). E) CL microphotograph corresponding to circle area of Fig. 9C showing
luminescence difference between dolomite crystal within rip-up clasts (bright orange luminescent) and syntaxial dolomite cement (slightly darker; dol cm). Zonation of euhedral
dolomite crystals from darker cores to brighter rims is also observed (arrows; CS1 sample). F) CL microphotograph showing the same zonation in inherited dolomite cement
(inherited cm). Brighter yellowish orange luminescent rims (arrows) and darker orange luminescent inclusions within dolomite crystals are also recognizable. G and H) Same
microphotograph under cross-polarized light (XPL) and CL showing difference between luminescent zoned dolomite cement and dull luminescent calcite cement (SF3 sample).

average Mn = 5532 ppm; Fe = 2146 ppm) (Fig. 7A and B) and low Sr contents (core: Mn = 5677 ppm, Fe = 2340 ppm; rim: Mn =
(total average 358 ppm) and Ba (total average 132 ppm). Zonation in 5387 ppm, Fe = 1953 ppm; Fig. 7B). At SEM and under CL, clearer and
dolomite crystals, when occurs, is due to variations in Fe and Mn brighter orange luminescent outer rims, respectively, are associated to
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Fig. 7. Carbonate chemical composition: CORE and RIM = core and rim of dolomite crystals within rip-up clasts, respectively; INHER. CEMENT = inherited dolomite cement within rip-up
clasts; DOLO T6 and DOLO T7/T8 = dolomite cements from T6 braided system sandstones and T7/T8 straight channel sandstones, respectively; CALCITE = calcite cement from T6
sandstones in compound braided bar environment (SF samples). A) CaCO3-MgCO3;-(Mn + Fe)COj3 ternary diagrams showing almost stoichiometric compositions in all cases.
B) Table summarizing average composition of carbonates for major elements. C) Fe versus Mn content in dolomite within rip-up clasts. Scatter of data shows a non-constant core-rim
variation trend of these elements. D) Fe versus Mn content in sandstone carbonate cements. There is an increase in both element contents from T6 to T7/T8 dolomite cement.

both higher Mn and Fe contents (Fig. 6A to F). However, core-rim vari-
ation trend between these elements is highly irregular among dolomite
crystals from the same rip-up clast as well as from different clasts. Com-
binations are variable from core to rim (Fig. 7C): Fe decreases whereas
Mn increases (Fig. 6B), and vice versa, or both elements increase
(Figs. 6A; 7C). Inherited dolomite cement within rip-up clasts is very
similar in composition to dolomite crystals in terms of average CaO
and MgO contents (50.24% and 48.12% wt.; Fig. 7A and B), with slightly
higher Mn (6802 ppm), Sr (590 ppm) and Ba (510 ppm) contents but
lower Fe (2308 ppm) (Fig. 7B and C).

4.3. Host sandstone diagenesis

Mechanical compaction dominates over chemical compaction and is
the main porosity-reducing diagenetic process as indicated by an
Icomp < 0.5 in all analyzed sandstones (Lundegard, 1992). It is manifested
as mechanical deformation of ductile grains such as muddy and, in
minor extent, dolomitic muddy rip-up clasts (Fig. 5A to C), medium-
grade metamorphic lithic fragments and micas. Mechanical compaction
is partially inhibited by early diagenetic cements which preserve inter-
granular volume (IGV). IGV is strongly facies-related with higher IGV
values systematically associated to coarser grain sizes within each depo-
sitional environment (Fig. 8A). Highest IGV (IGV = 21.3%) is associated
to straight channel base (PCr1 sample) whereas lowest IGV (IGV =
9.5%) is at secondary braided channel top (CS3 sample). Conversely,
higher COPL values correspond mainly to finer-grained facies within
each depositional environment (Fig. 8A).

The main porosity-modifying cements in sandstones include quartz
(1-7.8%) and feldspar (0-0.5%) overgrowths and dolomite pore-filling
cement (4-24.6%) (Fig. 9A to D). Calcite cement only occurs in com-
pound braided bar depositional environment (SF samples; 1.3-9.8%).
Feldspar overgrowths form thin and continuous euhedral prisms
around detrital feldspar grains (Fig. 9A). It is the earliest cement being
systematically overgrown by the rest of authigenic minerals (Fig. 8B).
Dolomite replacement of this cement is common (Fig. 9A). Dolomite
precipitates as: (i) coarse, euhedral, poikilotopic, and rhombic crystals
(up to 3 mm; Fig. 9B) that preserve high IGV and, in some cases, inhibit
quartz overgrowth formation; (ii) syntaxial dolomite that develops oc-
cluding sandstone intergranular space as overgrowths from rip-up clast
dolomite crystals (Fig. 9C); and (iii) fine, euhedral (up to 0.05 mm),
rhombic crystals in direct contact with detrital grains that preserve pri-
mary porosity (Fig. 9D). Last dolomite textural type only occurs in T7/T8
straight channel samples (PCr samples) where it represents the earliest
cement that preserves highest IGV and primary porosity values
(Fig. 8B). Under CL, poikilotopic and syntaxial dolomite cements show
the same orange luminescent color than dolomite crystals within rip-
up clasts, although slightly darker (Fig. 6D, E and F). Locally, euhedral
dolomite cement may be zoned from darker cores to brighter orange lu-
minescent rims (Fig. 6G and H). Quartz occurs as well-developed,
euhedral prisms around detrital quartz grains with occasional bipyrami-
dal habit (Fig. 9E) and, in minor amount, as microcrystalline rims
(<10 pm) (Fig. 9F). Quartz, when it is not inhibited by dolomite cement,
overlies dolomite crystals (Fig. 9G) and is postdated by calcite cement
(Figs. 8B and 9H). Calcite forms poikilotopic pore-filling cement that
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Fig. 8. Diagenetic evolution of host sandstones. A) Compactional (COPL) versus
cementational (CEPL) porosity loss diagrams (modified after Lundegard, 1992).
B) Diagenetic sequence of main diagenetic processes as interpreted from petrographic
analysis.

systematically overlies the rest of cements (Figs. 9B and H; 8B). Under
CL, calcite is dull luminescent (Fig. 6G and H). Other minor diagenetic
processes encompass replacement of framework grains by carbonates
(both dolomite and calcite), replacement of feldspars by phyllosilicates
(mainly illite) and dedolomitization (only observed in samples from T7/
T8 straight channel; Fig. 8B).

Chemical analysis of authigenic dolomite from both stratigraphic
units (T6 and T7/T8) shows an important similarity in composition
with dolomite crystals in terms of CaO and MgO contents (total average
50.17% wt. and 48.49% wt.; Fig. 7A and B). Differences with rip-up clast
dolomite crystals as well as between dolomite cements from both units
are mainly associated to Fe and Mn contents. Authigenic dolomite
shows slightly higher Mn (6413 ppm, total average) but significantly
lower Fe (1330 ppm, total average) contents than dolomite crystals
within rip-up clasts (Fig. 7B and D) whereas, from braided system (T6
unit) to straight channel (T7/T8 unit), there is a general increase in
both elements (T6: Mn = 5546 ppm and Fe = 592 ppm; T7T/8:
Mn = 7280 ppm and Fe = 2068 ppm; Fig. 7B and D). Calcite cement
is not purely stoichiometric due to MgO content (CaO = 96.67% wt.;
MgO = 3.15% wt.). Fe, Mn and Ba are relatively low (503 ppm,
140 ppm and 48 ppm, respectively) whereas Sr content is the highest
among all carbonates (600 ppm) (Fig. 7B and D).

5. Discussion
5.1. Origin of rip-up clasts

Rip-up clasts in fluvial sandstones from Argana Basin (T6 and T7/T8
stratigraphic units) have been considered as intrabasinal components
according to following textural and compositional criteria (Zuffa,
1985; Garzanti, 1991): (1) grain size mostly greater than other frame-
work grains; (2) inclusion, in a clayey matrix, of idiomorphic dolomite
crystals with a wide range of crystal size and abundance; and (3) inclu-
sion, in crystalline dolomite mosaic, of finer-grained siliciclastic grains

(mainly quartz) than surrounding siliciclastic framework components.
In addition, frequent irregular contours in muddy-dominated grains as
result of mechanical compaction denote lack of lithification and thus
absence of burial diagenesis in the original source. In fluvial systems,
intrabasinal detrital products derived from low preservation
potential sediments are mainly associated to erosion of floodplain
subenvironments (Garzanti, 1991).

Cloudy cores in dolomite crystals with abundant radial-pattern in-
clusions of Fe-oxides and clay minerals point out to a first stage of
replacive growth in a muddy matrix (Fig. 10A and B). Locally, a subse-
quent stage of displacive growth can be deduced from the presence of
clean outer rims that deform muddy ground mass of host original sedi-
ments (Fig. 10C and D). Bright orange luminescence of dolomite crystals
denotes slightly reducing conditions with incorporation of Mn? " and
Fe? ™. Slightly variations in chemical composition of dolomite crystals,
which are approximately stoichiometric (Fig. 7A and B), suggest that
dolomite does not result from dolomitization processes of previous cal-
cite minerals (Hardie, 1987; Kupecz and Land, 1994). All these features
are consistent with groundwater (phreatic) dolocretes embedded in
muddy floodplain sediments as the source of different rip-up clast
types (Arakel, 1986; Armenteros et al., 2003; Wright and Tucker,
1991; Spotl and Wright, 1992; Colson and Cojan, 1996; Pimentel et al.,
1996). A vadose (pedogenic) origin for some of these dolocretes cannot
be completely ruled out as it is suggested by the presence of organic
structures with inherited dolomite cement within several dolomite
crystalline rip-up clasts (Fig. 5H).

Genesis of groundwater dolocretes requires low sedimentation rates
in evaporation-dominated floodplain environment (i.e. saline lakes)
where groundwaters are depleted in Ca>* as result of nearby calcrete
formation (Andrews, 1985; Arakel, 1986; Arakel et al., 1989, 1990;
Colson and Cojan, 1996; Khadkikar et al., 1998). Similar phreatic
dolocretes have been documented in fluvial deposits where precipita-
tion of evaporate minerals (gypsum) in playa-lake environment is the
main factor of groundwater Ca-depletion (Arribas et al., 1996). Presence
of coeval shallow ephemeral lakes and extensive saline mudflats during
T6 and T7/T8 deposition has been reported by Brown (1980) and
Hofmann et al. (2000).

Very early (pre-compactional), fine-grained, rhombic dolomite ce-
ment in straight channel samples (T7/T8 unit; Fig. 9D) may constitute
an example of a phreatic dolocrete generated in a high porous media
(Nash and McLaren, 2003). Morphology, abundance and size of dolo-
mite crystals within dolocretes will depend on host rock lithology, po-
rosity and permeability (Khalaf, 1990).

Similar muddy rip-clasts with dolomite crystals have been described
in fluvial-aeolian sandstone reservoirs from Reconcavo Basin (Brasil) by
De Ros and Scherer (2012). These authors interpret dolomite as replace-
ment of rip-up clast during very early (pre-compactional) diagenetic
stages. In the Argana Basin, the present study demonstrates that dolo-
mite crystals are primary in origin and later reworked. In fact, its pres-
ence or not within rip-up clasts will have a major impact on
diagenetic evolution of host sandstone.

5.2. Geochemical diagenetic processes in host sandstones

K-feldspar overgrowth is interpreted as the first cementing phase,
resulting from alkaline (high aK™/aH™), silica-rich eodiagenetic waters
commonly associated to early diagenetic stages in arkosic red beds
(Waugh, 1978; Arribas, 1987; Morad et al., 1989). Dolomite cement,
which locally replaces K-feldspar overgrowths, precipitates from alka-
line phreatic waters with a high Mg/Ca ratio that may be derived from
near-surface evaporitic processes during eodiagenesis (Hutton and
Dixon, 1981; Spotl and Wright, 1992). This cement, in its several growth
habits (poikilotopic, syntaxial and fine-grained rhombic crystals), oc-
cludes primary pores thus preventing intense mechanical compaction
and predates quartz overgrowths. Silica for quartz cement may be par-
tially released from weak chemical compaction processes during burial
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Fig. 9. Optical microphotographs and SEM images of main porosity-modifying cements affecting host sandstones. A) Feldspar overgrowth partially replaced by dolomite cement (white
arrow) and postdated by quartz overgrowth (black arrow) (XPL, CS1 sample). B) Coarse, euhedral, poikilotopic dolomite cement inhibiting quartz overgrowth formation (white arrows).
Notice the occurrence of well-developed quartz overgrowth in the same grains, postdated by calcite cement (black arrows) (PPL, SF3 sample). C) Syntaxial dolomite cement developed in
adjacent intergranular space as overgrowths from rip-up clast dolomite crystals (circle area; XPL, CS1 sample). Circle area also corresponds to CL image of Fig. 6E. D) Fine, euhedral,
rhombic crystals of dolomite cement preserving primary porosity (black arrows) (XPL, PCr1 sample). E) Well-developed quartz overgrowth with bipyramidal habit (XPL, SF3 sample).
F) Microcrystalline rim of quartz overgrowths showing prismatic habits (Micro Qz). Coarser, euhedral quartz overgrowths are also observed (Qz ov) (CS2 sample). G) Quartz
overgrowth overlaying dolomite cement (Dol) (CS1 sample). H) Quartz overgrowth postdated by calcite cement (SF2 sample).

diagenesis. Nevertheless, alteration of K-feldspar to illite and/or trans- primary muddy rip-up clast composition. Both processes require high
formation of smectite into illite are also encouraged as sources of Si*™ temperature diagenetic environments (130-140 °C; Bjorlykke, 1994)
(Worden and Morad, 2003) according to the sandstone framework which is consistent with the maximum temperature data estimated
composition and the presumable incorporation of smectitic clays in for Argana Basin (150 °C; Leikine et al., 1996) without invoking
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Fig. 10. SEM images of the different dolomite growth stages in a clayey matrix. A and B) First stage of replacive growth of dolomite crystal incorporating illitic clays (R of replacive).In A), a
clear outer rim of dolomite crystal deforms clay minerals during the last growth stage (D of displacive). C and D) Later displacive growth resulting in clear outer rims (dotted lines) that

deform muddy host ground mass.

hydrothermal processes (Lahcen et al., 2007). Calcite cement overlies
previous authigenic minerals so postdate them. Calcite precipitation as
well as dedolomitization processes are considered telodiagenetic prod-
ucts from flux of fresh oxidizing meteoric waters (Molenaar, 1998).

5.3. Diagenetic evolution and implications on reservoir quality

Amount and type of rip-up clasts occurring in fluvial Triassic de-
posits of the Argana Basin are a key first-order control over diagenetic
history of host sandstones (Fig. 11). Its influence is particularly evident
on mechanical compaction and dolomite cementation (Fig. 12). Both
eodiagenetic processes are crucial for a thorough understanding of res-
ervoir quality evolution.

On the one hand, mechanical compaction is strongly favored by
muddy rip-up clast occurrence (Fig. 11A and B) behaving as highly duc-
tile grains due to intragranular microporosity (Pittman and Larese,
1991) and lack of dolomite crystals. Their presence in sandstone frame-
work results in a significant early reduction of primary porosity and an
irreversible loss of IGV which considerably deteriorates reservoir quality
(Rittenhouse, 1971; Pittman and Larese, 1991; Paxton et al., 2002;
Worden and Morad, 2003; Figs. 11C; 12A). From Fig. 11B and C, it can
be deduced that when around 20% of sandstone framework is repre-
sented by muddy rip-up clasts, COPL increases up to around 35% where-
as IGV decreases to less than a 10% remaining. Effect of other relatively
ductile framework components, such as lithic fragments (phyllite and
schist), is subordinated to the abundance of this rip-up clast type as
demonstrated by the greater correlation between muddy rip-up clasts
and COPL (Fig. 11B and D). Conversely, dolomite crystalline rip-up clasts
act as rigid (non-deformed) framework grains that prevent porosity
loss by mechanical compaction (Figs. 5D to H; 12C). Ductility (grade of
mechanical deformation) of dolomitic muddy rip-up clasts will depend
on abundance and size of dolomite crystals within the clast (see differ-
ence in clast extrusion between Figs. 5B and C; 12B).

On the other hand, occurrence of dolomite crystalline and dolomitic
muddy rip-up clasts has double role on eodiagenetic dolomite precipita-
tion (Figs. 11E to H; 12B and C): 1) as nuclei for syntaxial dolomite ce-
ment to grow in adjacent interstitial space (Burley, 1984; Carvalho

et al., 1995; Molenaar, 1998; Ketzer et al., 2002; Al-Ramadan et al.,
2005; Fig. 9C); and 2) as local sources of dolomite cement derived
from dissolution-reprecipitation processes (i.e. chemical compaction)
(Arribas et al., 1996; Al-Ramadan et al., 2005; Morad et al., 2010; De
Ros and Scherer, 2012). Petrographic evidences such as the greater cor-
relation between this rip-up clast type and dolomite cement, compared
with other cements (CEPL or total carbonate cement) (Fig. 11F to H), as
well as similar chemical compositions of detrital dolomite and dolomite
cements (Fig. 7A) are consistent with both processes. Fig. 11H suggests
that when around 10% of sandstone framework is represented by these
types of rip-up clasts (dolomite crystalline and dolomitic muddy), dolo-
mite cement only can constitute up to 25% of total rock composition (in-
cluding framework, cements and pores). Typical association of dolomite
crystalline and dolomitic muddy rip-up clasts with coarser-grained de-
positional facies may also stimulate dolomite precipitation due to
higher original permeability of such facies. Early pervasive dolomite ce-
mentation occludes remnant primary porosity but partially inhibits me-
chanical compaction, thus preserving high IGV in host sandstones. In
the case of pre-compactional, fine-grained, rhombic dolomite cement
from T7/T8 straight channel samples (Fig. 9D), primary porosity is also
preserved. Despite the negative effect of dolomite cementation by re-
ducing primary porosity, preservation of IGV may considerably enhance
reservoir quality by later carbonate dissolution processes (Schmidt and
McDonald, 1979; Surdam et al., 1984, Bjerlykke, 1984).

In addition, spatial distribution and abundance of different reported
rip-up clasts are strongly facies-related according to grain size
(Garzanti, 1991; Pittman and Larese, 1991). Preferential concentration
of muddy rip-up clasts in continuous layers (Fig. 3B) and of dolomite
crystalline rip-up clasts in specific depositional facies (e.g. channel-
lags) increases porosity heterogeneity and permeability anisotropy. At
pore- and depositional-scales, continuous levels of pseudomatrix
blocking pore throats and intergranular pores (Fig. 12A; Bloch, 1994;
Ketzer and Morad, 2006) as well as laterally extensive layers pervasively
cemented by dolomite may constitute local barriers and baffles for fluid
flow in-between amalgamated sandstone bodies, creating reservoir
compartmentalization (Fig. 12B and C; Gibbons et al., 1993; Prosser
et al,, 1993).
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Fig. 11. Relationship between main diagenetic processes affecting host sandstones and the abundance of rip-up clast types. A) COPL versus percentage of all rip-up clast types in sandstone
framework showing no apparent correlation according to its low R? value. B) COPL versus percentage of muddy rip-up clasts in sandstone framework showing very high and direct
correlation as indicated by the highest R? value. PCr2 sample (T7/T8 straight channel) is not included for correlation because of significant predominance of lithic fragments over
muddy rip-up clasts mainly influences mechanical compaction. C) IGV versus percentage of muddy rip-up clasts in sandstone framework shows high but inverse correlation. Idem
with PCr2 sample. D) COPL versus percentage of ductile grains (muddy rip-up clasts plus lithic rock fragments) in sandstone framework shows high and direct correlation although
slightly lower that only compared with muddy rip-up content. E) CEPL versus percentage of all rip-up clast types in sandstone framework shows no apparent correlation according to
its very low R? value. F) CEPL versus percentage of rip-up clasts with dolomite (dolomitic muddy plus dolomite crystalline rip-up clasts) in sandstone framework shows low and direct
correlation. G) Percentage of carbonate cements (dolomite plus calcite) in total rock composition versus percentage of rip-up clasts with dolomite in sandstone framework still shows
relative low and direct correlation, although greater than previous one. H) Percentage of rip-up clasts with dolomite (dolomitic muddy plus dolomite crystalline rip-up clasts) in
sandstone framework versus percentage of only dolomite cement in rock composition (framework, cement and pores) shows high and direct correlation according to its high R? value.
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Original
rip-up clast

Diagenetic fingerprint

rigid framework grains

- Intense mechanical compaction

- Pseudomatrix generation

- Early reduction of primary porosity
- Irreversible IGV loss

- Strong porosity and permeability
deterioration

- Vertical heterogeneity through
barriers and baffles generation

- Moderate mechanical compaction

- Little pseudomatrix generation

- Early moderate reduction of primary
porosity

- Vertical heterogeneity through barriers
and baffles generation

- Low mechanical compaction

- No pseudomatrix generation

- Early dolomite cementation ([dol])

- Porosity and permeability deterioration
- IGV preservation

- 3D heterogeneity through barriers and
baffles generation

Fig. 12. Cartoon illustrating diagenetic behavior of the different rip-up clast types and related reservoir quality pathways. A) Muddy rip-up clasts. B) Dolomitic muddy rip-up clasts.

C) Dolomite crystalline rip-up clasts.

6. Conclusions

Coupling high-resolution petrographic and chemical data within a
well-constrained depositional framework of Triassic fluvial sandstones
from Argana Basin (T6 and T7/T8 units), leads to following conclusions:

(1) Rip-up clasts may represent a significant part of host sandstone
framework as intrabasinal components with a spatial distribu-
tion strongly controlled by depositional facies (i.e. grain size).
Importance of muddy and dolomite rip-up clasts in fluvial sand-
stones is proved in two fundamental ways: 1) as information
sources about low preservation potential floodplain deposits for
paleogeographic reconstructions; and 2) as key elements con-
trolling host sandstone diagenetic evolution and, thus, reservoir
quality.

(2) On the basis of rip-up clast composition and mechanical behav-
ior, three main classes are differentiated: muddy rip-up clasts
without dolomite crystals; dolomitic muddy rip-up clasts with
intermediate dolomite crystal proportions; and dolomite crystal-
line rip-up clasts mainly composed by dolomite crystals.

(3) Origin of these grains is related to erosion of coeval phreatic
dolocretes, in different development stages, and associated
muddy floodplain sediments in an evaporation-dominated
environment. Cloudy cores with radial-pattern inclusions and
clear outer rims in dolomite crystals suggest a first replacive
and subsequent displacive crystal growth, respectively, in
shallow environments.

(4) Diagenetic evolution, dominated by mechanical compaction and
dolomite cementation, is strongly affected by the amount and
type of rip-up clasts. Mechanical compaction of highly ductile
muddy rip-up clasts results in early reduction of primary porosity
and irreversible loss of IGV. High correlation (R? = 0.69) be-
tween COPL and this rip-up clast type indicates that when
around 20% of sandstone framework is represented by muddy
rip-up clasts, COPL increases up to around 35% whereas IGV de-
creases to less than a 10% remaining. Conversely, dolomite crys-
talline rip-up clasts act as rigid (non-deformed) framework
grains preventing mechanical compaction. High correlation be-
tween dolomite cement and rip-clasts with dolomite crystals

(R? = 0.62) points out that they may act as nuclei and source
for dolomite cement, which can constitute up to 25% of total
rock composition when these grains represent around 10% of
sandstone framework. Their similar chemical compositions also
support an early diagenetic origin coinciding with coeval phreat-
ic dolocretes.

(5) Spatial distribution of rip-up clasts throughout depositional fa-
cies and associated diagenetic processes impact reservoir quality
by generation of vertical and 3D fluid flow baffles and barriers
that compartmentalize the reservoir.

(6) These results may be used for a better understanding of reservoir
quality distribution in analogous hydrocarbon-bearing basins
such as the Bay of Fundy, Nova Scotia (Canada).
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