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fluvial and tidal sandstones, Sirt Basin, Libya
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ABSTRACT

This study constrains factors controlling the distribution of diagenetic alteration
and their impact on reservoir quality of the Cretaceous sandstones from the Al-
Bayda Platform, located in the southern Sirt Basin (Libya). These factors include
the presence of early cements as well as the influx of hot basinal brines. The
studied samples come from two blocks in the Khalifa Field, which are dislocated
by a major normal fault. The deep-burial (mesogenetic) alteration includes the
partial to pervasive replacement of early (eogenetic) dolomite and calcite cements
by ferroan-dolomite, ankerite and siderite, precipitation of grain-coating chlorite,
and cementation by quartz overgrowths, barite and anhydrite, particularly in the
downthrown block. The association of quartz overgrowths with barite suggests
that deep burial was influenced by the influx of hot basinal brines through faults.
Conversely, deep-burial alteration in braided fluvial deposits of the Nubian
sandstones of the upthrown block include: illitization of eogenetic smectite,
quartz cementation and formation of chlorite.

This study shows that deep burial of the studied sandstones did not occur in
a closed system, but was affected by the influx of hot basinal brines through
faults, which formed during basin rifting. This interpretation is supported by the
relatively high homogenization temperatures (100-110°C; corrected to 110-125°C) of
primary fluid inclusions within quartz overgrowths, which exceed the maximum
burial temperatures experienced by the Cretaceous succession, and by the high
salinity of these inclusions.

INTRODUCTION

Diagenesis may account for post-depositional porosity modification and evolution in three different
realms or zones (e.g. eogenetic, mesogenetic and telogenetic) which were first recognized for
carbonates by Choquette and Pray (1970), and later largely applied to siliciclastics (e.g. Morad et al.,
2000; Worden and Burley, 2003). These realms or zones and associated diagenetic processes roughly
correspond with temporal stages: (1) Eogenesis (early diagenetic alteration) includes all processes
that occur at or near the sedimentation surface, where the chemistry of the interstitial waters is
controlled mainly by the depositional environments and paleoclimatic conditions (Berner, 1980; De
Ros et al., 1994; Morad et al., 2000; Morad et al., 2010); (2) Mesogenesis (deep-burial alteration) acts
during sediment burial and includes all the diagenetic processes that occur once the sediment has
passed from the influence of the depositional environment and before the onset of the earliest stages
of low-grade metamorphism (De Ros et al., 1994; Morad et al., 2000; Morad et al., 2010). Deep-burial
alteration is controlled by basin thermal history, formation water chemistry, distribution of eogenetic
alteration, and in some cases by fluxes of hydrothermal waters, in thermal disequilibrium with the
ambient rocks (Gaupp et al., 1993; Worden and Morad, 2000; Ochoa et al., 2007); and (3) Telogenesis
(exhumation alteration) occurs during or after uplift and erosion of previously buried sediments,
commonly exposed to fluxes of meteoric waters (Bjorkum et al., 1990; Morad et al., 2000; Worden and
Morad, 2003).

There is a strong controversy in literature regarding whether deep burial of sandstones occurs in open
or closed systems (Bjerkum and Gjelsvik, 1988; Morad et al., 2000; Worden and Barclay, 2000). Some
authors suggested that deep-burial alteration occurs in open systems (Hurst and Irwin, 1982; Berger
etal, 1997; Land et al., 1997), in which mass transfer takes place by large-scale cross-formational flows
of solutions (Glassman, 1992; Berger et al., 1997), which may be derived from adjacent mudstone
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successions (Evans, 1989; Milliken et al., 1994; Land et al., 1997; Thyne, 2001). Some other authors
suggested the role of fluxes of hot basinal brines through faults (Sullivan et al., 1990; Burley, 1993;
Knipe, 1993; Morad et al., 1994; De Ros et al., 2000; Hendry et al., 2000; Ochoa et al., 2007; Wendte
et al., 2009). Conversely, other authors suggested that deep-burial alteration in sandstones occurs
mainly by small-scale diffusion in closed systems (Bjorkum and Gijelsvik, 1988; Giles et al., 1992;
Bjorlykke, 1998; Worden et al., 1998).

In closed mesogenetic systems, the released ions are possibly re-precipitated as cements (Bjorkum
and Gjelsvik, 1988), whereas in open mesogenetic systems fluxes of hot basinal brines through faults
may carry the components needed for cementation (Burley et al., 1989; Knipe, 1993; Morad, et al.,
1994; Walderhaug, 2000; Ochoa et al., 2007; Wendte et al., 2009). Deep hot basinal brines are reported
to be rich in Si, Ba, Fe and Mg ions (Boles and Franks, 1979; Land and Fisher, 1987; Morad et al., 1994),
which may precipitate as quartz, barite and siderite cements (Rossi et al., 2002).

The Cretaceous sandstones of the Nubian and Bahi formations are major reservoirs in the Sirt Basin
(Libya). In the Khalifa Field, located on the Al-Bayda Platform in the southern Sirt Basin, the sandstones
are offset by a major normal fault. The sandstones from the downthrown block display lower reservoir
quality compared to the upthrown block, and this reservoir heterogeneity is attributed in this study to
the occurrence and distribution of early and deep-burial (eo- and mesogenetic) alteration.

This study provides evidence that deep-burial (mesogenetic) alteration, which was enhanced by the
influx of hot brines along faults, has affected considerably the reservoir quality of the Cretaceous
Nubian and Bahi sandstones from the Al-Bayda Platform. The alteration has occurred in both open
and closed diagenetic systems at different stages of the basin burial history. The results may help
in predicting the spatial and temporal distribution of heterogeneities controlled by mesogenetic
processes in similar siliciclastic reservoirs, which experienced a comparable burial evolution. This
study follows on previous work by Khalifa and Morad (2012), which addressed the impact of
structural setting on the diagenesis of Cretaceous sandstones in the Sirt Basin.

GEOLOGICAL SETTING OF THE SIRT BASIN

The Sirt Basin in northern Libya (Figure 1) is considered as a continental rift, belonging to the Tethyan
rift system (Guiraud and Bosworth, 1997). The structural and stratigraphic evolution of the basin
includes multiple tectonic phases: (1) intracontinental rifting, which may have continued from Late
Carboniferous to Early Jurassic time (Van Houten, 1983); (2) initiation of the Sirt Basin as a result of
extension during Jurassic-Tertiary time (Van Houten, 1980); and (3) re-activation of rifting during
Tertiary time (Van der Meer and Cloetingh, 1996). The late Cretaceous rifting led to the collapse of the
Tibesti-Sirt Arch into a series of NW-SE trending troughs and platforms during the Aptian (Finetti,
1982; Hallett and El-Ghoul, 1996). As a result, a triple junction formed between the Sirt arm (NW-SE
trending), the Sarir-Hameimat arm (E-W trending), and Abu-Tumayam-Tibesti arm (NE-SW trending)
(Harding, 1984; Ambrose, 2000; Ahlbrandt, 2001) (Figure 1a). The widespread volcanism (Al-Haruj
Al-Swda) present in the southwestern part of the basin was related to the drift of the African plate
over a fixed mantle hot spot during the Early Cretaceous (Van Houten, 1983).

The Sirt arm is dominated by normal faults and consists of a series of sub-parallel horsts and grabens,
forming eastward tilted fault blocks oriented parallel to the rift axis. The structures are accompanied by
E-W trending dextral shear zones, which run parallel to the structural strike of the Sarir-Hameimat arm
(Finetti, 1982). The northwestern part of the Sirt Basin is dominated by NW- trending normal faults (Morley
et al., 1990), whereas the southern and southeastern parts are dominated by E-ESE- trending faults.

The rift infill consists of basal continental to marine siliciclastics of Triassic, Late Jurassicand Cretaceous
age, as well as marine carbonates and evaporites of Late Cretaceous and Tertiary (Paleocene, Miocene,
and Plio-Pleistocene) age. The entire sequence is capped by Pleistocene and Holocene continental
siliciclastics (Van der Meer and Cloetingh, 1996).

The Al-Bayda Platform (Figure 1b) is one of the platforms which make up the Sirt Basin. It is separated
from the Az-Zahrah Platform by the narrow NNE trending Al-Kotlah Graben to the north, and bound
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Figure 1: (a) Location map of the Sirt Basin showing the triple junction arms (green arrows): (I)
the Sirt arm (NW-SE trending); (II) the Sarir-Hameimat arm (E-W trending); and (III) the Abu-
Tumayam arm (NE-SW trending) (modified after Harding, 1984; Ambrose, 2000; Ahlbrandt, 2001).
(b) Structural elements of the Sirt Basin, showing the location of the Al-Bayda Platform and the

Khalifa Field study area (purple frame) including (c) a closer view on the location of the studied
wells (F24I and F22).
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by the Maradah Trough to the east, by the Zallah Trough to the west and by the Abu Tumayam-Tibesti
Trough to the southwest (Van der Meer and Cloetingh, 1996). Sinha and Mriheel (1996) concluded
that the southern part of the Al-Bayda Platform does not end abruptly along a faulted margin, but
merges southwards across a shallow saddle with the Southern Shelf (Figure 1b). The platform was
tilted ESE towards the Maradah Trough during Late Paleocene to Eocene (Schréoter, 1996; Van der
Meer and Cloetingh, 1996), combined by extensional fault re-activation (Anketell, 1996). The platform
was partially transgressed during the Cenomanian, and progressively submerged during the Late
Cretaceous (Ahlbrandt, 2001).

PETROLEUM GEOLOGY OF THE SIRT BASIN

The Sirt Basin ranks 13" among the world’s petroleum provinces, having proven oil reserves
estimated at 43.1 billion barrels of oil and 37.7 trillion cubic feet of natural gas (Petroconsultants,
1996; Ahlbrandt, 2001). The complex tectonic history of the Sirt Basin resulted in multiple reservoirs
and conditions that favored hydrocarbon generation, migration, and accumulation principally on
or adjacent to horst blocks (Price, 1980). Two major source rocks have been identified in the basin,
including the Campanian-Turonian Sirte Shale, and the Paleocene Hagfa Shale (Magoon and Dow,
1994; El-Alami, 1996). The Sirte Shale charged Cambro-Ordovician and Cretaceous clastic reservoirs,
as well as Late Cretaceous carbonate reservoirs, whereas the Hagfa Shale charged most of the Tertiary
reservoirs. Other potential source rocks are the Lower Nubian Variegated Shale of Triassic-Lower
Cretaceous age and the Paleocene Harash Formation (El-Alami, 1996).

The Sirte Shale ranges in thickness from a few hundred to more than 700 m in the troughs, and
from few tens to few hundred meters on the horsts (Hallett, 2002). In some parts of the basin these
source rocks are within the oil-generation window at depths of 2,700 to 3,400 m (Futyan and Jawzi,
1996). The Sirte Shale oil is characterized by low sulfur (0.3%) and relatively high gravity (average
36 API) (Petroconsultants, 1996). On the other hand, the Hagfa Shale is at the early to middle stages
of maturity (Gumati and Schamel, 1988; Gumati at el., 1996). The different reservoirs were charged
by vertical migration along faults during the peak of petroleum generation in the Early Tertiary
(Paleocene) (Harding, 1984).

The Sirte shales are the main seal rocks for the Cretaceous reservoirs, whereas the Hagfa shales and
Hun evaporites member (anhydrite and salt deposits) of the Gir Formation are seal rocks for the
Tertiary reservoirs (Abugares, 1996). The traps styles are dominantly structural (about 84%), with the
remaining traps being stratigraphic or a combination of both (Clifford et al., 1980).

STRATIGRAPHY OF THE AL-BAYDA PLATFORM

The general stratigraphic column of the Al-Bayda Platform consists of the Cretaceous sandstones
of the Nubian and Bahi formations, overlain by Late Cretaceous-Eocene limestones, dolostones,
and Paleogene shales (Sinha and Mriheel, 1996). The two studied wells (F22-59W and F241-59W) are
located on the Khalifa High of the Al-Bayda Platform, and are separated by a normal fault, with a
throw of 149 m (Figure 2). The Cretaceous sandstones are found in the study wells at depths between
2,127 (-1,866) m and 2,271 (-2,015) m. The bottom-hole temperature is about 81°C.

The Cretaceous succession in the Khalifa Field includes 77-100 m of braided fluvial sandstones of the
Nubian Formation onlapped by 7-15 m of tidal sandstones of the Bahi Formation. Both formations are
onlapped by Late Cretaceous shallow-marine Lidam dolomite (Figure 2). The tidal Bahi sandstones
occur in northwestern (Az-Zahrah-Al-Hufrah Platform), northeastern and southern (Al-Bayda
Platform) parts of the basin. The Nubian sandstones are Lower Cretaceous in age according to Barr
and Weegar (1972). The Nubian Formation unconformably overlies a basement consisting of quartzite
in the Bahi Field and Cambrian granite in the Khalifa Field, and is unconformably overlain by various
Late Cretaceous marine deposits (Barr and Weegar, 1972). The age of Bahi sandstones ranges from the
Cenomanian to Maastrichtian (Barr and Weegar, 1972; Sghair, 1996).

The graphic logs description for the two wells (Figures 3a and b), reveals that the fining-upward
Nubian sandstones are coarse-grained to conglomeratic, poorly sorted and trough cross-bedded. The
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Flgure 3: Graphlc core logs of the two studied wells from the Khalifa Field illustrating 11th010gy,
texture, depositional environment, porosity, permeability and amount of deep-burial cements in
vol% (see also Table 1). (a) Graphic core log of Well F22-59W of the upthrown block. Note that
the tidal Bahi sandstones are characterized by low to moderate helium porosity, low permeability
and high deep-burial (carbonate) cementation, whereas the braided fluvial Nubian sandstones are
characterized by high helium porosity, low to moderate permeability and display gradual decrease
in the amount of deep-burial cements (illite and silica) in the lower part of the log, likely due to
previous chlorite precipitation. Kelly bushing: 261 m. Ground level: 255 m.
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individual sandstones cycles vary in thickness from 3 to 6 m and are marked at the base by very
coarse-grained, pebbly and conglomeratic channel lags or by scoured surfaces. The sandstone cycles,
which are interpreted as braided fluvial sandstones, are interbedded with planar-bedded floodplain
claystones (< 1 to 3 m thick). On the other hand, the Bahi sandstones are fine-to medium-grained
with planar and flaser bedding and soft-sediment deformation structures. These sandstones are
interbedded with claystone beds (1-2 m thick) commonly bearing thin beds of sandstones, which are
interpreted as shallow-marine tidal deposits.

SAMPLES AND ANALYTICAL METHODS

A set of 137 core samples was collected from the two studied wells (F22-59W and F241-59W) of the
Khalifa Field (Figure 1c). The subsea depths of the cored sandstone sections of both Bahi and Nubian
formations range from 2,127 to 2,197 m (70 m) in the upthrown block (well F22-59W), and from 2,277
to 2,286 m (9 m) of only the Bahi Formation in the downthrown block (well F241-59W) (Figure 2).
Polished thin sections were prepared for all selected samples subsequent to vacuum impregnation with
blue-colored epoxy. The modal compositions were obtained for 67 thin sections by conventional point
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counting according to Harwood (1988) using 300 points per thin section, including framework grains,
cement, and porosity. The 2 sigma (o) standard deviation for each individual mineral component per
thin section was calculated according to Van der Plas and Tobi (1965). Scanning Electron Microscopy
(SEM) was conducted on 20 gold-coated chips from representative samples in order to study the
texture, pore-scale distribution and paragenetic relationships of diagenetic alteration.

Aset of 18 polished thin sections representing the different depositional facies were thinly coated with
carbon in order to accomplish Electron Microprobe (EMP) analysis using a Cameca SX50 instrument,
equipped with three spectrometers and a backscattered electron detector (BSE). Operating conditions
during the analysis were: an accelerating voltage of 20 kV, a beam current of 10 A (for carbonates)
and 15 A (for silicates) and a spot size of 1 to 5 ym. Analytical precision [(standard deviation/mean)
x 100)] was < 1% for Ca, < 5% for Mg, < 25% for Mn, and < 9% for Fe.

For carbon- and oxygen-isotope analyses 9 calcite cemented samples were reacted in vacuum with
100% phosphoric acid at 25°C during one hour (Al-Aasm et al., 1990). The collected CO, was analyzed
using a delta plus mass spectrometer. The phosphoric acid fractionation factor used was 1.01025 for
calcite (Friedman and O’Neil, 1977). Oxygen and carbon stable-isotope data are reported in per mil
(%o) relative to V-PDB standard (Craig, 1957).

The clay fractions <2 ym from 3 sandstone samples were separated by decantation methods. Orientated
samples were placed onto glass slides, and X-ray diffraction (XRD) analysis was performed on air
dried as well as glycolated perpetrates, and heated at 350°C and 550°C for four hours.

Fluid inclusion microthermometry was conducted on 4 samples from the F24I-59W and F22-59W
wells. Primary fluid inclusions in authigenic quartz from thick polished sections were analyzed on
a Linkam MDS 600 heating-freezing stage, mounted on Nikon LV 100 Eclipse, which was calibrated
by using synthetic fluid inclusions of known composition. Petrography according to Goldstein and
Reynolds (1994) allowed distinguishing different types of fluid inclusions. A mercury vapor lamp (100
W) attached to the petrographic microscope allowed UV-light to check for the presence of aromatic
hydrocarbons. The accuracy of the data is £3°C for homogenization temperatures (Th) and +0.2°C for
the melting temperatures (Tm). Heating runs were repeated twice on many inclusions to check for
leakage. The Linksys 32 software enabled all the operations for fluid inclusion petrography and micro-
thermometry. Salinity estimation for aqueous inclusions was based on final melting temperatures of
ice (Tm,) using the equation of Bodnar (1993) for the binary NaCl-H,O system.

Porosity and permeability were measured on core plugs 3.8 cm in diameter obtained from 108
sandstone samples. The porosity measurements were performed using helium porosimeter, whereas
permeability measurements were achieved using helium permeameter by applying a confining
pressure of 100 to 400 psi. Prior to measurements, the core plugs were examined carefully for micro-
fractures, cleaned in an oil extractor, and dried in a vacuum oven at 60°C for twenty-four hours.

DETRITAL COMPOSITION OF THE SANDSTONES

The modal analyses (Table 1; Figure 4) indicate that the sandstones are dominantly subarkoses and,
to a smaller extent, quartz-arenites with average composition of QF, L,. The framework grains are
dominated by monocrystalline quartz (26-57 vol%, average 45 vol%) and polycrystalline quartz
(0.3-16.3 vol%, average 6.6 vol%). Microcline and perthite dominate over plagioclase (< 1-16 vol%,
average 10 vol%). Other sands include trace amounts of mica (muscovite and rare biotite, 0-4 vol%,
average 1 vol%). Rock fragments (0-2 vol%, average 1 vol%) are dominated by micrographic texture,
which may suggest igneous sources and coarse polycrystalline quartz. Heavy minerals (< 1.5 vol%)
include zircon, rutile and tourmaline. The framework modal compositions show that the Cretaceous
sandstones from the tidal Bahi and braided fluvial Nubian formations sampled from the wells F22-59W
and F24I-59W fall in the craton interior and transitional continental fields according to the model by
Dickinson et al. (1983).
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Al-Bayda Platform. The
investigated sandstones
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smaller extent, quartz
arenites (McBride, 1963).
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DIAGENETIC CONSTITUENTS

Quartz Overgrowths, Micro-quartz and Chalcedony

Quartz and chalcedony (from traces up to 16 vol%) are among the main cements in the studied
sandstones. Quartz cement occurs as syntaxial overgrowths (up to 100 um thick), which cover the
detrital grains partly to completely (Figure 5a). Quartz also occurs as numerous tiny crystals (micro-
quartz, < 10 um across) and as discrete prismatic crystals (outgrowths up to 70 ym long) on quartz
grains. Quartz over- and outgrowths are later than grain-coating illite (Figure 5b), kaolinite (Figure 5c)
and chlorite (Figure 5d). The quartz overgrowths are coated by ferroan-dolomite, ankerite and
calcite (Figure 5e) as well as anhydrite (Figure 5f). Mutual cross-cutting relationships between quartz
overgrowths and barite suggest co-precipitation of these two phases (Figure 6a and b). Micro-quartz
occurs as numerous tiny euhedral crystals coating detrital quartz grains, with no quartz overgrowths
developed where extensive micro-quartz precipitated. The euhedral micro-quartz crystals would
have coalesced locally to form larger quartz crystals (Figure 6¢). Micro-quartz occurs only in the
braided fluvial Nubian sandstones of the upthrown block. The quartz overgrowths are absent when
the grains are extensively coated by clay minerals or by micro-quartz. Quartz overgrowths are more
abundant (average 11 vol%) in the tidal Bahi sandstones of the downthrown block than in the tidal
Bahi and the braided fluvial Nubian sandstones of the upthrown block (average 4 vol%). Chalcedony
(up to 10 vol%) occurs in few samples of the braided fluvial Nubian sandstones, filling pore space and
overgrowing grain-coating clays (Figure 6d).

Fluid inclusions in quartz overgrowths from tidal Bahi and braided fluvial Nubian sandstones, which
display similar mineralogical composition and diagenetic evolution, were investigated. Various types
of inclusions were distinguished according to their petrographic distribution within quartz grains and
overgrowths. Fluid inclusions within detrital quartz grains were not analyzed because they formed
prior to diagenesis. On the other hand, the fluid inclusions in quartz overgrowths were analyzed in
order to obtain information about precipitation temperatures and water salinity. The inclusions in
quartz overgrowths were distinguished in three groups according to their geometry: (1) Primary,
located along the rim between the quartz grain and overgrowth (Figure 6e); (2) Pseudo-secondary
controlled by growth directions and located along trails propagating from boundary between quartz
grain and overgrowth; and (3) Primary isolated and not following a trail (Figure 6f).
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Figure 5: (a) Optical photomicrograph (XPL) showing straight and intergrowth contacts between
syntaxial quartz overgrowths (arrows), which reduced the intergranular porosity. Medium-grained,
tidal Bahi sandstones of downthrown block. (b) SEM image showing a quartz overgrowth (Q Og),
which overgrows and thus post-dates honeycomb-like illite (I; arrows). Medium-grained, braided
fluvial Nubian sandstones of upthrown block. () SEM image showing a quartz overgrowth
(Q Og; yellow arrows) which overgrows, and thus post-dates kaolin (K; red arrow). Medium-
grained, braided fluvial Nubian sandstones of upthrown block. (d) SEM image showing a quartz
overgrowth (Q Og), overgrows, and thus post-dates chlorite (Chl; arrows). Medium-grained, tidal
Bahi sandstones of downthrown block. (e) Back-scattered Electron (BSE) image showing quartz
overgrowths (Q Og; arrows) overgrown by late calcite (Ca). Medium-grained, tidal Bahi sandstones
of downthrown block. (f) Optical photomicrograph (XPL) showing a quartz overgrowth (Q Og;
white arrows) post-dated by anhydrite (Anh; yellow arrow). Note that anhydrite also overgrows
barite (Ba; red arrow). Medium-grained, tidal Bahi sandstones of downthrown block.
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Figure 6: (a) Optical photomicrograph (XPL) showing quartz overgrowths (Q Og; red arrows)
overgrows barite (Ba; white arrow). Medium-grained, tidal Bahi sandstones of downthrown block.
(b) Optical photomicrograph (XPL) showing quartz overgrowth (Q Og; red arrows) overgrown by
barite (Ba; white arrows). Medium-grained, tidal Bahi sandstones of downthrown block. (c) SEM
image showing micro-quartz (white arrows) coating detrital quartz grains. Note that the tiny (< 10
um) euhedral quartz crystals have coalesced locally to form larger quartz crystals (yellow arrows).
Medium- to coarse-grained, braided fluvial Nubian sandstones of upthrown block. (d) Optical
photomicrograph (XPL) showing chalcedony (Chlc; red arrows), which occupies pore spaces
and overgrows infiltrated clay coating (white arrows). Medium-grained, braided fluvial Nubian
sandstones of upthrown block.

The three types of inclusions occur dominantly as two-phase liquid-rich assemblages (Figure 6g), are
mainly elongated to irregular in shape and with size ranging from < 3 ym to 15 ym. Furthermore,
these inclusions display similar behavior during micro-thermometric measurements, and are
considered representative of the same fluid system. The homogenization occurred in the liquid phase
with normal behavior. The nucleation of the gas bubble occurred at temperatures between 70°C and
100°C. Nucleation of the ice-like phases occurs during the first cooling run at temperatures between
-42°C and -59°C. The appearance of the first liquid (eutectic temperature) occurs in two different
ways: sudden or by gradual melting of an unknown salt-hydrate. The sudden and gradual first
melting occurs at temperatures between -20°C and -34°C, suggesting the presence of other dissolved
salts beside NaCl. After the first liquid occurred, only ice remained in the fluid inclusions. The final
melting of ice (Tm,) occurred with no metastability phenomena.

High temperature microthermometry runs revealed homogenization temperatures (Th) mainly in the
range between 90°C and 120°C (mode is 100-110°C), whereas low temperature runs revealed final ice
melting temperatures (Tm,) mainly in the range between -10°C to -15°C (mode is -13°C) (Figures 7a
and b). The salinity of the inclusion fluids (Figure 7c) calculated according to Bodnar (1993) ranges
between 15 and 19 wt% NaCl equivalent.
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Figure6continued:(e) Optical photomicrograph
(PPL) showing fluid inclusion trail (white
arrow) occurring along the dust rim between
quartz grain (Qg) and quartz overgrowth
(Q Og; white arrow). Coarse-grained, tidal
Bahi sandstones of downthrown block. (f)
Optical photomicrograph (PPL) showing fluid
inclusions isolated and not following trails
within a quartz overgrowth (Q Og). (g) Optical
photomicrograph (PPL) showing a closer view
of an irregular shaped two-phase liquid-rich
fluid inclusion (FI; arrow) within a quartz

overgrowth.
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Figure 8: (a) BSE image showing tiny crystals of euhedral Fe-poor dolomite (Dol) with ferroan-
dolomite overgrowth (Fe-dol; white arrow), which also replaces mud intraclast (red arrows). Note
the large euhedral Fe-poor dolomite crystal with the core partially replaced by ferroan-dolomite.
Dolomite cemented sandstones, the tidal Bahi sandstones of upthrown block. (b) BSE image of a
coarse dolomite (Dol) and ankerite (Ank) crystal, showing gradual increase of Fe content from the
core (Fe-poor dolomite) towards the most external rim (ferroan-dolomite and ankerite). Note that
the Fe-poor dolomite (Dol) overgrows quartz grains, whereas the ferroan-dolomite (red arrow) and
ankerite overgrows quartz overgrowths (yellow arrow). Medium-grained, tidal Bahi sandstones of
downthrown block. (c) Optical photomicrograph (XPL) showing euhedral ferroan-dolomite (Fe-
dol) crystal with an ankerite overgrowth (Ank; black arrow), which replaces and hence post-date
poikilotopic calcite (Ca) crystals. Dolomitic sandstone beds, the tidal Bahi sandstones of downthrown
block. (d) BSE image showing siderite (Sd) replacing mud intraclast (MI) and overgrowing ankerite
(Ank). Coarse-grained, braided fluvial Nubian sandstones of upthrown block.
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Carbonate Cements

Carbonate cements include dolomite, ankerite, calcite, and siderite. These cements are more common
in the tidal Bahi sandstones (14.5 vol%) than in the braided fluvial Nubian sandstones (3.5 vol%). Fe-
poor dolomite is replaced and overgrown by ferroan-dolomite and ankerite (Figures 8a and b). The
ferroan-dolomite and ankerite overgrew feldspar and quartz overgrowths (Figure 8b), replace poikilotopic
calcite (Figure 8c), and are in turn overgrown by siderite (Figure 8d). Microprobe analyses of Fe-poor
dolomite (Figure 9; Table 2) revealed an average composition of Ca_, Mg, Mn Fe .Sr, CO,. Conversely,
ferroan-dolomite and ankerite have the following average composition: Ca,, Mg Mn Fe Sr .

Calcite occurs as poikilotopic (up to 500 ym across) and as blocky crystals filling intergranular
pores, and is more abundant (up to 23 vol%) in the tidal Bahi sandstones on the downthrown block.
Poikilotopic calcite overgrows framework grains with no or little quartz or feldspar overgrowths
(Figure 8e), whereas late calcite overgrows quartz overgrowths (Figure 5e) and barite (Figure 8f).
Microprobe analyses of calcite cements (Table 2) revealed small amounts of Mg (0-0.9%o), Mn (0-2.2%0),
Fe (0-3.2%0) and Sr (0-0.6%o). The calcite cement that did not overgrow quartz overgrowths has 6**0,
values from -9.8%o to -7.0%0 and 8"C, .

from -4.2%o to -3.4%o, whereas the calcite that overgrows
quartz overgrowths has 8O, values from -10.0%o to -8.8%o and 8"°C, ., from -5.7%o to -3.8%o.

V-PDB V-PDB

Siderite (0-7 vol%), which occurs as small crystals in the tidal Bahi and braided fluvial Nubian
sandstones, has an average molar composition of Fe,,Ca, Mg, -Mn .Sr .. Siderite commonly replaces
the mud intraclasts and overgrows the ferroan-dolomite and ankerite (Figure 8d), as well as quartz

overgrowths.
Fe
100
Figure 9: Ternary plot of Ca-Mg-Fe chemical
compositions for dolomite, ferroan-dolomite
and ankerite, calcite and siderite cements
from the Bahi sandstones. Note the
variations in Fe-contents: < 5% for the
Fe-poor dolomite and calcite, between
10% and 50% for ferroan-dolomite
and ankerite and > 80% for siderite.
The carbonate compositions
were obtained by electron
microprobe analyses.
50 50
O
O
Ferroan-dolomite and ankerite
[ |
=0
Calcite Dolomite
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Figure 8 continued: (e) BSE image showing early blocky calcite (Ca), which overgrows framework
grains (Q: quartz and Fd: feldspar) in the absence of quartz overgrowths. Medium-grained, tidal
Bahi sandstones of downthrown block. (f) Late calcite (Ca) cement overgrows quartz overgrowth (Q
Og; yellow arrow) and barite (Ba; white arrow), and thus post-dated. Medium-grained, tidal Bahi
sandstones of downthrown block.
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Table 2
Microprobe analyses (expressed in mole%) for carbonate cements together with oxygen and carbon
stable-isotope analyses of calcites for samples from the tidal Bahi and the braided fluvial Nubian
sandstones of the studied wells.

Well Depth | Sample Mineral No.of | MgCO, | CaCO, | MnCO, | FeCO, | SrCO, |3"C, ., |80,
name (m) no. analyses | mole% mole% | mole% | mole% | mole% (%o) (%o)
2,124.60 9 dolomite 8 411 58.3 0.2 0.4 0.03
Fe-dolomite 4 314 53.9 0.6 14.2 0.01
ankerite 7 23.3 53.2 0.4 22.8 0.01
2,128.40 11 dolomite 2 38.4 59.8 0.5 1.2 0.03
fe-dolomite 3 20.1 54.2 0.3 254 0.02
ankerite 5 25.3 56.9 0.5 17.2 0.01
2,131.60 15 calcite 5 n.d. 99.3 0.3 0.3 0.04
Fe-dolomite 3 23.6 59.4 0.5 16.4 0.06
Foo. 2,132.40 16 calcite 2 0.4 97.9 0.2 1.3 0.07 -3.4 -8.4
59W fe-dolomite 3 23.8 56.6 0.7 19 n.d.
Up- ankerite 9 19 57.8 0.3 22.8 0.08
thrown "5 43360 | 18 | calcite 13 0.2 997 | nd. nd. | 004 | -42 7
block 2,133.90 19 Fe-dolomite 7 23.9 58.2 0.6 17.3 n.d.
ankerite 10 19.7 55.7 0.3 24.3 0.02
2,135.50 21 dolomite 6 40.7 57.4 0.5 1.4 n.d.
ankerite 4 22.6 58.8 0.6 18 0.01
2,139.70 26 Fe-dolomite 4 24.8 56.3 0.4 18.4 0.01
ankerite 6 17 56 0.3 26.7 0.03
2,144.30 32 Fe-dolomite 1 26.4 54.5 0.5 18.6 n.d.
ankerite 8 18 55 0.4 26.4 0.05
siderite 4 9.8 8.2 n.d. 82 0.03
2,274.10 1 calcite 4 0.4 98.2 1.1 1.9 0.2 -5.7 -9
dolomite 1 42.4 55.8 0.4 14 0
ankerite 4 10.9 54.5 0.4 34.1 0
sidirite 1 8.0 2.1 1.9 88.0 0.00
2,274.40 2 calcite 6 0.8 96.2 1.3 1.7 0 -4.8 -10
siderite 3 12.9 7.9 0.0 78.6 0.1
gs\d;\ll_ 2,276.50 3 calcite 4 0.8 96.4 1.3 1.5 0.03 -3.8 -8.8
Down- siderite 1 10.6 14 0.5 87.5 0.1
ng‘(’:‘a’” 2,280.20 | 15 | calcite 1 0.2 98.8 06 03 0.16
2,280.50 16 calcite 3 1.0 96.9 1.8 0.4 0.0 -6.4 -5.1
dolomite 4 42.1 55.7 0.4 1.8 0.0
2,281.30 17 calcite 14 1.0 96.0 1.4 1.6 0.0
2,281.40 18 calcite 6 1.0 96.1 1.1 1.8 0.0 -4.2 -9.6
siderite 4 9.3 2.8 1.3 86.6 0.0
2,282.60 23 calcite 4 1.1 95.6 1.2 2.1 0.0 -4.9 -9.7
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Clay Minerals

Diagenetic clay minerals in the sandstones include illite, kaolin and chlorite. In the channel braided
fluvial sandstones of the Nubian Formation, illite occurs (0.4-38 vol%, average 17 vol%) as grain coats
(Figure 10a), as mat-like crystals arranged parallel to grain surfaces (Figure 10b) and as lath-like
crystals. Illite is overgrown by quartz over- and outgrowths (Figure 5b). XRD analyses indicate the
presence of mixed-layers illite/smectite (11.6 A, 12.31 A and 12.45 A), which expanded after being
saturated by ethylene glycol, and display a decrease in d-spacing to 10 A when heated to 550°C
according to Starkey et al. (1984) and Hillier (2003). Grain-coating illite displays shrinkage pattern,
in which the coatings are detached from the grain surface (Figure 10c).

Kaolinite occurs in small amounts (0-3 vol%; Table 1) in the tidal Bahi and fluvial Nubian sandstones
as scattered patches (up to 80 ym across), composed of booklet-like and vermicular stacked crystals.
The thinner crystals (< 1 ym) are given by kaolinite, whereas the thicker (up to 3 um), blocky euhedral
crystals likely consist of dickite (Figure 10d). Kaolinite is overgrown by illite and quartz overgrowths
(Figure 5c¢).

Chlorite commonly occurs as pore-filling aggregates of pseudohexagonal plates of rosette-like crystals
(10-50 pm) (Figure 10e) and less commonly as pore-lining phase (Figure 10f). Chlorite is relatively
abundant (0-5%) in the tidal Bahi sandstones on the downthrown block, and to a lesser extent (< 2%)
in the lower part of the fluvial deposits of the Nubian sandstones on the upthrown block, but absent
from the tidal Bahi sandstones on the upthrown block. Chlorite is overgrown by quartz overgrowths,
and thus pre-dates quartz. Chlorite also grew with illite (i.e. honeycomb-like illite).

Sulfates

Barite occurs as euhedral tabular crystals (up to 500 um long), which fill pore space and replace the
mud intraclasts. Barite is present in small amounts (< 7 vol%) in the tidal Bahi sandstones of the
downthrown block. Barite overgrows and is overgrown by quartz overgrowths (Figures 6a and 6b,
respectively) and overgrows feldspar overgrowths. Anhydrite occurs in small amounts in the tidal
Bahi sandstones of the downthrown block as pore-filling poikilotopic crystals (up to 350 ym across),
which overgrow the quartz and feldspar overgrowths and replace the framework grains (Figure 5f).

Porosity and Permeability

Porosity of the sandstones is mainly intergranular and less commonly moldic and intragranular.
Moldic porosity resulted from partial to complete dissolution of feldspar (Figure 10g), mica and mud
intraclasts. Micro-porosity (< 5 um) occurs between kaolin, illite and chlorite crystals. Intergranular
porosity (0-19 vol%; average 13 vol%) occurs in the tidal Bahi sandstones of the downthrown block, as
well as in the tidal Bahi sandstones of the upthrown block (average 7 vol%), moldic and intragranular
porosities occur in minor amounts (< 1 vol%). Intergranular porosity (0.3-24 vol%, average 11 vol%),
moldic porosity (0.3-3 vol %, average 1 vol%) and intragranular porosity (< 1.5 vol%) also occur in the
braided fluvial Nubian sandstones of the upthrown block.

Core plug porosity and permeability show significant variations between the tidal Bahi and the
braided fluvial Nubian sandstones. The braided fluvial sandstones have higher porosity (0-30%;
average 20%) than the tidal sandstones (1.6-20%; average 11%) in both up- and downthrown blocks.
The braided fluvial Nubian sandstones also display the highest horizontal permeability (< 1-6,360 mD;
average 455 mD) compared to the tidal Bahi sandstones of the upthrown block (0.3-327 mD; average
106 mD) and the downthrown block (< 1-837 mD; average 168 mD). The tidal Bahi sandstones of the
downthrown block have higher vertical permeability (0-792 mD; average 277 mD) than the braided
fluvial Nubian sandstones (02,630 mD; average 163 mD) and the tidal Bahi sandstones (0-135 mD;
average 23 mD) of the upthrown block.
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Figure 10: (a) Optical photomicrograph (XPL)
showing grain-coating clay (IC; red arrows)
that overgrows framework grains. Medium-
grained, braided fluvial Nubian sandstones of
upthrown block. (b) SEM image showing mat-
like illite coating (I; arrows) laying parallel to
grains surfaces and extended to nearby grains
to bridge the intergranular porosity. Coarse-
grained, braided fluvial Nubian sandstones of
upthrown block. (¢) Optical photomicrograph
(XPL) showing separation of grain-coating clay
(I; arrow) from the grain surfaces due to the
shrinkage character of mixed (illite/smectite)
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DISCUSSION

The integration of petrographic, geochemical and fluid inclusion analysis allowed reconstructing the
relative timing of the main diagenetic minerals within the Nubian and Bahi sandstones on the studied
upthrown and downthrown blocks (Figure 11). It is clear that significant eo- and mesodiagenesis
occurred in these sandstones, which, while not completely occluding porosity, had a strong impact
on reservoir quality.

The late (mesogenetic) cements are dominated by quartz overgrowths, illite, ferroan-dolomite and
ankerite, siderite and to a smaller extent by anhydrite, barite and chlorite (Table 1). The distributions
of these cements are controlled by variation in the distribution of early (eogenetic) calcite and grain-
coating smectite, which are both dependent on the depositional facies. The abundance of quartz
overgrowths and siderite, and the local occurrence of barite and anhydrite suggest the influx of hot
basinal brines along faults.

According to Worden and Morad (2003), chlorite cements are deep-burial in origin (depths = 3 km;
temperature > 90°C), and are typically formed by the transformation of precursor clays, or by direct
precipitation from pore-waters (cf. Aagaard et al., 2000; Worden and Morad, 2003). Chlorite in the
studied samples pre-dates quartz overgrowths with homogenization temperature of 100-110°C).
However, in part chlorite was precipitated simultaneously with illite, which suggests a mesogenetic
origin. The relatively abundant pore-filling chlorite consists of well-developed pseudohexagonal
plates which suggest formation by direct precipitation from hydrothermal brines (Gaupp et al.,
1993; Aagaard et al., 2000; Worden and Morad, 2003). Moreover, the abundant chlorite in the tidal
sandstones of the downthrown block compared to the upthrown block, and chlorite occurrence in the
lower part of the Nubian sandstones suggests influx of hot basinal brines (Fisher et al., 2003; Kiipeli
et al.,, 2007). The Fe and Mg ions needed for chlorite to precipitate in the Nubian sandstones of the
upthrown block were possibly internally sourced from the dissolution of Fe-oxide pigments attached
to the infiltrated clays (e.g. Dixon et al., 1989). Conversely, for the tidal sandstones of the downthrown
block, ions needed for chlorite may have been precipitated from hot brines (e.g. Worden and Morad, 2003).

The pore-filling chlorite occludes sandstone porosity, whereas pore-lining chlorite contributed to
preserve the porosity by inhibiting extensive precipitation of quartz overgrowths (e.g. Ehrenberg,
1993; Morad et al. 2010). The grain-coating illite possibly contributed to preserving porosity in the
Nubian sandstones by inhibiting precipitation of quartz overgrowths in the upthrown block (e.g.
Pittman et al., 1992). Here, K ions needed for illitization of clays are attributed to the dissolution of
K-feldspar (e.g. Hower et al., 1976; Ehrenberg, 1991; Morad et al., 2000).

There are similarities between the late alteration of the studied sandstones and the Permian Rotliegende
gas reservoirs in northwest Germany (e.g. Gaupp et al., 1993). Both reservoirs display evidence
of: (1) late cementation by quartz, anhydrite and barite from the influx of hot basinal brines; and

Figure 10 continued:

clay layers. Note that Qg and IP stand for quartz grains and intergranular porosity, respectively.
Fine-grained, braided fluvial Nubian sandstones of upthrown block. (d) SEM image showing
vermicular kaolinite (K; red arrow) and possible dickite (D; yellow arrow) filling intergranular
pores. Coarse-grained, braided fluvial Nubian sandstones of upthrown block. () SEM image
showing pore-filling chlorite (Chl; white arrows) partly occupied the intergranular porosity. Note
feldspar grain (Fd g; yellow arrow). Medium-grained, tidal Bahi sandstones of the downthrown
block. (f) SEM image showing grain-coating chlorite (Chl; red arrow) which overgrows quartz
grains and possibly inhibited the development of syntaxial quartz overgrowths (Q Og). Coarse-
grained, braided fluvial Nubian sandstones of upthrown block. (g) Optical photomicrograph
(XPL) showing moldic porosity (MP), which resulted from complete feldspar grain dissolution,
whereas feldspar overgrowth rims (FOg) remained unaffected. Note that grain coating illite (IC;
yellow arrows) overgrows framework grains. Coarse-grained, braided fluvial Nubian sandstones
of upthrown block.
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Figure 11: Paragenetic sequence suggesting the relative time relationship between the different
diagenetic phases encountered in the sandstones of the tidal Bahi and the braided fluvial Nubian
formations. The broad boundary between eo- and mesogenesis is assumed to be around +70°C
(according to Morad et al., 2000). Note the variations in distribution of the early and the late (eo-
and mesogenetic) cements within the different depositional facies and structural settings: yellow
and blue rectangles represent, respectively, the sandstones of the braided fluvial Nubian and tidal
Bahi formations of the upthrown block, whereas red rectangles represent the tidal Bahi sandstones
of the downthrown block. The size of the rectangles is proportional to the cement abundance.

(2) porosity preservation by grain-coating chlorite, which inhibited extensive cementation by quartz
overgrowths. The main difference between the two reservoirs is the intensive dissolution of feldspar,
anhydrite and carbonate cements in the Rotliegende, which was not observed in our samples.

Abundant grain-coating illite in the fluvial Nubian sandstones has possibly inhibited quartz
overgrowths precipitation as compared to the tidal Bahi sandstones; the latter display no or less
abundant grain-coating illite, and consequently are characterized by abundant quartz overgrowths.
Similar observations are reported by Al-Ramadan et al. (2012). Moreover, the occurrence of micro-
quartz in the fluvial Nubian sandstones of the upthrown block inhibited quartz overgrowths
precipitation, and hence preserved porosity. Thus, micro-quartz coatings played the same role as
chlorite and illite coatings in inhibiting quartz overgrowths (e.g. French et al., 2012; Worden et al., 2012).

In closed systems, Si ions needed for precipitation of quartz overgrowths are derived primarily by
pressure dissolution of quartz (e.g. Oelkers et al., 1996; Fisher et al., 2003), illitization of smectite (e.g.
Boles and Franks, 1979), and dissolution of feldspar grains (e.g. Morad et al., 2000). The close association
of quartz overgrowths with barite, anhydrite and siderite in the Bahi sandstones of the downthrown
rather than the upthrown block suggest an external source for Si, Ba and Fe ions. Hence, fluxes of hot
brines via fault conduits represent the most probable source of Ba ions (cf. Haszeldine et al., 1984; Burley,
1993; Gaupp et al., 1993; Giles et al., 2000; Fisher et al., 2003; Kiipeli et al., 2007). Dissolution of evaporatic
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Figure 12: Range of temperature and oxygen-
isotope composition of the water that precipitated
the late calcite cements (orange) with 6O, .
between -10%o and -8.8%o, assuming a precipitation
temperature between 125-160°C and using the
fractionation equation of Friedman and O’Neil
(1977), precipitated from waters with 60
values range between 0%o to +2%o.

The fluid inclusion  homogenization
temperatures (100-110°C) and salinities
(16-17 wt% NaCl eq.) in quartz overgrowths
are higher than present-day pore-water
temperature (81°C) and salinity (10.7 wt%
NaCl eq.). These temperatures may be
explained as follows: (1) assuming a normal
geothermal gradient of 25°C/km (Ceriani et
al., 2002), the quartz overgrowths may have
precipitated at greater burial depths (ca. 4.3 km)
then uplifted to their current depth of ca. 2.2 km; or (2) the sandstones were subjected locally to higher
temperatures. However, there is no geologic evidence in the Sirt Basin to indicate a history of deeper
burial, followed by uplift and exhumation in excess of 2 km. In order to verify the second hypothesis,
the quartz overgrowth homogenization temperature of 110°C was corrected to a trapping temperature
of 125°C to account for hydrostatic pressure at the current depth 2.27 km using measured salinity
of 17 wt% NaCl eq., and a hydrostatic pressure gradient of 10 MPa/km (Goldstein and Reynolds,
1994). Using these corrected temperatures (125°C), and assuming surface temperature of 15°C, the
geothermal gradient at the time of quartz overgrowth precipitation is estimated to be about 48°C / km.
This estimate is high, similar to syn-rift fluxes of hot basinal brines (50°C/km; Ceriani et al., 2002) and
supports a hydrothermal origin from ascent of hot basinal brines along faults.

SMOW

The late origin of some of the calcite cements is highlighted by the petrographic relationships
with quartz overgrowths and barite (Figure 8f). The close association of this calcite with quartz
overgrowths, barite, anhydrite and siderite in the tidal Bahi sandstones of the downthrown block
suggests precipitation from hot basinal brines. Conversely, the absence of mesogenetic calcite in the
upthrown block suggests that this block was less influenced by the flux of the hot basinal brines.

The oxygen isotopic composition of early diagenetic calcite (80, = -9.8%o to -7.0%o), assuming
that it was precipitated at surface temperatures (20-30°C), and using the fractionation equation of
Friedman and O’Neil (1977), indicated 8O, values between -6.3%0 and -4%o, which indicates

precipitation from meteoric waters. The late diagenetic calcite (3O, ., = -10.0%o to -8.8%o) is assumed
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to have precipitated at temperature > 125°C (125-160°C), the 6**0,,,, values will range between 0%
and +2%o (Figure 12), this suggests that the late calcite was precipitated from hot brines.

The high Mg content in siderite is a further indication of precipitation at higher temperatures (e.g.
Morad et al., 1994; Morad, 1998). The greater abundance of siderite in the tidal Bahi sandstones
in the downthrown block relative to the upthrown block suggests contribution of Mg and Fe ions
from hot basinal brines (e.g. Rossi et al., 2001; Kiipeli et al., 2007; Wendte et al., 2009). The oxygen
isotopic composition of siderite in the northwestern part of the Sirt basin indicated precipitation at
temperatures of 155-200°C (Khalifa and Morad, 2012).

The influx of hot brines along faults will inevitably lead to their cooling upon mixing with cooler
connate waters in the reservoir, which is what probably caused the precipitation of deep-burial
cements such as barite, anhydrite, chlorite, ferroan-dolomite, ankerite and illite (e.g. Robinson, 1992;
Worden and Morad, 2000).

CONCLUSIONS

* A detailed diagenetic study of the Nubian and Bahi sandstones in the Khalifa Field
of the Al-Bayda Platform (Sirt Basin, Libya) was undertaken on cores from two wells,
separated by a deep-seated fault. Burial diagenesis in the upthrown block includes
illitization of grain-coating smectite, precipitation of chlorite and quartz overgrowths
in the braided fluvial Nubian sandstones, and to the precipitation of ferroan-dolomite
and ankerite in the tidal Bahi sandstones. In the downthrown block, late alteration
includes precipitation of quartz, barite, ferroan-dolomite and ankerite, anhydrite,
calcite, siderite and chlorite cements in the tidal Bahi sandstones.

* The coating of detrital grains by illite, chlorite and micro-quartz have preserved
porosity by inhibiting the precipitation of quartz overgrowths, whereas precipitation
of abundant quartz, carbonate and barite cements have deteriorated the sandstone
porosity and permeability.

e The influx of hot basinal brines into the sandstones of the downthrown block is
indicated by (1) the 100-110°C homogenization temperatures of brine inclusions
in quartz overgrowths, with applying pressure correction, indicate trapping
temperatures between 110°C to 125°C; (2) the presence of deep-burial (mesogenetic)
minerals such as barite and manganoan siderite whose component elements cannot
be locally derived. Hot basinal brines are thought to have ascended along faults and
permeated sandstones in the downthrown block.

e This study has demonstrated that mesogenesis of sandstones does not always occur
in closed systems, but may instead involve mass fluxes of hot basinal brines in open
systems that were probably fault controlled.
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