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ARTICLE INFO ABSTRACT

Keywords: Kerogen concentrates obtained from Lopingian (Late Permian) to Upper Triassic mudrock lithologies of seven
Karoo coal exploration boreholes, drilled in the Moatize — Minjova Coal Basin (N'Condédzi sub-basin, Mozambique),
Mozambique were studied by means of vitrinite reflectance (VR), spore fluorescence and spore colour, in order to constrain
Organic maturation the thermal history and basin evolution by organic maturation levels. VR increases with depth, indicating or-
Permian - Triassic ganic maturation related to sediment burial for most of the boreholes. Modelled VR data indicate a regional
Reworked palynomorphs . N . e . .
Moatize — Minjova coal basin palaeogeothermal gradient between 35 and 40 °C/km. Lower Jurassic doleritic intrusions observed in three
Vitrinite reflectance boreholes had only local thermal effects without affecting the regional palaeogeothermal gradient. Two bore-
holes located near the basin margin show high palaeogeothermal gradients suggesting thermal processes other
than heating due to burial were involved. These processes may have involved hot diagenetic fluids circulating
through fault zones and/or permeable lithologies, locally elevating geothermal gradients. Circulation of these
fluids was induced by lithostatic pressure due to rapid rates of sedimentation. These high sedimentation rates
lead to the accumulation of a thick succession (over 2000 m) of Lopingian (Late Permian) to Upper Triassic
siliciclastic sediments. All the organic maturation indices measured and the age of the successions indicate that
organic maturation occurred during or after Late Triassic times. However, the presence of reworked Permian
palynomorphs into Upper Triassic sediments and the absence of Middle Triassic sediments indicate an ex-
humation and erosion of Permian strata in Middle Triassic times. The organic maturation levels of the reworked
palynomorph population are considerably higher than the indigenous Upper Triassic population, indicating that
they attained higher burial temperatures prior to being reworked.

1. Introduction palaeogeographical and climatic changes during the development of the

Karoo basins (Catuneanu et al., 2005; G6tz and Ruckwied, 2014; Gotz

The Karoo Supergroup (KSG) of Southeastern Africa comprises se-
dimentary and volcanic rock units that span a time interval of Late
Carboniferous to Early Jurassic, and which attained a considerable
thickness (more than 7000 m) in some basins (Johnson et al., 1996;
Cairncross, 2001; Catuneanu et al., 2005). Regardless of tectonic pro-
cesses related to individual basin formation and subsequent geological
development the stratigraphy of the KSG is very consistent across all
basins where it is preserved (Johnson et al., 1996; Catuneanu et al.,
2005, Hancox, 2016). The sedimentary successions reflect major

et al., 2017). In central-west Mozambique, sediments of the KSG are
well represented in various basins situated along the Zambezi River
valley in the Tete Province (GTK Consortium, 2006) (Fig. 1). In these
basins the KSG, normally, rests unconformably over crystalline Pre-
cambrian basement rocks, and the base of the stratigraphic succession
consists of conglomerates and mudrocks of the Dwyka Group (Penn-
sylvanian to Cisuralian) comparable to the Main Karoo Basin of South
Africa. These conglomerates were, deposited by waning and waxing of
glaciers of the Late Palaeozoic glaciations of Gondwana (Visser, 1989;
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Fig. 1. Simplified geology of the Tete Province, Mozambique, with the location of Karoo basins of the Zambezi River valley and the N'Condédzi, Moatize and
Muarédzi sub-basins. Adapted from Geological Map of Mozambique, Direccao Nacional de Geologia, Maputo (2006).

Isbell et al., 2008). The northward drift of Gondwana to lower latitudes
during the Permian, caused more temperate climate conditions to es-
tablish throughout this paleocontinent. Glaciation was terminated by
late Palaeozoic times and in basins located north of the Main Karoo
Basin (South Africa), sedimentation mostly took place in continental
environments characterized by river systems and freshwater lakes
(Cairncross, 2001; Kreuser and Woldu, 2010; Go6tz and Ruckwied,
2014). The sedimentary record of these times corresponds to the sili-
ciclastic-dominated, coal-bearing lithologies of the Cisuralian to Gua-
dalupian Ecca Group (Cairncross, 2001; Catuneanu et al., 2005;
Hancox, 2016). At present, the existence of widespread coal seams in-
terbedded in the Ecca Group stratigraphic sequence, represents an im-
portant natural resource and asset for Mozambique's economy
(Vasconcelos, 2000, 2013). Overlying the Ecca Group are siliciclastic-
dominated stratigraphic sequences belonging to the Beaufort Group
(Lopingian - Middle Triassic) and the Stormberg Group (Late Triassic -
Early Jurassic). The sediments of these two groups were deposited by
major river systems or aeolian processes in desert environments under
hot and arid climatic conditions (Johnson et al., 1996; Catuneanu et al.,
2005). The contact between the Beaufort Group and the overlying
Stormberg Group corresponds to a hiatus that spans most of the Middle
Triassic (Catuneanu et al., 2005). The KSG is capped by the Lower
Jurassic volcanic rocks (ca. 183 Ma) of the Drakensberg Group, which
are related to the Karoo - Ferrar Large Igneous Province and pre-date
the break-up of Gondwana (Duncan et al., 1997).

Thermal history analysis is an essential part of any study of sedi-
mentary basins and their hydrocarbon source rock potential. There are
several optical methods that can be used to estimate maximum tem-
peratures attained by strata during subsidence and interpret their
thermal history (Price, 1983). Vitrinite reflectance (VR) is an optical
method considered to be a reliable indicator of the organic matter
maturity levels of sedimentary rocks (Hunt, 1996; Robert, 1988; Tissot
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and Welte, 1978). Since maturity levels are largely related to tem-
perature, VR is also a good indicator of peak (palaeo-) temperatures,
which accounts for its widespread use in basin analysis (Middleton,
1982; Corcoran and Clayton, 2001; Fernandes et al., 2012, 2013; 2015;
Marino et al., 2015). Other optical methods, such as spore colour (TAI)
and spore fluorescence provide a rapid evaluation of organic matura-
tion levels, complementing the information attained by VR (Van Gijzel,
1979; McPhilemy, 1988; Suérez-Ruiz et al., 2012). Fernandes et al.
(2015) studied the thermal history of the Lopingian KSG sediments of
the Moatize — Minjova Coal Basin combining VR and Apatite Fission
Track Analysis (AFTA) of two boreholes located in the Moatize sub-
basin (Fig. 1). These authors concluded that maturation levels corre-
sponded to a coal rank of medium rank B and A coals (1.3-1.7%Ro).
Maturation levels increase linearly downhole in the two studied bore-
holes, indicating that burial with a constant geothermal gradient was
the main process controlling peak temperature. The thermal model for
the history of the basin proposed by Fernandes et al. (2015), indicates
that peak burial temperatures were attained shortly (3-10 Ma) after
deposition in Lower Triassic times. The thermal model also indicates
two episodes of cooling and exhumation: a first period of rapid cooling
between 240 and 230 Ma (Middle- Late Triassic boundary) implying
2500-3000 m of denudation; and a second period, also of rapid cooling,
from 6 Ma (late Miocene) onwards implying 1000-1500 m of denuda-
tion.

In the present work, a detailed account of the organic maturation
levels assessed by different optical methods (VR, spore colour and spore
fluorescence) of seven boreholes drilled for coal exploration is de-
scribed. The boreholes are located in the N'Condédzi sub-basin of the
Moatize — Minjova Coal Basin (Figs. 1 and 2). This study allowed the
evaluation of the maturity of organic matter and the thermal history of
the KSG sedimentary succession in the N'Condédzi region, and helps to
constrain the tectonic model for the development of the Karoo Basin in
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this region.

2. Geological setting of the Moatize — Minjova Coal Basin in the
N'Condédzi sub-basin

Differences in the stratigraphy, tectonic setting and geographic
position of KSG outcrops along the Zambezi river valley in
Mozambique, allow their division into three different coal-bearing ba-
sins, which are, from west to east, the Chicda — Mecticoe, Saningoé —
Mefidézi and the Moatize — Minjova Coal Basins, respectively (Lachelt,
2004; GTK Consortium, 2006) (Fig. 1). These basins are part of a net-
work of rift related basins that formed north of the South African Main
Karoo Basin, during the Permian to Lower Jurassic time interval. The
Zambezi River valley basins developed during brittle reactivation of
high strain zones (e.g. the Sandngoé and Mzarabani shear zones)
(Fig. 1) of the Zambezi Belt. This mobile belt formed between the Congo
and Kalahari Cratons during the Pan-African Orogeny (620-530 Ma)
(Carvalho, 1977; Afonso, 1984; Pinna et al., 1993; Jamal, 2005; GTK
Consortium, 2006; Norconsult Consortium, 2007; Grantham et al.,
2008; Viola et al., 2008). The tectonic fault-related reactivation started
in the Cisuralian (early Permian) by the initiation of strike-slip faulting
under a transtensional stress regime that formed extensional basins
with a graben to half graben geometry (Carvalho, 1977; Hankel, 1994;
Lichelt, 2004; Catuneanu et al., 2005; GTK Consortium, 2006).

The boreholes used in this study were drilled in the N'Condédzi sub-

basin of the Moatize-Minjova Coal Basin, which is approximately 50 km
long and 25km wide, and is located ca. 70 km northeast of Tete City
(Figs. 1 and 2). Its margins are faulted against the Mesoproterozoic Tete
Suite (Gabbro-Anorthosite) to the SW and the Mesoproterozoic gneiss
and granite rocks of the Furancungo Suite to the N by the WNW -ESE
trending Mwanza Fault.

The complete Karoo stratigraphic succession of the Moatize -
Minjova Coal Basin is thicker than 800 m (Real, 1966; Thonnard, 1971/
1972; Afonso, 1975; Vasconcelos, 1995; Mugabe, 1999; Lachelt, 2004;
GTK Consortium, 2006), whereas in the N'Condédzi sub-basin
Lakshminarayana (2015), a Lower Karoo succession with a thickness of
more than 900 m is reported. The base of the succession consists of the
tillites of the Vizi Formation, which overly unconformably Pre-
cambrian basement rocks. However, the type section for this formation
was defined in the area of the Mucanha and Vuzi Rivers (Carvalho,
1977) belonging to the Chicoa-Mecticoe Basin, located upstream in the
Zambezi River valley (Fig. 1). In the Mucanha-Vizi area, the Vizi
Formation consists of 10 m-thick ill-bedded matrix supported red con-
glomerates that are conformably overlain by 10 m-thick mud supported
grey-black conglomerates. Due to the lack of conclusive evidences of
glacial action (transport and deposition), such as, striations on surfaces
of the basement rocks and on surfaces of the clasts in the conglomer-
ates, and dropstones and varve-like sedimentary rhythms, Carvalho
(1977) interpreted these conglomerates, not as glacial deposits, but
probably as coarse alluvial fans. These coarse clastic beds were
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probably deposited at the base of, and adjacent to, fault scraps, where
the topographic relief was created by vertical fault movements coeval
to the formation of the Karoo rift basins. Recently, a ca. 130 m thick
succession of the Vizi Formation, cropping out in the Murrongédzi
River, was described in the Moatize - Minjova Basin by Achimo et al.
(2014). The bulk of the succession consists of ill-sorted matrix-sup-
ported conglomerates showing typical features of glacial to sub-glacial
transport and deposition, interpreted as being formed by the advance
and retreat of ice caps over lakes and fluvio-glacial plains. From the
description of the Vizi Formation in the different Karoo basins of the
Zambezi River valley, it is evident that it was deposited in a variety of
sedimentary environments and tectonic conditions, which require fur-
ther research in order to ascertain the relations between different
processes and, possibly, the age and tempus of the accumulation of the
sediments.

The coal-bearing Moatize Formation conformably overlies the Vizi
(Tillite) Formation and consists of interbedded carbonaceous mud-
stones, siltstones, sandstones and coal beds interpreted as fluvial and
lacustrine sediments deposited under wet temperate climatic condi-
tions. In the Moatize region, the formation attains a thickness of ca.
300-400 m (Real, 1966; Afonso, 1976; GTK Consortium, 2006) and has
six main coal seams, which are known locally as “Carbonaceous Com-
plexes.” These “Complexes” consist of interbedded plant-rich carbo-
naceous mudstones and coal beds of variable thickness. Palaeoassem-
blages (plant macrofossils and palynomorphs) suggest Cisuralian-
Guadalupian (Early to Middle Permian) age for the upper part of the
Moatize Formation, correlated with the Middle-Late Permian age Ecca
Group of the Main Karoo Basin in South Africa (Daber, 1984). However,
recent palynological revision of the upper part of the Moatize Forma-
tion that was penetrated by two coal exploration boreholes (DW123
and DW132) indicates that this part of the Moatize Formation reaches
the latest Permian, with the Permian-Triassic boundary identified at ca.
42 m depth in borehole DW132 (Pereira et al., 2016).

The Moatize (Sandstone) Formation is overlain by a thick sequence
(ca. 4km) of siliciclastic rocks divided into two stratigraphic units, the
Matinde (Marl-Sandstone) Formation at the base, and the Cadzi
(Sandstone) Formation at the top (GTK Consortium, 2006). Both for-
mations were deposited in fluvial to possibly desert environments, re-
cording the transition from seasonal temperate to hot arid climatic
conditions. Due to the lack of biostratigraphic markers in both forma-
tions, the Matinde Formation is correlated to the Middle-Upper Ecca
Group of the Main Karoo Basin of South Africa (Silva et al., 1967),
whereas the Cadzi Formation is correlated with the Beaufort Group of
the same basin. With the exception of few 1-3 m thick doleritic dykes
and sills that intrude the sedimentary formations, the volcano-sedi-
mentary lithologies of Lower Jurassic age that capped the KSG, and are
correlated with the Stormberg Volcanics of the Main Karoo Basin, are
not well represented in the Moatize-Minjova Coal Basin (Vasconcelos,
1995).

Lakshminarayana (2015) compared the stratigraphic succession of
the KSG in the N'Condédzi sub-basin with the succession described for
the Moatize sub-basin. The Vizi Formation rests unconformably on
gabbros and anorthosites of the Mesoproterozoic Tete Suite. The Vizi
Formation consists of clast-supported conglomerates interbedded with
sandstones, siltstones and carbonaceous shales forming thinning and
fining upward cycles. The top part of the Vizi Formation is character-
ized by a sequence known as the Transitional Assemblage consisting of
sandstones, interbedded with carbonaceous shales and coal beds. This
formation is ca. 60-140 m thick. The succeeding Moatize Formation
attains a maximum of 900 m thick in the N'Condédzi sub-basin and
consists of interbedded meter thick coal seam, sandstones, siltstones
and carbonaceous shales. No new biostratigraphic information was
provided by Lakshminarayana (2015) on the age of the Vizi and
Moatize formations in this sub-basin and, therefore, this author corre-
lated these formations with the Pennsylvanian (Late Carboniferous) to
Cisuralian (early Permian) Dwyka Group and the Permian Ecca Group,
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respectively.

3. Materials

The samples analysed in this study were obtained from seven coal
exploration boreholes drilled in the N'Condédzi sub-basin (Fig. 2). Black
carbonaceous shales, black shales, grey mudstones and grey siltstones,
were the main lithologies sampled for organic maturation studies. Coal
was not sampled because it was not present in the cores during the
sampling. The coal seams were sampled earlier by the exploration
companies that owned the mining rights of the area, and shipped to
laboratories to assess its quality. The boreholes studied were chosen in
order to represent all the stratigraphic units of the KSG present in the
N'Condédzi sub-basin. Five of the boreholes studied intersected the
basement at different depths, representing the coal bearing units that
characterize the lower units of the stratigraphy (Moatize Formation),
whereas two boreholes penetrated the ca. 500 m thick successions
consisting mainly of red bed lithologies that represent the upper stra-
tigraphic units (Matinde and Cédzi formations) of the KSG in sub-basin.
One hundred and seventy two samples of the lithologies indicated were
processed for organic maturity analysis and palynology studies. One
hundred and one samples yielded organic material suitable for these
studies, however, seventy-one samples from boreholes A1TR-018,
A1TM-039, TGDH(C)005 and CIMT-014 were barren.

3.1. Borehole ZSA-32

This borehole is located near the southern margin of the Karoo
outcrop in the N'Condédzi sub-basin (Fig. 2). It has a total depth of
220 m, and penetrated at its base a 5 m thick sequence of the basement
rocks of the Tete Suite, consisting of gabbros (Fig. 3). The latter
lithologies are unconformably overlain by a 3m thick bed of clast-
supported conglomerates intercalated with very thin beds red siltstones
and mudstones, positioned immediately above the unconformity. These
red lithologies caused the red staining of the altered gabbros below the
unconformity. These two features, red stain of the basement and red
lithologies, are more compatible with deposition under oxidizing sub-
aerial conditions, rather than glacial to peri-glacial environments of the
Dwyka time. The succession in the borehole interval from 209m to
180 m, consists of black carbonaceous shales capped by a 2 m thick coal
bed. This is followed by an interval from 180 m to 62 m, characterized
by coarse to medium grained sandstones interbedded with shales and
siltstones and some coal beds. A 10 m thick coal bed caps the latter
borehole interval. The upper part of the borehole from 50 m to the top
of the borehole consists of sandstones interbedded with siltstones and
shales. The succession in this borehole is also intruded by several do-
leritic sills (Fig. 3).

3.2. Borehole A1TR-018

Borehole A1TR-018 was drilled to a total depth of ca. 91 m, and
penetrated Karoo sediments overlying crystalline basement rocks re-
presented by gabbros of the Tete Suite at ca. 85 m depth (Fig. 4). This
borehole is located only 1 km (direction) from the outcrop, which in-
cludes the contact between the Tete Suite and Karoo Supergroup in the
N'Condédzi sub-basin (Fig. 2). A 1 m clast-supported conglomerate bed
unconformably overlies the Precambrian basement. The conglomerate
grades upward into a 4 m thick bed of carbonaceous shales, followed
upwards by ca. 6 m thick sandstone-siltstone dominated interval and a
4 m thick clast-supported conglomerate interval interbedded with very
thin beds of shale. The upper part of the core consists of a 70 m se-
quence dominated by sandstones and siltstones beds interbedded with
thin to very thin beds of shales, followed upward by a 10 m thick shale
dominated interval.
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3.3. Borehole TGDH(C)005

This borehole was drilled in a small outcrop area of the Karoo
Supergroup surrounded by the Mesoproterozoic Tete Suite (Fig. 2). It
has a total depth of ca. 230 m and penetrated, an 11 m thick sequence of
basement rocks consisting of anorthosites (Fig. 5) at the base. These are
unconformably overlain by about 38 m of coarse-to medium-grained
sandstone and siltstone beds interbedded with thin to very thin beds of
shales belonging to the KSG. This situation indicates the absence of the
conglomerate beds that usually characterize the base of the KSG, in the
Moatize and in other Karoo basins, suggesting that the base of Karoo
Supergroup is diachronous in this sub-basin. The latter sandstone-silt-
stone interval is followed by approximately 70 m of dominantly silt-
stones and shales with thin beds of coal concentrated in the 162-168 m
and 110-123 m depth intervals. In the interval between 98 m and 68 m,
coarse-to medium-grained sandstone beds are interbedded with very
thin beds of siltstones and shales. The interval from 68 m depth up to
the top of the core consists of shales, carbonaceous shales and several
thin beds of coal, typical of barcode coals.
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3.4. Borehole A1TM-085

This borehole has a total depth of ca. 727 m and penetrated a 2m
thick sequence of basement rocks consisting of anorthosites belonging
to the Tete Suite at its base (Fig. 6). The basement rocks are un-
conformably overlain by about 55m of clast to matrix support con-
glomerates interbedded with siltstones, sandstones, and shales. Ap-
proximately 160m of dominantly shales, carbonaceous shales,
siltstones and thin beds of coals follow the latter conglomerate domi-
nant interval. A coarser-grained interval consisting of siltstones,
medium-to coarse-grained sandstones and thin beds of shales are po-
sitioned between approximately 415 m and 282 m depth. From 282 m
to 18 m depth the succession consists of shales, carbonaceous shales and
several thin beds of coal. The top, 18 m of this core consists of coarse-to
medium-grained sandstones. The succession in this core is intruded by
dolerite sills concentrated in the depth interval between 340 m and
90m. The sill thickness is 1-2m on average but at approximately
160 m, a conspicuous 12m thick doleritic sill occurs that caused suffi-
cient heating to affect the VR results (section 5).
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3.5. Borehole CIMT-014

This borehole has a total depth of 500 m and mostly consists of si-
liciclastic red bed lithologies (Fig. 7). The top of the Mesoproterozoic
basement was not penetrated. From the base to 470 m, the succession
changes in both lithology and sedimentary features. This basal 30 m
thick succession consists of medium-to coarse-grained grey sandstones
interbedded with laminated grey siltstones and carbonaceous shales,
the red sediment colours, which is characteristic for most of the core is
absent in this basal interval. Two prominent coarse-grained sandstone
dominant intervals are present, the first between 310 m and ca. 470 m,
and the second between 210 m and 260 m depth. These intervals consist
of coarse-grained (sometimes conglomeratic) to medium-grained red
sandstones interbedded with red to brown mudstones and siltstones.
The interval from 310 m to 260 m depth of the is characterized by fine-
grained lithologies dominated by red mudstones interbedded with thin
beds of grey mudstones and brown siltstones, with few beds of coarse-to
medium-grained red sandstones. Another fine-grained dominated in-
terval with the same lithological features is found between 210 m depth
and the top of the borehole.
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3.6. Borehole A1TM-039

This borehole was drilled to total depth of ca. 600 m, and consists
mainly of red siliciclastic lithologies (Fig. 8). This succession exhibits
many lithological similarities with borehole CIMT-014. However, it
differs by a higher dominance of coarse-grained siliciclastic rocks. Ac-
cordingly, from the base to 470 m depth, the succession is dominated by
red to brown siltstone beds interbedded with red mudstones and few
thin beds of grey mudstones and red sandstones, whereas the interval
between 470 m and 350m is characterized by thick, red to purple
sandstone beds. Between 350 m and the top of the core, the succession
consists of thick beds of coarse-to medium-grained red sandstones in-
tercalated with thick beds of brown siltstones and red mudstones.

3.7. Borehole A1TM-058

With a total depth of 1000 m, borehole A1ITM-058 (Fig. 9) is the
deepest of all the boreholes studied, consisting mainly of fine-grained
siliciclastic lithologies (shales and siltstones). At its base a 4 m sequence
of gabbros — anorthosites belonging to the Tete Suite was penetrated.
The latter lithologies are unconformably overlain by red siltstones, fine-
grained sandstones, and red mudstones that grade upwards im-
mediately into black carbonaceous shales interbedded with two
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Fig. 5. Lithological log and vitrinite reflectance profile of borehole TGDH(C)005.

intervals of clast-to matrix-supported conglomerates up to ca. 930 m
depth. The top of the basement rocks is red stained and the features of
the lithologies above the unconformity, also suggest sub-aerial sedi-
mentary conditions and the probable formation of soils, rather than
sedimentation under glacial to peri-glacial conditions prevalent during
the deposition of the Dwyka type lithologies. The interval between
930 m and 750 m in the succession is characterized by a cyclic repeti-
tion of siltstone and sandstone interbedded with shales. This is followed
by a very thick interval from 750 m to 190 m, consisting mainly of black
carbonaceous shales, shales, siltstones and coal beds. The latter interval
also included more coarse-grained lithologies, consisting of sandstones
and siltstones especially between 610 m and 490 m depth. From 190 m
depth to the top of the core, the succession consists of coarse-to
medium-grained grey sandstones alternating with laminated siltstones,
carbonaceous shale and thin beds of coal. The occurrence of several
doleritic sills is characteristic for the succession of this borehole.

4. Organic matter extraction techniques and methods of organic
maturation assessment

One hundred and seventy two mudrock core samples were used for
thermal maturity analysis using the laboratory facilities of CIMA,
Universidade do Algarve. Twenty grams of mudrock were crushed and
placed in a 50 mL Falcon tube. To the crushed rocks was added a few
drops of HCI to test for carbonates. Since all the samples proved to be

devoid of carbonates, the crushed mudrock samples were treated with
HF (40%) until all the silicates were dissolved. Then the organic residue
obtained was rinsed and decanted several times using distilled water
until the organic residue was fully neutralized. Afterwards, the samples
were sieved using a 15um mesh sieve. For spore fluorescence, spore
colour and palynological analysis, the organic residues were mounted
on palynological slides using acrylic resin Elvacite’.

4.1. Vitrinite reflectance

The obtained organic residues were mounted and polished after the
method by Hillier and Marshall (1988). Mean random vitrinite re-
flectance in oil immersion (%Ro) was the vitrinite reflectance (VR)
parameter chosen for thermal maturity assessment, because the meth-
odology adopted accounts non-oriented vitrinite particles. For vitrinite
identification and measurement several criteria were taken into account
following the guidelines recommended by the ASTM D7708-14 (2014),
ISO 7404-5 (2009) and the International Committee for Coal and
Organic Petrology (1998). VR measurements on all samples was per-
formed at the University of the Algarve, Portugal, using an Olympus BX
51 microscope equipped with a black and white Olympus XC-50 digital
camera. The greyscale (8-bit) digital images of vitrinite particles were
analysed using the graphical tool VITRINITE, which runs within the
Mirone Suite and calibrates the scale of 256 grey levels with standards
of known reflectivity (Fernandes et al., 2015). The reflectance values of
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the standards used were: 0.00%, 0.428%, 0.595%, 0.897%, 1.314%,
1.715%, 3.15% and 5.37%. VR was measured in non-polarized incident
light with a wavelength of 546 nm and immersion oil with a refractive
index of 1.518at a room temperature of 20 °C. Fig. 11 shows some
photographs of vitrinite particles which reflectance values was mea-
sured for this study. One hundred random reflectance values were
measured across the polished thin sections and their arithmetic mean
and standard deviation were calculated (Table 1). The arithmetic mean
was considered to be the true %R, for the sample.

As described in Section 3, the stratigraphic sections of three of the
boreholes studied (ZSA-32, A1TM-058 and A1TM-085) were intruded
by doleritic sills. Some of the samples of these three boreholes, close to
the intrusion walls, have high vitrinite reflectance values (Table 2). The
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high vitrinite reflectance values measured for these samples, are at-
tributed to the localized heat effect of the igneous intrusion in the
aureoles and not to burial heat (see Section 7. Discussion). Hence, the
vitrinite reflectance measured in the later samples (Table 2) were not
included neither in the calculation of burial palaeotemperatures and
palaeogeothermal gradients, nor in the estimation of eroded covers (see
Section 6. Interpretation of organic maturation results). However, the
vitrinite reflectance values of the heat affected were important for the
thermal history discussion of the studied region.

4.2. Spore fluorescence and spore colour

Qualitative spore fluorescence and spore colour are two optical
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parameters of thermal maturity of organic maturation, useful for
evaluating maturation levels of low-rank rocks until the end of the oil
window (1.35-1.5%Ro) (Van Gijzel, 1979; McPhilemy, 1988; Suarez-
Ruiz et al., 2012). When correlated with the quantitative VR method,
spore fluorescence and colour parameters can provide additional sup-
port for the thermal maturity of the rocks. Maturation causes a gradual
shift in organic matter fluorescence colours (red shift) from the shorter
to the longer wavelengths, that is, blue and green to yellow, orange and
finally red. Of all the macerals of the liptinite group, sporinite is the one
that shows the most consistent changes in fluorescence colour spectra
and intensity with increasing maturation. Under fluorescence excita-
tion, it changes colour from green through yellow to orange and finally
red, with increasing maturity to the top of the oil-window, after which
it no longer fluoresces. A phenomenon frequently noticed in fluorescent
palynomorphs is the fading effect (Van Gijzel, 1979). The fading effect
is due to a photochemical modification of the fluorescing organic
matter during prolonged blue light exposure, (30 min—2h or more).
During this lengthy exposure the intensity of fluorescence may increase
or decrease; if it increases, the fading is said to be positive, conversely,
if it diminishes is negative. In other words, the emitted fluorescence
spectrum may move either towards higher wavelengths (red band) or
towards shorter wavelengths (green band), the fading is said to be
positive in the first case and negative in the second.

The analysis of qualitative spore fluorescence colours was under-
taken in the University of the Algarve using an Olympus BX 51 mi-
croscope equipped with a metal halide lamp fluorescence unit; XCite
Series 120Q and with a violet and Blue + 12 filter block that generates a
wavelength band of 390-490 nm. This system was allowed to stabilize
for 5 min before any observation of the fluorescence of palynomorphs
was attempted. Suitable spore species with smooth and medium thick
exine, such as Densoisporites spp., were subjected to 5 min of excitation,
after which their fluorescence colours were recorded. The same spores
were exposed for a further thirty minutes to record any fading effects.
The terminology used for describing fluorescence colours was blue (B),

green (G), yellow (Y), dark yellow (DY), orange (O), dark orange (DO)
and red (R).

Spore exine colour has long been suggested by palynologists as a
method to assess the thermal maturity of sedimentary rocks, because
they observed that, with increasing burial depth, spore colour changes
from light to dark and that the change is progressive and irreversible
(Correia, 1971; Staplin, 1982). In this study, spore colour was recorded
using the Phillips Petroleum Colour Standard version no. 2 (Pearson,
1984), which is an adaptation of Staplin's Thermal Alteration Index
(TAI) chart, because it includes more shades for the same colour index.
The spore colour index for the samples was given by the colour of the
dominant and lightest spores observed and compared with the Phillips
Petroleum Colour Standard chart. The results of spore colour determi-
nation are presented together with VR measurements and spore fluor-
escence colours for each sample (Table 1). Figs. 3-10 show the main
features of spore colour and spore fluorescence in the boreholes studied.
Spore colours were recorded for acamerate, azonate trilete or monolete
spores with a smooth exine of medium thickness, such as Densoisporites
spp. and Laevigatosporites spp., which occurs throughout the section of
both boreholes studied by (Pereira et al., 2016).

As mentioned above, both spore fluorescence and spore colour are
qualitative methods for assessing organic maturation. The visual eva-
luation of the fluorescence colours and the colours the palynomorph
walls is subjective, depending on the experience of the operator and
lacking, therefore, the objectivity of VR. The lack of universally ac-
cepted standards of organic maturation, as VR, is another drawback of
these two methods. Moreover, it has been reported (Mendonca Filho
et al., 2010), that the acid treatment used to obtain kerogen con-
centrates (HCl and HF maceration) affects the fluorescence spectra of
liptinites, shifting it to higher wavelengths (red-shift), when compared
with the fluorescence spectra of whole rock samples. Despite these
problems, spore fluorescence and spore colour, used together with VR
are still important parameters of organic maturation, especially for low
and medium rank rocks.
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5. Organic maturation and palynological results

Data of the thermal maturity analyses, both quantitative (VR) and
qualitative (spore fluorescence and TAI), are shown in Table 1 and in
VR profiles of the studied boreholes, which illustrate the change of the
organic maturation indicators with burial depth (Figs. 3-9).

5.1. Borehole ZSA-32

Thirteen samples were processed from ZSA-32 and they were all
suitable for organic maturation studies, whereas only three samples of
the thirteen were suitable for palynological studies. The VR values
measured show a linear increase with depth in the borehole, ranging
from 1.21%Ro at the top to 1.31%Ro at the bottom (Fig. 3). Spore
fluorescence colours change intensity from orange at the top, to dark
orange at the bottom of the borehole, indicating palaeotemperatures
close to the fluorescence extinction. TAI values also change from 3 to 3/
3 + with increasing depth. Six samples were affected by heating by
dolerite intrusions and have TAI colours of 4-/4 or 5. In general, TAI
and fluorescence of the samples not affected by the intrusions indicate a
thermal maturity at the onset of the oil-window, and VR values indicate
a coal rank of medium rank B (ISO 11760, 2018).
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Palynological analysis of ZSA-32 samples revealed an assemblage
characterized by bisaccate taeniate pollen grain such as Luckiesporites
virkkiae, Lunatisporites pellucidus, Guttulapollenites hannonicus and
monolete spores such as Laevigatosporites colliensis. These assemblages
indicate a Lopingian (late Permian) age for the entire succession of this
core (Montesi, 2016).

5.2. Borehole A1TR-018

Twenty-two samples from A1TR-018 were studied for palynology
and organic maturation, but after laboratory processing, only six sam-
ples were suitable for maturation studies and thirteen samples yielded
palynomorphs. VR values measured from the ca. 80 m thick succession
of this borehole increase downhole, from 1.51%Ro at the top to 1.72%
Ro at the bottom at depth of ca. 70 m (Fig. 4). Spore colours showed
consistent TAI values of 3+ /4- throughout the succession, which is
fully consistent with the VR values measured. The thermal maturity
obtained from this core indicates that the sedimentary succession
straddles in the wet and dry gas zone of hydrocarbon generation. In
terms of coal rank, VR values indicate a medium rank A (ISO 11760,
2018). All the samples studied for palynology yielded an assemblage
characterized by rare trilete spores and colpate pollen grains, abundant



F. Galasso, et al.

Journal of African Earth Sciences 153 (2019) 219-238

-100—

-200—

-300—

400

-500—

Depth (m)

-600—

~700—

-800—

-900—

T.D.~1000—

A1TM-058

12

%Ro

Fig. 9. Lithological log and vitrinite reflectance profile of borehole A1TM-058.

monossaccate and rare to common bissaccate (taeniate and non-
taeniate) pollen. This assemblage shows similarity to the one described
by Pereira et al. (2014) from the borehole ETA 72 located in the
Muaradzi sub-basin (Fig. 1) and, therefore, is interpreted to be of
Kungurian/Roadian age with Alisporites sp., Cycadopites sp., Florinites
spp., Potoniesporites sp., Striatopodocarpites cancellatus, S. fusus Proto-
haploxypinus sp. and Vittatina sp.

5.3. Borehole TGDH(C)005

Twenty five samples were processed for both thermal maturity and
palynological analysis but just twenty and twelve samples from bore-
hole TGDH(C)005 were studied for palynology and organic maturation,
respectively. The lowest maturation levels in this part of the Moatize —
Minjova Basin were detected in this borehole. VR values range from
0.97%Ro at ca. 20 m depth to 1.15%Ro at 206 m depth. VR increases
linearly with depth with a good correlation coefficient of R? = 0.92
(Fig. 5). In terms of hydrocarbon generation the entire succession in this
borehole lies within the oil-window. Consistent TAI values of 2 were
recorded for this borehole, with the exception of one sample from the
bottom of the borehole with a TAI value of 2+. All samples show po-
sitive fluorescence with yellow to dark yellow colours (Fig. 10).
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Fluorescent samples also show a positive fading effect. The maturation
levels measured straddle the boundary between medium rank C and B
coals (ISO 11760, 2018) in terms of coal rank. The microfloristic as-
semblage recorded in this borehole show affinities with the assemblage
described by Pereira et al. (2016) from borehole DW 123 located in the
Muaradzi sub-basin (Fig. 1), that indicates a Lopingian age based on the
presence of the key species, as Lueckiesporites virkkiae, Guttullapollenites
hannonicus, Polypodiisporites sp., Thymospora sp., and Weylandites lucifer.

5.4. Borehole A1TM-085

Ten samples were processed for both maturity and palynological
studies, being all suitable for these studies. VR values measured in-
crease downhole from 1.43%Ro at 138 m depth to 1.56%Ro at 731 m
depth (Fig. 6). The VR profile shows a linear increase in reflectance
with depth of burial, defining a gradient with a correlation coefficient
of R? = 0.83. Maturation levels indicated by VR fall in the wet gas zone
for all the samples of this borehole. TAI values of 3+ /4- were obtained
from most of the samples that contained suitable spores. However, in
three samples between depths ca. 455 m and 222 m, spores with a TAI
of 3/3 + were recorded, showing also feint fluorescence with brown to
dark orange colours, indicating a position close to the spore
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Organic maturation results and palaeotemperatures (C) calculated using method described by Barker (1988) for the boreholes of the N'Condédzi sub-basin. All
samples are black carbonaceous mudstones or black/grey mudstones. R, (%) - vitrinite reflectance values, SD - standard deviation, Fluo. - spore fluorescence colours
(Y - yellow, DY - dark yellow, DO - dark orange, R - red), spore colour TAI - Thermal Alteration Index, * - samples with vitrinite reflectance values due to heating
effects of dolerite intrusions (details in Table 2), and TAI Reworked/Fluo. Reworked, refers to the reworked palynomorph population of boreholes CIMT-014 and

A1TM-039.

Sample (Ref.) Lithology Depth (m) %Ro SD Palaeotemp. (°C) Fluo. TAI Fluo. TAI
Reworked Reworked

Borehole ZSA-32
MZ227 Black mudstone 20.26 1.21 0.14 167.8 (6] 3
MZ226 * B. carb. mudstone 44.7 3.83 0.15 - - 5
MZ225* Black mudstone 47.83 1.88 0.17 - - 4-/4
MZ224 Black mudstone 78.52 1.16 0.09 163.4 (0] 3
MZ222 Black mudstone 84.42 1.22 0.08 168.7 DO 3/3+
MZ221 Black mudstone 90.2 1.24 0.1 170.4 - 3+/4-
MZ220* Black mudstone 103.38 4.88 0.17 - - 5
MZ219* Black mudstone 125.75 3.83 0.16 - - 5
MZ217* B. carb. mudstone 136.75 4.72 0.17 - - 5
MZzZ216* Black mudstone 140.52 1.94 0.14 - - 4-/4
MZ215 Black mudstone 153.91 1.24 0.08 170.4 DO 3/3+
MZ212 Black mudstone 196.9 1.32 0.11 176.9 DO 3/3+
MZ207 Black mudstone 203.93 1.31 0.11 176.1 DO 3/3+
Borehole A1TR-018
MQ183 B. carb. mudstone 11.26 1.51 0.12 190.9 - 3+/4-
MQ186 Black mudstone 21.13 1.53 0.07 192.2 - 3+/4-
MQ200 Black mudstone 29.37 1.59 0.09 196.2 - 3+/4-
MQ204 Black mudstone 37.58 1.61 0.06 197.5 - 3+/4-
MQ207 Black mudstone 48.4 1.62 0.07 198.2 3+/4-
MQ212 Black mudstone 69.2 1.72 0.15 204.4 - 3+/4-
Borehole TGDH(C)005
MZ232 B. carb. mudstone 19.7 0.97 0.1 144.8 Y 2
MZ236 B. carb. mudstone 35.9 0.96 0.08 143.8 Y 2
Mz239 Black mudstone 53.8 0.97 0.07 144.8 Y 2
Mz244 Black mudstone 81.05 0.99 0.1 147.0 Y 2
MZ246 Black mudstone 90.41 1.05 0.11 153.1 Y 2
MZ248 Black mudstone 105.7 1.08 0.07 156 Y 2
MZ251 Black mudstone 132.55 1.07 0.05 155 Y 2
MZ254 Black mudstone 152.73 1.07 0.06 155 Y 2
MZ256 Black mudstone 165.05 1.08 0.08 156 Y 2
MZ258 Black mudstone 182.83 1.1 0.07 157.9 Y 2
MZ260 Black mudstone 192.71 1.16 0.08 163.4 Y 2
MZ265 Black mudstone 206 1.15 0.05 162.5 DY 2+
Borehole A1TM-085
MQ157 B. carb. mudstone 138 1.43 0.08 185.2 3+/4-
MQ158* B. carb. mudstone 187.74 2.57 0.14 - - 5
MQ160 B. carb. mudstone 222.64 1.37 0.1 180.7 DO 3/3+
MQ162 Black mudstone 394.84 1.48 0.09 188.8 DO 3/3+
MQ166 B. carb. mudstone 454.64 1.49 0.08 189.5 DO 3/3+
MQ167 B. carb. mudstone 515.15 1.51 0.07 190.9 - 3+/4-
MQ170 Black mudstone 547.64 1.5 0.07 190.2 - 3+/4-
MQ174 B. carb. mudstone 608.60 1.53 0.09 192.2 - 3+/4-
MQ177 Black mudstone 660 1.52 0.07 191.5 - 3+/4-
MQ182 Black mudstone 731 1.56 0.1 194.2 - 3+/4-
Borehole CIMT-014
MQ111 Grey mudstone 132.12 1.11 0.09 158.9 Y 2+ 0/DO 3/4-
MQ115 Grey mudstone 148.8 1.14 0.07 161.6 Y 2+ 0/DO 3/4-
MQ127 Grey mudstone 323 1.24 0.06 170.4 DY 3 0/DO 3/4-
MQ147 Black mudstone 489 1.5 0.1 190.2 DO/R 3+/4-
Borehole A1TM-039
MQ231 Grey mudstone 554.59 1.15 0.06 162.5 Y 2+ DO 3+/4-
MQ233 Grey mudstone 562.44 1.17 0.07 164.3 Y 2+ DO 3+/4-
Borehole A1TM-058
MQ44 Black mudstone 23.52 1.19 0.04 166.1 DO 3/3+
MQ45 Black mudstone 26.62 1.2 0.11 167 DO 3/3+
MQ48* Black mudstone 67.3 1.83 0.13 - - 4-/4
MQ50* Black mudstone 76.22 1.36 0.09 - DO 4-/4
MQ52* B. carb. mudstone 89 1.34 0.08 - DO 4-/4
MQ54* Black mudstone 104.1 1.38 0.09 - DO 4-/4
MQ56* Black mudstone 111.4 1.36 0.1 - - 4-/4
MQ59* B. carb. mudstone 144.65 1.33 0.08 - - 4-/4
MQ60* Black mudstone 180.59 1.78 0.1 - - 4-/4
MQ63 B. carb. mudstone 379.2 1.28 0.08 173.7 DO 3/3+
MQ64 B. carb. mudstone 409.4 1.29 0.09 174.5 DO 3/3+
MQ68 B. carb. mudstone 490.2 1.31 0.07 176.1 DO 3/3+
MQ70 Black mudstone 514 1.33 0.1 177.7 - 3+/4-
MQ71 B. carb. mudstone 537.2 1.33 0.08 177.7 - 3+/4-
MQ73 Black mudstone 567.2 1.35 0.12 179.2 - 3+/4-
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(continued on next page)
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Sample (Ref.) Lithology Depth (m) %Ro SD Palaeotemp. (°C) Fluo. TAI Fluo. TAI
Reworked Reworked

MQ75 Black mudstone 577.3 1.36 0.09 180 - 4-/4

MQ77* Black mudstone 609.47 1.69 0.1 - - 4-/4

MQ79* B. carb. mudstone 624.45 1.68 0.07 - - 3+/4-

MQ81 B. carb. mudstone 663 1.4 0.1 183 - 3+/4-

MQ83 B. carb. mudstone 743.2 1.4 0.07 183 - 3+/4-

MQ84 Black mudstone 753.2 1.42 0.08 184.5 - 3+/4-

MQ88 Black mudstone 837.8 1.39 0.08 182.2 - 3+/4-

MQ90 B. carb. mudstone 844.6 1.41 0.08 183.7 - 3+/4-

MQ92 B. carb. mudstone 861.2 1.42 0.06 184.5 - 3+/4-

MQ95 B. carb. mudstone 923.2 1.45 0.07 186.6 - 3+/4-

MQ98 B. carb. mudstone 944.4 1.5 0.13 190.2 - 3+/4-

MQ100 B. carb. mudstone 957 1.46 0.11 187.4 - 3+/4-

MQ101 B. carb. mudstone 960.8 1.53 0.13 192.2 - 3+/4-

MQ102 Black mudstone 970 1.51 0.12 190.9 - 3+/4-

A1TM-058

Vitrinite reflectance values of the dolerite heat affected samples, showing also
its relations to the dolerite sills, namely the distance of the samples to the
nearest intrusion wall and the thickness of the nearest intrusion (distance in
metres).

Sample %Ro SD Distance from Thickness of the
(ref.) the nearest nearest intrusion
intrusion wall (m)
(m)
Borehole ZSA- MZ226 3.83 0.15 0.7 6
32 MZ225 1.88 0.17 0.5 1
MZz220 488 0.17 0.5 1.5
MZ219 2.3 014 1 1.5
MZ217 472 017 03 2
MzZ216 1.94 014 5 2
Borehole MQ158 257 0.14 13.4 17.5
A1TM-
085
Borehole MQ48 1.83 013 1 3.8
A1TM- MQ50 1.36 0.09 10 3.8
058 MQ52 1.34 0.08 17 11
MQ54 1.38 0.09 14 11
MQ56 1.36 0.1 6 11
MQ59 1.33 0.08 16 11
MQ60 1.78 0.1 7 6
MQ77 1.69 0.1 3 4
MQ79 1.68 0.09 9 7.5

fluorescence extinction level. Below 454 m depth, no palynomorphs
fluoresce. In this borehole, the cut-off of fluorescence correlates with
VR of ca. 1.49%Ro. According to Taylor et al., (1998) all fluorescence
disappeared during the second coalification jump, which is between
1.2% Ro and 1.6% Ro, therefore not all spores fluorescence coincide
with 1.35%Ro taken as the end of oil-window. Fluorescent samples also
showed a negative fading effect. The maturation levels measured cor-
respond to a coal rank of medium rank A (ISO 11760, 2018). As in
borehole A1TM-058, this borehole also shows effects of conductive
heating related to the intrusion of doleritic sills in a sample at ca. 187 m
depth.

Palynological studies performed on samples from this borehole
highlighted an assemblage similar to the one found in borehole TGDH
(©)005 indicating a Lopingian age with Calamosporasp., Horriditriletes
sp, Krauselisporites rallus, Osmundacidites senectus and Guttullapollenites
hannonicus and Weylandites lucifer for the whole succession penetrated
by this borehole.

5.5. Borehole CIMT-014

As mentioned in the borehole descriptions, most of the lithologies

Guittullapollenites hannonicus
(Goubin 1965)

sample MQ45

TAI:3/3+

Lueckisporites virkkiae
(Potonié & Klaus, Goubin 1965)
sample MQ63

TAI:3/3+

Leiotriletes sp.
sample MQ68
TAI:3/3+

50 um

Horriditriletes tereteangulatus
(Balme & Hennelly,
Backhouse 1991)

sample MZ248

TAI:2

Protohaploxypinus limpidus
(Balme & Hennelly,

Balme & Playford 1968)
sample MZ256

TAI:2

Fig. 10. Selected palynomorphs showing the range of TAI values and spore/
pollen fluorescence of boreholes A1TM-058 and TDGH(C)005.

penetrated by borehole CIMT-014 consist of red beds (mudstones,
siltstones and sandstones), which are not suitable for organic matura-
tion and palynological studies due to the oxic conditions that prevailed
during deposition.

Fifty samples were processed for both maturity and palynological
studies for CIMT-014 borehole. However, the majority of samples were
barren with only 10 samples for palynology and 4 samples for ma-
turation proving to be suitable for these studies. In borehole CIMT-014,
a VR value of 1.07%Ro was measured from sample MQ111 at ca. 132 m
depth. In general, VR increases downhole and a VR value of 1.47%Ro
was measured for sample MQ147 near the bottom of the borehole
(Fig. 7). However, the most important information regarding the
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TGDH(C)005, MZ244 - %Ro 0.99

A1TM-039, MQ233 - %Ro 1.17

A1TM-058, MQ68 - %Ro 1.31

50 um

A1TR-018, MQ200 - %Ro 1.59

CIMT-014, MQ111 - %Ro 1.11

CIMT-014, MQ127 - %Ro 1.24

Fig. 11. Some examples of vitrinite particles found and measured in this study. Above each photograph of vitrinite particles is indicated the borehole, sample
reference and the %Ro measured for that particular vitrinite particles, (vitrinite particles were chosen to illustrate grains with %Ro values close to the mean %Ro

value of the sample).

maturation and thermal history of this borehole came from spore colour
(TAI) and fluorescence. The observation of these two optical organic
maturation indicators revealed two different palynomorph populations,
in terms of both age and organic maturation level. All samples in-
vestigated contain an indigenous palynomorph population but samples
MQ127, MQ115 and MQ111 also includes a reworked palynomorph
population (Fig. 12). It is noteworthy that reworked vitrinite popula-
tions were not identified in these last three samples. TAI values of 2 and
3+ /4- were recorded for the indigenous palynomorph population from
ca. 132 m depth and at the bottom of the CIMT-014 borehole, respec-
tively. Fluorescence intensity and colour also change downhole for the
indigenous palynomorph population, from bright yellow colour in
sample MQ111 to dark orange colour in sample MQ147. The reworked
palynomorph population is absent in sample MQ147, but in the other
three samples it is common, making up to 30-40% of all palynomorphs.
The TAI values of the reworked palynomorphs are always 3+ /4- and
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spore fluorescence is either orange colour or the spores do not fluoresce
(Table 1). Non-fluorescent spores are more abundant in samples MQ111
and MQ115 (Fig. 12). The organic maturation levels indicated by VR
indicate that this borehole falls within the late oil-window, with sample
MQ147 (at the bottom of the borehole) indicating a position at the
beginning of the wet-gas generation zone. VR values also indicate a coal
rank of medium rank B (ISO 11760, 2018) for most of the sedimentary
succession in this borehole.

The palynological assemblage found in sample MQ111 suggest an
Upper Triassic (Carnian) age, based on the presence of the spores
Anapiculatisporites spiniger/Carnisporites anteriscus, Densoisporites spp.,
Dictyophyllidites sp. Limatulasporites limatus, Lophotriletes novicus,
Lundbladispora spp., Nevesisporites fossulatus, Retitriletes sp., Stiattella
seebergensis and Uvaesporites sp. and the pollen grains of
Camerozonosporites secatus, Cycadopites sp., and Samaropollenites spe-
ciosus, that typifies to these ages (Césari and Colombi, 2016; Dawit,
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50 um

Fig. 12. Differences observed in transmitted and fluorescent light between the
indigenous and recycled palynomorphs assemblages in borehole CIMT-014: a.)
sp. reworked Permian spore (Leiotriletes directus) showing no fluorescence (a.1)
and pl. Upper Triassic pollen (Platysaccus queenslandi) showing yellow fluor-
escence colour (a.l), sample MQ115; b.) sp. reworked Permian spore
(Polycingulatisporites sp.) showing no fluorescence (b.1) and pl. unidentified
pollen grain, possible Upper Triassic age, showing yellow fluorescence colour
(b.2), sample MQ115; c.) sp. Upper Triassic spore (Rogalskaisporites cicatricosus)
showing strong yellor fluorescence colour (c.1) and sp.1, sp.2, sp.3 reworked
Permian spores showing weak fluorescence or no fluorescence (c.1), sample
MQ111; d.) sp. reworked Permian spore (Densoisporites sp.) showing no fluor-
escence (d.1) and pl. two unidentified pollen grains, possible Upper Triassic
age, showing strong yellow fluorescence colour (d.1), sample MQ111.

2014; Paterson et al., 2018). The assemblages found in samples MQ115,
MQ127 strongly suggests a Lower Triassic age, containing the spores
Aratisporites sp., Densoisporites nejburgi, D. playfordii Lundbladispora spp.
and Playfordidiaspora cancellosa and the pollen grains Alisporites nu-
thallensis, Lunatisporites pellucidus, Falcisporites stabilis, and Platysaccus
queenslandii. The assemblages of these two samples are characterized by
Alisporites nuthallensis, Lunatisporites pellucidus, Densoisporites playfordii,
Falcisporites stabilis and Lundbladispora obsoleta, Platysaccus queenslandii,
Uvaesporites sp. and Carnisporites sp. that typifies to these ages (Dawit,
2014). Between samples MQ111 and MQ115, separated vertical in the
borehole by only ca. 15 m no palynomorphs were recorded in three
samples located in this interval, suggesting an important hiatus, since
no Middle Triassic palynomorphs were identified. Samples MQ111,
MQ115 and MQ127 also have a considerable amount of reworked pa-
lynomorphs of Lopingian (Permian age) as for instance Polypodiisporites
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sp., Thymospora sp. The Permian-Triassic boundary is tentatively placed
at ca. 489 m depth according to the scheme described by Pereira et al.
(2016) from borehole DW132, where the Permian-Triassic boundary
was identified at ca. 42 m depth.

5.6. Borehole A1TM-039

For A1TM-039 borehole, twenty samples were processed, but only
two samples were suitable for organic maturation studies and three
yielded palynomorphs suitable for palynological analysis. VR values
measured are 1.15%Ro (MQ231) and 1.17%Ro (MQ233) and the in-
digenous palynomorphs population shows yellow fluorescence colours
and TAI values of 2+ (Fig. 8). The reworked palynomorph population
either shows no fluorescence or dull dark orange colours and TAI values
of 3+ /4- (Table 1). The maturation levels suggested by the VR results
and the indigenous palynomorph population indicate a position within
the oil-window and a coal rank of medium rank B (ISO 11760, 2018),
whereas the maturation levels of the reworked population indicate a
position at the end of the oil-window and at the beginning of the wet-
gas generation zone.

The three productive samples studied are located near the bottom of
the borehole and contain an assemblage assigned to Carnian age (Upper
Triassic) age. The palynoassemblage included the pollen grains
Alisporites nuthallensis, Enzonalasporites virgens, Platysaccus queenslandi.
and Samaropollenites speciosus and the spores Aratrisporites sp.,
Anapiculatisporites spiniger/Carnisporites anteriscus, Densoisporites spp.,
Lundibladispora spp., Playfordispora cancellosa, Stiattella seebergensis and
Uvaesporites sp. A second assemblage comprising reworked palyno-
morphs was also identified in the same samples. The reworded assem-
blage is assign to a Permian age due to the presence of, Alisporites
parvus,  Cyclogranisporites  gondwaniensis,  Polypodiisporites  sp.,
Thymospora sp., described as key species for this age in other Karoo
basins.

5.7. Borehole A1TM-058

The twenty-nine samples processed were all suitable for maturity
studies, whereas, only twelve samples were suitable for palynological
studies. In borehole A1TM-058, VR values increase downhole from
1.19%Ro at 23.5m depth to 1.51%Ro at 970 m depth, with a clear
linear VR vs. depth relationship (Fig. 9). The boundary between the
base of the oil-window and the wet gas zone, indicated by the VR
profile, occurs at ca. 500 m depth, with VR values ranging from 1.31 to
1.36%Ro. Samples above 490 m depth show positive fluorescence with
orange to dark orange colours (Fig. 10), whereas for samples below that
depth, no palynomorphs (spores and pollen) were observed to fluor-
esce. The depth of fluorescence extinction in this borehole correlates
with VR values between 1.31 and 1.33%Ro. Spore colour increases from
a TAI of 3/3 + at the top of the borehole to values of 3+ /4- at the
bottom of the borehole. TAI values of 3+ /4- were recorded for spores
at the horizon of fluorescence extinction. All thermal maturity indices
recorded correspond to medium rank B and A coals in terms of coal
rank (ISO 11760, 2018). In this borehole, VR measured from samples
between the depth intervals of 68-180m and 610-625m, yielded
anomalously high values, that do not lie on the VR vs. depth profile
(Fig. 9). These samples are positioned close to the margins of several
doleritic intrusions that were intersected by the borehole. Therefore,
the VR values from these samples were not included in the calculation
of the VR profile, since they were interpreted as the result of post burial
igneous activity, most likely related to the Jurassic Karoo - Ferrar Large
Igneous Province (op. cit. Duncan et al., 1997). Palynological studies
performed in this borehole, shows a palynoassemblages similar to the
assemblage studied in the borehole A1TM-085. Present are the diag-
nostic species Guttullapollenites hannonicus, Klausipollenites schaubergeri,
Lueckiesporites virkkiae, Osmundacites senectus, Polypodiisporites sp.,
Protohaploxypinus microcorpus, Thymospora sp.and Weylandites lucifer,



F. Galasso, et al.

that indicates a Lopingian age (Late Permian). The assemblages in-
vestigated are also very similar and correlate with those described for
the borehole DW 123, Muaradzi sub-basin (see Fig. 1) (Pereira et al.,
2016).

6. Interpretation of organic maturation results
6.1. Palaeogeothermal gradient estimates

Except for boreholes CIMT-014 and A1TM-039, the thermal ma-
turity obtained from the non-heat affected samples (Table 1), indicates
a clear relationship between maturity and depth of the sedimentary
beds despite the different techniques used (Figs. 3-10). This type of
relation suggests that burial was the main factor controlling organic
maturation. However, organic maturation profiles indicate that the
boreholes located in close proximity to the southern basin boundary
have less steep gradient indicating higher geothermal gradients at those
locations. In order to investigate this aspect further, palaeo-
temperatures were calculated using Barker’s (1988) empirical equation
T(°C) = 104In(%Ro)+148, where T(°C) is the maximum palaeo-
temperature attained by the sedimentary rock that yielded vitrinite
particles with a measured VR of %Ro.

The palaeotemperatures calculated by this equation are shown in
the Table 1. These were then used to estimate palaeogeothermal gra-
dients (Fig. 13) and the amount the rock cover eroded in the N'Con-
dédzi sub-basin of the Moatize - Minjova Coal Basin.

The palaeogeothermal gradients calculated vary significantly from a
maximum of ca. 300 °C/km in borehole A1TM-018 to a minimum of ca.
35 °C/km in borehole A1TM-085. Palaeogeothermal gradients were not
calculated for boreholes CIMT-014 and A1TM-039 due to insufficient
numbers of samples studied.

Notably, the higher palaeogeothermal gradients were from the
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boreholes located near the basin margin and in the small isolated oc-
currence of the Karoo Supergroup where borehole TGDH(C)005 was
drilled. Anomalously high VR values were measured in boreholes
A1TM-085, A1TM-058 and ZSA-32 through several depth intervals that
were interpreted as the results of conductive heating associated with
Jurassic age doleritic intrusions. These anomalous VR values were not
included in the construction of palaeogeothermal gradients.

However, there is no evidence that boreholes that have the highest
calculated palaeogeothermal gradients were affected by igneous intru-
sion and, therefore, another thermal event was responsible for such
high geothermal gradients. The calculated palaeogeothermal gradients
of 35-40°C/km is considered to be the regional geothermal gradients
for the N'Condédzi sub-basin of the Moatize - Minjova Coal Basin, and is
similar to the 40 °C/km geothermal gradient calculated by Fernandes
et al. (2015) for the Muaradzi sub-basin of the same basin.

The calculated palaeogeothermal gradients are characteristic of
extensional continental rift basins (Fernandes et al., 2015). However,
the higher geothermal gradients calculated for the boreholes near the
basin boundary, suggest that high heat flux rather than the regional
geothermal gradient was responsible for locally elevated the geo-
thermal gradients. A likely cause for this high palaeogeothermal gra-
dient is the circulation of hot fluids associated with fault zones and
permeable beds (sandstones).

6.2. Eroded cover estimates

The calculated palaeogeothermal gradients were used to estimate
the amount of eroded sedimentary cover in sedimentary basins where
rocks have already attained maximum temperatures. The eroded sedi-
mentary cover refers to the thickness of sedimentary section necessary
to account for the measured VR results. In the boreholes studied, the
shallowest samples, from 11 to 138 m depth, reached peak palaeo-
temperature of 185-190 °C. The method used to calculate the eroded
cover is after Bray et al. (1992). Applying this methodology to the es-
timates of exhumation in the study area suggests a maximum of ca.
5300 m and a minimum of 550 m. This range can be explained by
different palaeogeothermal gradients used in calculations for these
boreholes. Since the highest palaeogeothermal gradients are considered
abnormal and related to high temperature fluid flow through fault
zones and permeable lithologies, the amount of post-late Permian ex-
humation is between 4.3 and 5.3 km; values slightly higher than the
2.5-3 km calculated by Fernandes et al. (2015).

Thick sedimentary sections are found in other external rift-related
Karoo basins in Eastern Africa, which are geometrically related to the
Moatize Minjova Basin (Cairncross, 2001; Catuneanu et al., 2005). For
example, Banks et al. (1995) reported at 8 km thick Permian-Triassic
sedimentary section preserved in the Karoo rift basin of the Luargwa
Valley in Zambia.

7. Discussion

The VR values measured from the N'Condédzi sub-basin, range from
1.3 to 1.7%Ro, indicating a coal rank of medium rank B and A coals
(ISO 11760, 2018), and are similar to those reported by Fernandes et al.
(2015) of dispersed organic matter, and Vasconcelos (1995) of coals, for
the Moatize sub-basin (Fig. 1). In terms of zones of hydrocarbon gen-
eration, boreholes ZSA-32, A1TM-39 and TGDH(C)005 are within or at
the end of the oil-window, boreholes A1TR-018 and A1TM-085 are
within the wet gas generative zone, and boreholes A1TM-058 and
CIMT-014 span the base of oil window at depths of ca. 600 m depth and
400 m, respectively.

The linear increase of VR with depth observed in the boreholes in-
dicates an organic matter maturation process related to burial. The
calculated regional palaeogeothermal gradient for the N'Condédzi sub-
basin is 35-40 °C/km. The doleritic intrusions observed in three bore-
holes (A1TM-058, A1TM-085 and ZSA-32), had only local thermal
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Fig. 14. Schematic cross-sections illustrating the
tectonic and thermal evolution of the Permian -
Triassic Karoo rocks of the N'Condédzi sub-basin.
Figures not to scale. (a) Late Guadalupian: exten-
sional basin initiation by the tectonic reactivation of
- Precambrian shear zones, forming half-graben sedi-
mentary basins. (b) Late Lopingian to Lower Triassic:
fault-induced subsidence and deposition of very thick
sequences (> 1000 m). Beginning of hot diagenetic
fluid flow driven only by lithostatic pressure. (c)
Upper Triassic: after a phase of non-deposition during
the Middle Triassic, deposition of Upper Triassic red

Lopingian
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Schematic geological cross section of the N’Condézi region

beds together with reworked Permian palynomorphs
from the neighbouring Karoo basins, re-burial of the
Permian - Lower Triassic sequences. (d) Schematic
cross-section of the N'Condédzi region showing the
position of some of the boreholes studied.
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effects and only increased VR for the samples in the contact aureoles. If
the igneous episode, responsible for the doleritic intrusions, had a
major effect on the regional organic matter maturity, a homogenisation
of all maturity indicators will be expected for the sedimentary succes-
sions of these boreholes, this was not observed and supports our ar-
gument for the local thermal affects of the intrusions. However, bore-
holes TGDH(C)005 and A1TR-018 do not show evidence of igneous
intrusions and have higher palaeogeothermal gradients suggesting that
a thermal process other than burial heating, was responsible for these
abnormal gradients. The close proximity of these boreholes to the
southern fault-bounded basin margin suggests that hot fluids circulating
through permeable lithologies (sandstones) and faults zones, as a likely
processes capable of elevate the regional palaeogeothermal gradients in
these parts of the basin margin (Fig. 14). The origin of the hot fluids
may have been connate waters that moved through the sedimentary
pile due to lithostatic pressure during fault-induced subsidence, or may

I Lower to
Upper Triassic

Lopingian
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+ Granites & Gneisses  +
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have a deeper origin resulting from metamorphic dewatering reactions
(?). The flow of hot fluids, expelled from the basal beds of the basin by
lithostatic pressure, through permeable lithologies and fracture zones,
allowed the advective and convective transmission of heat, which he-
ated up the sedimentary successions located near the southern basin
margin (Fig. 14). The rock successions in these zones were in equili-
brium with the temperature of the hot fluids that overprinted the initial
thermal maturity caused by burial heat only.

The initiation of fluid flow due to lithostatic pressure in this basin is
probably due to the high sedimentation rates consequence of fault-in-
duced subsidence, leading to the accumulation of the thick succession
of sediments. In borehole A1TM-058, ca. 1 km of Lopingian age sedi-
ments are preserved and Lakshminarayana (2015) reported a Lower
Karoo succession with more than 900 m thickness. Boreholes A1ITM-039
and CIMT-014 encompass a ca. 500-600 m sedimentary succession of
mostly Lower to Middle/Upper Triassic age, demonstrating the
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continuation of high sedimentation rates throughout Triassic times in
this basin. An additional cause for the initiation of fluid flow is the
structural geometry of the basin. The N'Condédzi sub-basin is half-
graben, where the main fault, the Mwanza Fault, was formed by tec-
tonic reactivation of the Saningoe Shear Zone (Fig. 1). The Mwanza
Fault was probably active since the early Permian and lead to the ac-
cumulation of a thick pile of sediments adjacent to the fault zone. Due
to the half-graben geometry, the thicknesses of the sedimentary suc-
cessions were considerably less near the southern margin of the basin.
For example, borehole TGDH(C)005 located in the isolated occurrence
of Karroo Supergroup sediments within the Tete Suite contains ca. 230
m of Lopingian aged strata, whereas borehole A1TM-058 includes a ca.
1 km succession of the same age.

Using the regional palaeogeothermal gradient calculated from VR,
4-5km of cover was eroded after Lopingian times in the depocentre of
this basin, whereas near the S-SW basin margin, the estimated eroded
cover is significantly less from ca. 544 m to ca. 2.4 km. However, these
estimates may be inaccurate, as they do not take account of the pa-
laeogeothermal gradient probably having been elevated by hot fluids
flowing through fault zone at the basin margin.

The maturation data and the age of the successions of boreholes
A1TM-058, A1TM-085, TGDH(C)005, ZSA-32 and A1TR-018, indicate
that the timing of organic matter maturation, when peak temperatures
were attained, is prior to Lower Triassic times. This can be better
constrained by taking into account the cooling episode that occurred
between 240 and 230 Ma in the Moatize - Minjova Basin (Fernandes
et al., 2015). The latter study also indicated that peak burial tempera-
tures and consequently organic maturation levels, were attained shortly
after deposition (3-10 Ma), implying high subsidence rates during Lo-
pingian to Lower Triassic time in this region. In borehole CIMT-015
palynological results indicate that Lower Triassic and the Upper Triassic
(Carnian) rocks, samples MQ115 and MQ111, respectively (section 5.5
and Fig. 7), are only vertically separated in the borehole by a 15 m thick
section of coarse clastic sedimentary rocks. Although, the samples
processed in the borehole interval, between these two samples, for or-
ganic maturation and palynology were barren, it is unlike that Middle
Triassic rocks are condensed in this 15m thick section. This suggests
that the N'Condédzi sub-basin was affected by the same Middle Triassic
erosion event described by Fernandes et al. (2015) for the Moatize -
Minjova Basin in the region of the Muaradzi sub-basin (Fig. 1). Also, the
presence of common reworked palynomorphs of Permian age in Upper
Triassic (Carnian) sediments in boreholes A1TM-039 and CIMT-014
indicates exhumation and erosion of Permian aged Karoo sedimentary
rocks during Middle Triassic times in the neighbouring Karoo basins,
e.g. in the Moatize and Muaradzi sub-basins (Lopes et al., 2014; Pereira
et al., 2016; Gotz et al., 2018) (Fig. 1). Furthermore, the spore fluor-
escence colours and TAI values recorded from the reworked Permian
age palynomorphs in boreholes CIMT-014 and A1TM-039, are con-
siderably higher than those of the indigenous Triassic palynomorphs.
Therefore, the Upper Triassic sedimentary rocks never attained higher
temperatures than those indicated by the reworked palynomorph po-
pulation. Unconformities between the late Permian and the Lower
Triassic sedimentary successions are described in several Karoo rift
basins located to the north of the Main Karoo Basin of South Africa
(Catuneanu et al., 2005 and references herein). In the Ruhuhu, Selous
and Tanga basins of southern Tanzania this unconformity is well
documented and corresponds, for example, to the unconformity be-
tween the Lopingian Usili Formation and the Lower Triassic Manda
Formation. In Zambia it is the unconformity between the Lopingian
Upper Madumabisa Formation and the overlying Lower Triassic Es-
carpment Grit, and in Madagascar, in the Morondova Basin, it is the
unconformity between the Lower Sakamena Formation and the over-
lying Middle to Upper Sakamena Formation. However, the effects of
this Middle Triassic erosion event on the organic maturation and
thermal history of the N'Condédzi sub-basin are still uncertain. This is
due to the similarity of VR values measured for the Lower and Upper
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Triassic samples in boreholes CIMT-014 and A1TM-039, together with
the impossibility of constructing VR profiles for these two boreholes
(see sections 5.5, 5.6 and 6.1), capable of identifying distinct geo-
thermal gradients, below and above the Middle Triassic erosion event.
Accordingly, the organic maturation results attained in this study in-
dicate that the effects of the Upper Triassic reburial on the organic
maturation, as a distinct thermal event of this sub-basin were not de-
tected, suggesting that a single episode of burial under a sedimentary
cover that ended in Upper Triassic — Lower Jurassic(?) times, was re-
sponsible for the organic maturation levels measured. The similar VR
results, for example, between the Carnian age samples (MQ231 and
MQ233) in borehole A1TM-039 and the same age sample (MQ111) in
borehole CIMT-014, separated vertically ca. 470 m (both boreholes
were drilled on a ground at ca. 300 m above sea level), could be due to
different burial cover thicknesses. In this case borehole A1TM-038 was
located in an area of the sedimentary basin that was buried under a
thicker sedimentary cover (a depocentre area) than borehole CIMT-014.
Organic maturation levels measured for the N'Condédzi sub-basin
suggest a complex thermal history (Fig. 14). The VR profiles of the
boreholes studied indicate a maturation process related to burial heat.
Though, the high palaeogeothermal gradients observed near the South
margin of this basin, suggest the flow of hot fluids through permeable
lithologies and fractures with discharge points located near the South
boundary of this basin. The flow of hot fluids was due, most probably,
to compaction-driven fluid flow. The movement of major extensional
faults in the N'Condédzi sub-basin led to high fault-induced subsidence
rates. The sediment accommodation space created by these processes
was matched also by high sedimentation rates during Permian to Lower
Triassic times, which increased considerably compaction pressures and
may have originated hot overpressure fluids that initiated the fluid flow
through the permeable lithologies and fault zones of this basin.
Reworked Permian palynomorphs in Carnian (Upper Triassic) se-
diments have higher maturation levels than the indigenous Carnian
palynomorphs, indicated by spore colour and fluorescence. This implies
exhumation and erosion of Permian aged successions located in the
neighbouring Karoo basins during Middle Triassic times, and also
suggests that peak burial palaeotemperatures, in those basins, were
achieved during Permian to Lower Triassic times. Peak burial palaeo-
temperatures attained by the Upper Triassic (Carnian) sedimentary
successions in the N'Condédzi sub-basin, were lower and did not
overprint the effects of the earlier maturation episode of the neigh-
bouring Karoo basins, indicated by the reworked Permian palyno-
morphs. Lastly, during Lower Jurassic times occurred a last maturation
event related to dolerite intrusions. Though, the thermal effects of these
intrusions were localised and limited to the contact aureoles.

8. Conclusion
The main conclusions of this work are:

VR values measured from the exploration boreholes of the
N'Condédzi sub-basin, range from 1.3 to 1.7%Ro, indicating a coal
rank of medium rank B and A coals (ISO 11760, 2018). The range of
VR values indicated, excludes the VR values of the heat-affected
samples due to the dolerite intrusions. In terms of zones of hydro-
carbons the majority of the succession of the boreholes lay at the
end of the oil window and the beginning of the wet gas generative
zone.

The linear increase of VR with depth observed in the boreholes in-
dicates an organic matter maturation process related to burial. The
calculated regional palaeogeothermal gradient for the N'Condédzi
sub-basin is 35-40 °C/km. The doleritic intrusions observed in three
boreholes, had localized thermal effects and only increased VR for
the samples close to the intrusion walls. The abnormal geothermal
gradients calculated for boreholes TGDH(C)005 and A1TR-018 lo-
cated close to the south margin of the basin, are attributed to hot
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fluids flowing through permeable lithologies (sandstones) and faults
zones that elevated the regional palaeogeothermal gradient in these
parts of the basin margin. We proposed that the origin of the hot
fluids were connate waters that moved due to lithostatic pressure
during fault-induced subsidence, with a possible minor contribution
of deep hot fluids originated by dewatering metamorphic reactions
.

Hot fluid flow was due to the accumulation of thick sedimentary
piles (over 2km in thickness) in periods of rapid subsidence during
the Permian - Triassic times.

Using the regional palaeogeothermal gradient calculated from VR,
4-5km of cover was eroded since after Lopingian time in the de-
pocentre of this sub-basin.

The maturation data obtained, together with the age of the borehole
successions, including the reworked Permian palynomorphs in
Upper Triassic sedimentary rocks, suggests that burial peak tem-
peratures were reached during Upper Triassic — Lower Jurassic(?)
times.
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