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ABSTRACT

Whole-rock geochemistry and Sr-Nd isotopic compositions of Permian mudrocks from the Moatize and Matinde
formations were analysed to constrain the sediment provenance, weathering history and palaeogeographic
setting of the Moatize - Minjova Sub-Basin in the Karoo Zambezi Basin of Mozambique. The geochemical sig-
natures of both formations suggest minimal effects of recycling and sorting, and point to rapid sediment depo-
sition within an active tectonic setting. Trace element systematics and key provenance ratios (Th/Sc, La/Sc, Cr/
Th, Lan/Smy, Eu/Eu*) indicate heterogeneous source areas dominated by felsic rocks with a minor mafic
contribution. The mudrocks of the Moatize and Matinde formations exhibit similar isotopic signatures, with eNd
(t) values of —9.32 + 0.74 and —7.99 + 1.10, and Nd Tpy model ages of 1.68 + 0.08 and 1.51 + 0.12 Ga,
respectively. These isotopic signatures indicate that both formations were derived from mixed sources, including
late Mesoproterozoic and Neoproterozoic rocks from southern Malawi, the Nampula Block (a subdomain of
southernmost Malawi), the Guro Suite and the Macossa-Chimoio Nappe.

Both Moatize and Matinde mudrocks exhibit high Chemical Index of Alteration (>85) and Chemical Index of
Weathering (>90) values, along with low Index of Compositional Variability and low K/Cs ratios. The
Al303-(Ca0 + Nap0)-K20 (A-CN-K) relationships indicate that the Moatize and Matinde mudrocks have not
undergone post-depositional K-metasomatism. The data collectively indicate intense palaeoweathering condi-
tions in the source areas. Furthermore, the weathering indices suggest warm and humid palaeoclimate during the
deposition of the Moatize and Matinde formations. These formations were deposited in a confined continental
basin between the Guadalupian (middle Permian) and the Lopingian (late Permian).

1. Introduction

events are recorded in the Gondwanan rock record, particularly within
the sedimentary sequences of the African Karoo basins (Catuneanu et al.,

During the Pangaea times (Late Carboniferous to Early Jurassic),
Africa occupied the core of the Gondwana supercontinent (Torsvik and
Cocks, 2017; Gradstein et al., 2020). This period was marked by
important geological, biological, and climatic events that profoundly
affected Gondwana. Among the most extensively studied is the drastic
shift from the icehouse conditions of the Late Palaeozoic glaciations to
the hothouse conditions that prevailed throughout the Triassic,
accompanied by widespread aridity (e.g, Retallack, 2013). All these
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2005; Hancox, 2016; Gotz et al., 2020).

These basins comprise the Main Karoo Basin (MKB) in South Africa,
and a network of continental rift basins to its north of the MKB. The MKB
is a foreland basin bounded to the south by the mountains of the Cape
Fold Belt (e.g., Catuneanu et al., 2005; Viglietti et al., 2017). The con-
tinental rift basins formed through the reactivation of high-strain shear
zones (Fig. la), which were inherited from Precambrian to early
Cambrian tectonics (e.g, Afonso, 1984; Delvaux, 2001;
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GTK-Consortium, 2006). Consequently, studies have shown that the
African Karoo basins differ not only in their tectonic style, but they also
in their stratigraphic sequences and palynological records (e.g., Nyambe
and Dixon, 2000; Catuneanu et al., 2005; Jacobs et al., 2005; Isbell et al.,
2008; Phiri et al., 2016; Barbolini et al., 2018). The sedimentary records
of the MKB indicate a transition from predominantly marine environ-
ments in the Late Carboniferous - Early Lopingian) to mainly
non-marine environments by the Middle Guadalupian — Middle Jurassic
(e.g., Smith, 1990; Johnson et al., 1996; Rubidge and Day, 2020;
Baiyegunhi and Liu, 2021; Bordy and Paiva, 2021). By contrast, sedi-
mentation in the rift basins occurred largely in non-marine settings
(Johnson et al., 1996; Catuneanu et al., 2005; Hancox, 2016).

This study focuses on the Moatize-Minjova Sub-Basin (MMSB)
(Fig. 1b and 2), which forms part of the larger Karoo Zambezi Basin of
Mozambique (KZBM). This basin is also a component of the network of
continental Karoo rift basins across sub-Saharan Africa (Fernandes et al.,
2023, 2024). The MMSB is primarily known for its extensive coal de-
posits, particularly within the Moatize Coalfield (Real, 1966; Afonso,
1984; Vasconcelos, 1995; Vasconcelos and Achimo, 2010).

The MMSB has recently been studied in detail in terms of stratig-
raphy and depositional settings (Bicca et al., 2017; Lopes et al., 2021;
Fernandes et al., 2023), palynology (Pereira et al., 2016, 2019; Galasso
et al., 2019), detrital zircon U-Pb geochronology (Bicca et al., 2018;
Fernandes et al., 2024), and tectonics and thermal history (Fernandes
etal., 2015, 2023, 2024; Bicca et al., 2017; Galasso et al., 2019). Despite
these advances in the geological understanding of the MMSB, the
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geochemistry of its sedimentary successions remains poorly understood,
with no published studies to date. This study addresses this gap in
geological knowledge by presenting and discussing, for the first time,
whole-rock geochemical data including major, trace, and rare earth el-
ements, as well as Sr-Nd isotopic compositions for mudrocks of the
Lower Karoo Group in the MMSB. These data provide new insights into
the interval between the end of the Late Palaeozoic glaciation and the
Late Permian coal-forming environments. This study also evaluates the
palaeoweathering conditions during this depositional interval, the
variability in source area composition, and the potential effects of
sedimentary recycling. These original data are further used to constrain
the paleoclimatic and palaeoenvironmental settings of the MMSB in the
broader context of the evolution of the Karoo basins of Gondwana.

2. Geological setting

The Lower Karoo Group is well represented in the KZBM in Tete
Province (Fig. 1b and 2). This stratigraphic unit was deposited in
intracratonic graben and half-graben-type sedimentary basins that
developed along the strike of pre-existing high-strain geological sutures
formed during the Pan-African Orogeny (620 - 530 Ma)
(GTK-Consortium, 2006; Norconsult Consortium, 2007; Viola et al.,
2008). The crystalline basement of Tete Province, upon which the KZBM
developed, consists of collage of different Gondwana terranes (e.g.,
GTK-Consortium, 2006; Grantham et al., 2008; Macey et al., 2010; Fritz
etal., 2013; Thomas et al., 2022). The East and West Gondwana terranes

T
40°

Malawi

[ ] phancrozoie cover
) T
granulites

Neoproterozoic orogen
(ZB - Zambezi Belt)

Mesoproterozoic orogen

with Neoproterozoic overprint

Mesoproterozoic rocks

(NB - Nampula Block) with
. Neoproterozoic overprint

(MozB - Mozambique Belt)

Lies

Zimbabwe
Mesoproterozoic orogen o 100 km

|:| (KB - Kibaran Belt,

Moatize
sub-basin

Muaradzi

sub-basin
g « :;\ A\ { (Studied Area)

TE N

CKB - Choma-Kalomo Bel) East Gondwana

South Gondwana (South of the SSZ)

Paleoproterozoic orogen
(MB - Magondi Belt)

I:‘ Archean cratons
(CC - Congo Craton)
Shear Zones:
/ SSZ - Sanangoe Shear Zone,

/ MSZ - Mwenbeshi Shear Zone,

LTB - Lurio Thrust Belt

E Ulongu¢ Suite - Neoproterozoic
(Igneous and metamorphic rocks)
Angénia Group — Mesoproterozoic
(Igneous and metamorphic rocks)

West Gondwana

Suite —

Guro Suite - Neoproterozoic
(Igneous and metamorphic rocks)
§ I '; Tete Suite — Mesoproterozoic
(Gabbros and anorthosites)

Karoo Supergroup

(Igneous and metamorphic rocks)

Macanga Granite (470+14 My)

Singa Suite: Granite/Diorite (S07+3 My)

A__a 4 Thrust Fault

wmmmmm Shear Zone

. rocks
Permian -Triassic
Volcanic rocks

Lower Jurassic

$S7 - Sanangoe Shear Zone

MSZ - Mzarabani Shear Zone

Alluvium
Quaternary

Mago¢ Formation
(Sandstones and
conglomerates)
Cretaceous

Sena Formation
(Sandstones and
conglomerates)
Cretaceous

Serra Salambidua
& Monte Muambe
(Carbonatite,
syenite, trachyte)
Cretaceous

Fig. 1. (a) Crustal age domains and tectonic framework of the studied region. Adapted from Chatique et al. (2017). (b) Simplified geology of the Province of Tete,
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Fig. 2. Detailed geology of the studied region with the location of the boreholes investigated and the location of other boreholes mentioned in this work. Adapted
from Geological Map of Mozambique, sheet no. 1633, Tete, Geological Series 1/250,000, Direccao Nacional de Geologia, Maputo (2006). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

comprise Mesoproterozoic granites and gneisses of the Southern Irumide
Belt (1060 — 950 Ma; Fritz et al., 2013), one of several orogenic belts
responsible for the assembly of the Supercontinent Rodinia (ca. 1000
Ma; GTK-Consortium, 2006; Norconsult-Consortium, 2007). The Meso-
proterozoic rocks of the Furancungo Suite (West Gondwana) and the
Angoénia Group (East Gondwana) were later reworked during the late
Neoproterozoic - Cambrian orogeny, which also led to the intrusion of
granite batholiths (GTK-Consortium, 2006; Norconsult-Consortium,
2007).

The Cambrian-Ordovician Singa (507 Ma) and Macanga (470 Ma)
granites intruded the West Gondwana terrane, whereas the Neo-
proterozoic Ulongue Suite (575 - 545 Ma) intruded the East Gondwana
terrane (GTK-Consortium, 2006; Norconsult-Consortium, 2007). In
northeastern Mozambique, the WSW-ENE trending Liirio Belt separates
the Marrupa-Unango and Cabo Delgado Nappe Complex to north from
the Nampula Block to the south (Fritz et al., 2013, Fig. 1b).

The Nampula Block is a continuous late Mesoproterozoic crustal
block covering more than 100,000 km?2, mainly composed of high-grade
metamorphic orthogneisses and metasedimentary rocks (Macey et al.,
2013). It is tectonically overlain by allochthonous Neoproterozoic
granulites of the Monapo-Mugeda Klippen and by para-autochthonous
(meta)sediments of the Mecubiri and Alto Benfica groups (Macey
et al., 2013).

The South Gondwana terrane is characterised by Mesoproterozoic
gabbros and anorthosites of the Tete Suite, as well as the Neoproterozoic
igneous and metamorphic rocks of the Guro Suite (867 Ma)
(GTK-Consortium, 2006; Norconsult-Consortium, 2007, Fig. 1b).

The Zimbabwe Craton is exposed south of the KZBM (Fig. 1a). The
Macossa-Chimoio and Mungari nappe complexes are tectonically
juxtaposed against the Zimbabwe Craton. Chatique et al. (2017, 2019)
proposed that the Nampula Block can be correlates with the
Macossa-Chimoio Nappe. This nappe comprises high-grade para-
gneisses, granulites and migmatites that form the Macossa and Chimoio
groups (1000 — 1200 Ma). Both groups are closely associated with the
Mesoproterozoic granitoid rocks of the Barue Complex (Chatique et al.,
2019).

The Karoo sedimentary cycle in Mozambique, which occurred from
the Late Cisuralian (lower Permian) to the Early Jurassic, corresponds to

the infill of several intracratonic extensional basins. Post-Karoo faulting
associated with the breakup of Gondwana and the onset of rifting in the
western Indian Ocean led to segmentation of the initial depocenters into
the three sub-basins recognised today, from west to east: Chicoa-
Mectcoe, Sanangoe-Mefidéze, and Moatize-Minjova (Afonso and Mar-
ques, 1993; Afonso et al., 1998; Hartzer et al., 2008). These sub-basins
share a similar Lower Karoo Group stratigraphic succession containing
workable coal seams (Vasconcelos and Achimo, 2010; Hancox, 2016).
According to the terminology used by coal exploration companies that
operated in the MMSB, this basin was further subdivided into three
coalfields: Moatize, Muaradzi, and N'Condédzi (e.g, GTK-Consortium,
2006; Norconsult-Consortium, 2007, Figs. 1b and 2).

The Lower Karoo Group in the MMSB comprises three clastic for-
mations (listed from oldest to youngest): the Viizi, Moatize, and Matinde
formations (e.g., GTK-Consortium, 2006; Norconsult-Consortium, 2007,
Fig. 3). The Vazi Formation unconformably overlies the Precambrian
basement rocks and consists of matrix to clast-supported conglomerates
interbedded with sandstones, siltstones and mudstones. The thickness of
this formation varies, and the sequence is interpreted as the result of
fluvioglacial and lacustrine processes (Achimo et al., 2014; Fernandes
etal., 2023). The age of the Vizi Formation remains debated, although it
is most probably Kungurian to early Roadian (Lopes et al., 2021a; Fer-
nandes et al., 2023).

The Moatize Formation lies conformably on the Vizi Formation or
unconformably on the Precambrian basement rocks. Its type area is
defined in the Moatize Coalfield, where it comprises a 340 m thick
succession of interbedded sandstones, siltstones, carbonaceous mud-
stones, and six principal coal seams. The Moatize Formation is inter-
preted as having been deposited in lacustrine and fluvial settings
(GTK-Consortium, 2006; Fernandes et al., 2023). The sandstones
represent channel-fill deposits of braided and meandering rivers,
whereas the mudstones and siltstones indicate swamp-like overbank
environments or deposition on lake floors and along lake margins (e.g,
Real, 1966; Vasconcelos, 1995; GTK-Consortium, 2006; Fernandes et al.,
2023). The age of the Moatize Formation was recently reassessed by
Lopes et al. (2021a) and Fernandes et al. (2023), who concluded that the
most probable age for its base is early Roadian. In contrast, the upper
boundary with the overlying Matinde Formation is diachronous, ranging
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Fig. 3. Lithostratigraphic scheme for the Moatize-Minjova Coal Basin and its
correlation with the Main Karoo Basin of South Africa, showing the strati-
graphic positions of the boreholes studied. After Lopes et al. (2021b). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

from early Capitanian to late Wuchiapingian (Lopes et al., 2021a; Fer-
nandes et al., 2023).

The Matinde Formation rests conformably on the Moatize Formation
and is composed of interbedded coarse-to fine-grained sandstones, silt-
stones, and carbonaceous mudstones, with coal beds intercalated
throughout. Conglomerate beds are relatively uncommon (e.g., Real,
1966; Vasconcelos, 1995; GTK-Consortium, 2006). Pereira et al. (2016.
2019) described conglomerates interbedded within the Matinde For-
mation in the Muaradzi Coalfield. The sandstone beds exhibit sedi-
mentary features typical of fluvial channel-fill deposits, while the
siltstones, mudstones and interbedded coal seams are interpreted as
fluvial overbank deposits (Bicca et al., 2017; Lopes et al., 2021b; Fer-
nandes et al., 2023). The thickness of the Matinde Formation is
approximately 2 km in the MMSB (GTK-Consortium, 2006; Pereira et al.,
2019). Fernandes et al. (2023) proposed that tectonic activity was the
primary allogenic factor controlling the deposition of the Moatize and
Matinde formations. According to these authors, the initial tectonism
that shifted the sedimentary environments from lake-delta to bedload
(braided) rivers took place within the upper part of the Moatize For-
mation. A new braided river belt emerged during a second tectonic
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pulse, which established the boundary between the Moatize and Mat-
inde formations. The base of the Matinde Formation is diachronous, as
described above, and its upper part may coincide with the
Permo-Triassic boundary (Pereira et al., 2016; Galasso et al., 2019).

3. Materials and methods
3.1. Sampling and borehole descriptions

Bulk mineralogical, geochemical and Sr-Nd isotopic data were ob-
tained from the study and sampling of five coal exploration boreholes
(ETA 15A, ETA 65, ETA 71, ETA 72, and ETA 75) drilled in the Muaradzi
Coalfield of the MMSB. Their geographic distribution is show in Fig. 2.
Samples were collected systematically along the boreholes, excluding
coals seams and the most organic-rich intervals (Fig. 4), as well as in-
tervals affected by post-depositional alterations or recent weathering.

The sequence observed in all studied boreholes consists of black
carbonaceous mudstones with thin coal beds, black to grey mudstones,
siltstones, sandstones, and conglomerates (Fig. 4). The mudrock lithol-
ogies show frequent plant imprints, while the sandstones exhibit normal
grading with current related sedimentary structures such as cross-
lamination and cross-bedding. Conglomerates occur in all five bore-
holes and are matrix-supported and poorly sorted, with clast sizes
ranging from granule to pebble (Fig. 5). The matrix of these conglom-
erates is mainly silt to fine-grained sand.

The successions of boreholes ETA 65 and ETA 72 were assigned to

Moatize Formation Matinde Formation

T.D.33.36 m

—«— M1
t\ 12
13
T.D. 60.38 m 14
Soil @ Plant remains
Black/grey mudstones Srosi
== gt ~~n~ Erosive base
=] Black/grey mudstones —— Parallel laminations
[ Sandstones SN Cross-laminations
s | Clast and matrix supported <SR\ Cross-bedding
conglomerates
B Dolerite <« M5 Sample

Fig. 4. Lithological logs of the studied boreholes, indicating the locations of the
analysed samples. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Moatize Formation

Matinde Formation

23.40
Yy (depth)

30.50m
(depth)

108.62 m
(depth)

ETA: 75

5270 m
(depth)

111.42m
(depth)

Fig. 5. (a) Core interval of borehole ETA 72 between 30.5 m and 23.2 m depth, displaying typical carbonaceous mudstones with thin coal beds interbedded with
siltstones and fine-grained sandstones with cross-laminations. The thin coal beds are absent from the core because they were sampled for coal analysis before our
sampling. (b) Core interval of borehole ETA 72 between 60.38 m and 52.7 m depth. BoxI is enlarged in box II, showing the sedimentary features of the conglomerates
at the base of this borehole, including erosive base, normal grading, clast-to-matrix-supported fabric, and mud clast. (c) Core interval of borehole ETA 75 between
111.42 m and 108.62 m depth. Box III is enlarged in box IV, highlighting the features of the conglomerates at the base of this borehole. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

the lower part of the Moatize Formation and yielded palynomorph as-
semblages indicating an early Cisuralian age (Lopes et al., 2014; Pereira
etal., 2014). In contrast, boreholes ETA 15A, ETA 71 and ETA 75 yielded
palynomorphs assigned to the Lopingian (upper Permian) (Costa et al.,
2016; Pereira et al. (2019), an age that characterises the Matinde For-
mation (Lopes et al., 2021a; Fernandes et al., 2023).

3.2. Methods

Whole-rock X-ray diffraction (XRD) analyses were conducted on 7
mudstones (M2, M4, M10, M12, M14, M16 and M17) from the Moatize
Formation and 8 mudstones (M22, M27, M28, M32, M36, M41, M48,
M50 and M52; Fig. 4) from the Matinde Formation. Analyses were
conducted at the Laboratory of Mineralogy and Petrology from the
Center for Natural Resources and Environment (IST - University of Lis-
bon) using a PANalytical XPERT PRO diffractometer with CuKa radia-
tion. Measurement conditions were a 26 range of 5-70°, a step size of
0.033°, and scan time of 80 s per step. The X-ray generator operated at
40 kV and 35 mA. Data were analysed using X'PERT PLUS software and
the PDF4 database.

Forty-one representative mudstones, 15 from the Moatize Formation
and 26 from the Matinde Formation, were selected for whole-rock
geochemical analysis (Fig. 4). Samples were crushed o chips and
powdered in an agate mill. Major elements plus Ba and Sr were analysed
by inductively coupled plasma-optical emission spectrometry (ICP-
OES), and most trace elements by inductively coupled plasma-mass
spectrometry (ICP-MS). Analyses were performed at Activation Labo-
ratories Ltd. (ACTLABS, Ontario, Canada; Codes 4- Lithoresearch and
4B-INAA), using standard procedures for each method. Alkaline disso-
lution with lithium metaborate/tetraborate, (followed by nitric acid

dissolution), was performed for all analyses, except for the determina-
tion of Cu, Ni, and Zn, for which acid digestion was carried out. Stan-
dards included GXR-1, NIST 694, DNC-1, GBW 07113, GXR-4, SDC-1,
GXR-6, LKSD-3, SY-4, CTA-AC-1, BIR-la, NCS DC86312, NCS
DC70014, SAR-M (USGS), and OREAS 100a (Fusion). Analytical repro-
ducibility is better than 3% for major elements, less than 4% for rare
earth elements (REE), and ~5% for HFSE. Further details on analytical
procedures are available at http://www.actlabs.com, and the complete
geochemical dataset is provided in Electronic Appendix A.

Six representative mudstones, 4 from the Moatize Formation and 2
from the Matinde Formation, were selected for whole-rock Sr and Nd
isotope analysis (Fig. 4). Isotopic compositions of mudstones were
determined by thermal ionization mass spectrometry (TIMS) under
ultra—clean conditions at the Laboratory of Isotopic Geology, University
of Aveiro (LGI-UA, Portugal). The dissolved samples were processed by
two-stage cation exchange chromatography: (1) Sr and the REE fractions
were separated in two overlapping columns containing Sr-resin (50-100
pm), and TRU-resin (50-100 pm), both resins from Triskem Interna-
tional; (2) Nd was separated from other lanthanides in columns con-
taining cation exchange Ln-resin from Eichrom. Strontium was loaded
onto a single Ta filament with H3PO4, and Nd on a Ta outer side filament
with HCl in a triple filament arrangement.

The®”sr/%0sr and **Nd/'**Nd i ratios were measured on using a
multi-collector Thermal Ionization Mass Spectrometer (TIMS) VG Sector
54 in dynamic mode with peak intensities of 1-2 V for #3Sr and 0.5-1.0 V
for 1**Nd. Repeated analyses of the SRM 987 and JNdi-1 standards
provided, mean values of Sr/%0Sr = 0.7102627 + 23 (95% confident
limit; n = 14) and "**Nd/'**Nd = 0.512084 + 15 (95% confidence limit;
n = 13). Analytical errors are reported throughout as 2c.
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3.3. Geochemical indices

In this study, Chemical Index of Alteration (CIA; Nesbitt and Young,
1982) and the Chemical Index of Weathering (CIW; Harnois, 1988) were
applied to infer palaeoweathering conditions in the source area of the
Moatize and Matinde formations. The indices are calculated as CIA =
[Al;,03/(Al;03 + CaO* + NayO + Ky0)] x 100; and CIW =
[Al503/(Al303 + CaO* + Naz0)] x 100; all expressed in molar propor-
tion and CaO* representing CaO incorporated in silicates. CIA values of
unweathered plagioclase and K-feldspar are approximately 50, whereas
those for kaolinite and chlorite approach ~100. CIA values increase with
the degree of weathering.

The Index of Compositional Variability (ICV; Cox et al., 1995) is used
to evaluate mudstone compoitional maturity and is calculated as
[(Feo03 + K20 + CaO + MgO + TiO3)/Al,03]; with oxides in weight
percent. The ICV values decrease with increasing maturity of mudstones.
Both CIW and ICV are less affected by diageneses such as
post-depositional K-addition (e.g., Harnois, 1988).

4. Results
4.1. Mineralogy

XRD analysis reveals that the clay mineral assemblage of the Moatize
Formation is highly homogeneous and dominated by kaolinite, with
minor muscovite and subordinate mixed-layer illite/mica. The
mudrocks of the Moatize Formation display a similar clay mineral
assemblage. In both formations, the non-clay minerals are predomi-
nantly quartz (Fig. 6).

4.2. Major elements

The average composition of the mudrocks from the Moatize and
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Matinde formations is presented in Table 1.

The major elements geochemistry reflects the uniform mineralogical
assemblages of mudrocks both formations. The Moatize mudrocks have
average SiO», Al03, FepO3, and K20 contents of 55.2 + 4.1%, 22.9 +
4.5%, 2.3 + 2.3%, and 1.4 + 0.4%, respectively (Table 1). The mean
value of the KoO/Al;03 ratio (0.06 &+ 0.03; Table 1) is lower than that of
the Upper Continental Crust (UCC; 0.22; Taylor and McLennan, 1985)
and Post Archean Australian Shales (PAAS; 0.20; Taylor and McLennan,
1985), but similar to values typical of clay minerals (<0.2; Cox et al.,
1995).

The average Nap,O/K,0 ratio (0.08 + 0.02) is also lower than that of
the UCC (1.15; Taylor and McLennan, 1985) and PAAS (0.32; Taylor and
McLennan, 1985). The average MnO (0.1 + 0.1%), MgO (0.4 + 0.2%),
CaO (0.2 £ 0.1%), and Nay0 (0.1 + 0.0%) contents are consistently very
low (Table 1). The low Ca0, Nay0, and K»O contents, together with their
low correlation coefficients with AloO3 (Table 2), suggest selective Ca,
Na, and K leaching due to intense chemical weathering in the source
area (see Discussion).

According to Herron (1988) classification, most Moatize Formation
mudrocks plot within the shale field (Fig. 7), whereas two samples plot
in the Fe-shales field or at the Fe-shales/Fe-sand boundary. Compared
with UCC values, the Moatize Formation mudrocks exhibit similar SiO5
contents, slightly higher TiO, and Al,O3 values, and are depleted in
Fe;03 MnO, MgO, CaO, Nay0, K20, and P05 (Fig. 8a).

The Matinde Formation mudrocks exhibit a major element distri-
bution pattern similar to that of the Moatize Formation, although with a
slightly wider range in SiOj, Fe3Os3, and K30 contents (Table 1). Their
average SiOj, Al,O3, Fe30Os3, and K30 contents are 56.6 + 6.7%, 22.9 +
4.0 %, 2.2 + 3.8%, and 1.4 + 0.7%, respectively. The MnO (0.03 +
0.07%), MgO (0.3 + 0.1%), CaO (0.2 + 0.2%), and NapO (0.11 +
0.05%) contents are also very low. Accordingly, the average of the SiOy/
Al,03 (2.6 £+ 0.6), K20/Al,03 (0.07 4+ 0.04), and Na;0O/K50 (0.08 +
0.02) ratios are comparable to those of the Moatize Formation mudrocks
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Fig. 6. XRD patterns showing clay and non-clay minerals in representative mudrocks from the Moatize and Matinde formations. Kln = kaolinite, Ms = muscovite,
and Qz = quartz. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 1

Average whole-rock composition of mudrocks of the Moatize and Matinde formations.
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Moatize Formation

Matinde Formation

n=15 Std Min. Max. n=26 Std Min. Max.
Major elements (wt %)
SiO, 55.19 4.12 49.45 67.13 56.64 6.67 42.77 69.31
TiO, 1.20 0.24 0.83 1.59 1.29 0.41 0.64 2.25
Al203 22.95 4.46 13.25 30.06 22.85 4.03 15.59 31.65
Fe,03(T) 2.31 2.28 0.30 7.23 2.19 3.82 0.28 17.75
MnO 0.06 0.07 0.00 0.22 0.03 0.07 0.00 0.31
MgO 0.36 0.18 0.15 0.92 0.31 0.14 0.14 0.69
CaO 0.16 0.15 0.06 0.66 0.17 0.16 0.07 0.68
NaO 0.11 0.02 0.07 0.13 0.11 0.05 0.05 0.30
K20 1.40 0.41 0.66 2.07 1.38 0.66 0.60 3.72
P,0s 0.10 0.08 0.03 0.29 0.13 0.20 0.01 0.85
S 0.07 0.10 0.01 0.28 0.11 0.15 0.01 0.56
LOI 15.24 5.08 8.44 24.72 14.22 4.89 7.47 25.85
Total 99.15 0.70 98.20 100.58 99.42 0.70 98.53 100.63
Trace elements (ppm)
Sc (ppm) 18.3 5.9 11.6 32.6 18.0 5.8 8.0 29.3
A% 142.4 48.7 66.0 233.0 149.3 56.3 61.0 283.0
Cr 141.7 59.3 55.0 237.0 141.8 64.4 53.0 324.0
Co 17.3 15.2 1.0 44.0 14.8 23.3 1.0 102.0
Ni 42.7 24.6 14.0 85.0 44.9 70.3 11.0 375.0
Cu 48.7 15.8 21.0 74.0 47.9 19.5 14.0 96.0
Zn 105.8 55.5 33.0 220.0 118.3 127.7 20.0 606.0
Ga 33.3 5.1 23.0 42.0 35.5 8.0 23.0 55.0
Rb 829 16.1 48.0 108.0 84.8 41.9 35.0 232.0
Sr 2119 219.3 70.0 937.0 313.2 576.8 31.0 2488.0
Y 35.4 8.6 21.2 48.4 36.5 8.4 19.4 53.8
Zr 239.5 71.9 164.0 396.0 260.8 76.5 124.0 443.0
Nb 22.3 5.2 15.4 34.0 23.3 6.8 12.7 38.6
Cs 7.4 2.3 3.0 11.3 7.5 3.1 3.3 14.7
Ba 589.4 499.8 203.0 2265.0 500.9 315.9 154.0 1480.0
Hf 5.9 1.5 4.1 8.6 6.4 1.8 3.1 11.4
Ta 1.9 0.4 1.4 2.7 2.0 0.6 1.0 3.4
Pb 25.5 11.4 11.0 51.0 27.6 18.0 4.0 91.0
Th 19.1 4.6 13.8 31.6 19.2 8.0 10.9 45.1
U 5.7 2.1 3.2 9.9 6.3 4.3 1.2 22.2
La 57.4 19.1 26.5 87.1 73.3 63.6 12.0 342.0
Ce 121.7 47.3 49.2 202.0 146.2 113.3 26.9 602.0
Pr 13.7 5.4 5.6 22.7 17.0 14.7 3.3 77.5
Nd 52.0 21.8 18.1 89.2 63.6 54.1 12.4 277.0
Sm 9.8 4.0 3.7 16.4 11.3 7.8 2.6 37.2
Eu 2.1 1.0 0.7 3.7 2.2 1.5 0.5 6.0
Gd 7.9 3.0 3.6 12.2 8.3 3.9 3.0 18.4
Tb 1.2 0.4 0.7 1.8 1.3 0.4 0.6 2.4
Dy 7.0 1.8 4.2 9.6 7.2 1.9 3.4 11.9
Ho 1.3 0.3 0.9 1.8 1.4 0.3 0.6 2.1
Er 3.7 0.8 2.5 5.0 3.8 0.9 1.8 5.7
Tm 0.5 0.1 0.4 0.7 0.5 0.1 0.3 0.8
Yb 3.5 0.7 2.4 4.6 3.5 0.7 1.9 4.8
Lu 0.5 0.1 0.3 0.7 0.5 0.1 0.3 0.7
K20/AL,03 0.06 0.03 0.02 0.12 0.07 0.04 0.02 0.24
Na,0/K,0 0.08 0.02 0.04 0.13 0.08 0.02 0.04 0.12
Th/Sc 1.16 0.49 0.53 2.34 1.25 0.90 0.43 4.47
Cr/Th 7.85 4.01 3.14 15.70 8.28 4.46 3.31 21.35
La/Co 10.24 18.52 0.88 75.70 16.92 15.68 0.82 52.50
SREE 282.24 102.10 124.19 430.92 340.16 258.05 74.47 1374.6
SLREE 254.51 95.57 105.31 392.40 311.43 251.74 57.46 1335.70
S"HREE 25.66 6.57 16.21 34.83 26.48 7.54 12.28 46.80
Eu/Eu* 0.68 0.07 0.61 0.83 0.67 0.08 0.56 0.84
Icv 0.27 0.19 0.09 0.73 0.25 0.20 0.08 1.05
CIA 91.69 3.29 83.08 96.64 91.71 4.14 76.14 97.00
CIW 97.85 1.48 92.89 98.91 97.86 1.32 93.51 99.13

CIV = [(Fe303+K30 + Nay0 + CaO + MgO + MnO + TiO,)/(Al1203] (Cox et al., 1995).
CIA = [Al,03/(Al,03+Ca0*+Nay0 + K20)]x100 (Nesbitt and Young, 1982).
CIW = [Al,03/(A1203+Ca0*+Na,0)]x100 (Harnois, 1988).

(Table 1). In Herron's (1988) discrimination diagram, most Matinde
Formation mudrocks plot within the shale field, whereas some samples
fall within the Fe-shales field or at the shale/wacke boundary (Fig. 7).

The UCC-normalised major element distribution patterns of the
Matinde and Moatize mudrocks are similar, despite a slight decrease in

MnO in the former. Compared with PAAS, the mudrocks from both
formations exhibit lower contents of Fe;O3, MnO, MgO, CaO, Nay0, and
K20 (Fig. 8a).
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Table 2
Correlation matrix of geochemical data from mudrocks of the Moatize
Formation.

Al,03 CaO Na,0 K0 \4 Cr Co Ni
Al,03 1
CaO -0.32 1
NaO 0.13 -0.25 1
K0 -0.39 0.52 0.19 1
A% 0.44 -0.23 0.60 -0.17 1
Cr 0.56 -0.27 0.24 —0.26 0.792 1
Co 0.04 0.01 0.06 0.38 0.259 0.29 1
Ni 0.46  —0.20  0.44 0.07 0484 038 072 1
2.0
Fe-Shale
1.5
6 .- Fe-Sand
1.0
% ]
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Fig. 7. Geochemical classification of the Moatize and Matinde mudrocks ac-
cording to Herron (1988). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

4.3. Index of compositional variability

The mudrocks of the Moatize Formation exhibit ICV values ranging
from 0.09 to 0.73, with an average of 0.27 + 0.19. The mudrocks of the
Matinde Formation have similar ICV values (0.08 — 1.05; mean 0.25 +
0.20). The low ICV values in the mudrocks of both formations indicate
high clay mineral contents (0.03 - 0.78; Cox et al., 1995) and reflect
intense weathering in the source area and/or tectonically active settings
(see Discussion).

4.4. Trace elements

Transition trace elements (TTE; Cr, V, Co, and Ni) generally exhibit
similar behaviour during magmatic processes (Feng and Kerrich, 1990).
To varying degrees, these metals can be affected by post-magmatic
processes such as weathering, transport, and diagenesis (e.g,
McLennan et al., 1990; Bauluz et al., 2000; Augustsson et al., 2023).
According to Hayashi et al. (1997), Cr, V, and Mo can be readily leached
from source rocks during weathering under oxic conditions, become
enriched in oxygenated seawater, and subsequently precipitate under
reducing conditions (e.g., in organic carbon-rich sediments).

The Moatize and Matinde mudrocks have average V, Cr, Co, and Ni
contents similar to PAAS (150 ppm, 110 ppm, 23 ppm, and 55 ppm,
respectively; Taylor and McLennan, 1985), despite a wide range of TTE
contents, most pronounced in the Matinde samples (Table 1). In both
formations, some samples (e.g., M11, M12, M14, M23, M37, M51, and
M52; see Electronic Appendix A) exhibit Cr contents higher than PAAS
(>200 ppm). This Cr enrichment is not always accompanied by corre-
sponding increases in Ni and V contents. Consequently, the Moatize and
Matinde mudrocks exhibit wide Cr/Ni ranges (1.5 - 12.2 and 0.4 - 10.9,
respectively). The same is true for Cr/V ratio (0.7 - 1.7 and 0.6 — 2.1,
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Shales (PAAS; Taylor and McLennan, 1985) is shown for comparison. Nor-
malising values of UCC after Taylor and McLennan (1985). (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

respectively).

There is a moderate positive correlation between the Al;O3 contents
and V (r = 0.44), Ni (r = 0.46), and Cr (r = 0.56) in the Moatize
mudrocks (Table 2). In contrast, Cr shows weak correlations with Ni (r
= 0.38) and Co (r = 0.29). In the Matinde mudrocks, Al,O3 contents
show weak positive correlations with V (r = 0.13), Ni (r = 0.25), and Cr

Table 3
Correlation matrix of geochemical data from mudrocks of the Matinde
Formation.

Al;03 Ca0 Nay0 K0 \% Cr Co Ni
Al,05 1
Ca0o 0.00 1
Na,O -0.22 -0.11 1
K20 —0.55 -0.14 0.80 1
\% 0.13 0.20 —0.02 -0.22 1
Cr 0.19 —-0.09 0.22 —-0.02 0.56 1
Co 0.13 0.09 0.17 —0.04 0.36 0.10 1
Ni 0.25 —-0.03 0.14 —0.06 0.16 0.10 0.90 1
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(r = 0.19). Cr also exhibits weak positive correlations with Ni (r = 0.10)
and Co (r = 0.10; Table 3).

In both sets of samples, Cr and V exhibit a moderately positive cor-
relation (r = > 0.50; Tables 2 and 3). This correlation suggests that
several mineral phases, such as clay minerals and accessory non-
aluminous silicates, control TTE abundances in both formations.
Compared with UCC values, the Moatize and Matinde mudrocks exhibit
slight enrichment in Sc, V, Cr, Ni, and Co (Fig. 8b).

The mudrocks of the Moatize and Matinde formations exhibit wide
Ba ranges (203 - 2265 ppm and 154 - 1480 ppm, respectively), although
most samples are Ba-depleted relative to PAAS (650 ppm; Taylor and
McLennan, 1985). A similar pattern is observed for the Sr in both for-
mations (70 - 937 ppm and 31 - 2488 ppm, respectively). Compared with
UCC values, the mudrocks of both formations exhibit variable depletions
in Sr, Rb, and Ba (except for Ba in the Matinde Formation samples) and
enrichment in Cs t (Fig. 8b).

High Field Strength Elements (HFSE; Th, Zr, Y, and Zr) are incom-
patible during igneous processes. As a result, these elements tend to be
enriched in felsic relative to mafic sources (Feng and Kerrich, 1990;
Asiedu et al., 2017). Compared to UCC, the mudrocks of both formations
exhibit similar Nb and Ta contents but variable enrichments in Zr, Y, and
Th. Additionally, the slight Zr enrichment observed in both formations
suggests a limited influence of recycling processes during mudrock
deposition (Fig. 8b).

The average Zr content of the Moatize and Matinde mudrocks is 240
+ 72 ppm and 261 + 76 ppm, respectively. Both groups of mudrocks
exhibit high correlation coefficients between Zr and Hf (r > 0.95),
suggesting that zircon controls the abundance of these elements.

4.5. Rare earth elements

The Moatize and Matinde mudrocks have average total REE contents
(3>_REE) of 282 + 102 ppm and 340 + 258 ppm, respectively (Table 1).
Samples from both formations show a wide range of light rare earth
elements (LREE) concentrations (105 - 392 ppm and 57 - 1335 ppm,
respectively), suggesting that LREE-bearing accessory minerals (e.g.,
monazite, allanite, rutile) and/or quartz contents control the abun-
dances of these elements.

Although the absolute REE concentrations are variable, the
chondrite-normalised patterns of the Moatize and Matinde mudrocks are
similar to those of the UCC, with distinctive LREE enrichment, nearly
flat heavy rare earth elements (HREE) patterns, and a variable negative
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Fig. 9. Chondrite-normalised average REE patterns of the Moatize and Matinde
mudrocks. Normalising values of chondrite after Taylor and McLennan (1985).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Journal of African Earth Sciences 238 (2026) 106106

Eu/Eu* anomaly (Fig. 9). The Moatize mudrocks have average La,/Sm,
(where n indicates chondrite normalisation), La,/Yb,, and Gb,/Yb,ra-
tios of 3.9 + 0.8, 11.3 + 4.2 and 1.8 + 0.6, respectively. The Matinde
mudrocks exhibit similar values (4.1 + 1.2, 13.8 +11.2, and 1.9 + 1.0,
respectively). In both formations, average Eu/Eu* values are similar
(~0.67; see Table 1) and comparable to PAAS (0.66; Taylor and
McLennan, 1985), and they do not vary systematically with strati-
graphic height.

4.6. Sr-Nd isotopic ratios

The Sr-Nd isotopic compositions of the mudrocks from both forma-
tions are presented in Table 4. The € Nd (t), which represents the devi-
ation of the **Nd/!**Nd ratio from a chondritic uniform reservoir
(CHUR) and me/ Nd, which measures the fractionation of Sm/Nd relative
to CHUR, were calculated using the equations of DePaolo and Wasser-
burg (1976): & Nd (t) = [(***Nd/***Nd rock (0)/(***Nd/***Nd crureey) - 11
x 10% and F5™N4 = [A7Sm/*Nd roc0)/(YSm/ *Nd cuur)-11, where
143Nd/MNd ciur = 0.512636 and '¥7sm/**Nd caur = 0.1967. The
initial ***°Nd/**Ndy) ratios and Eq(r) values of the Moatize and Matinde
mudrocks were calculated based on palynological ages of early Roadian
(ca. 273 Ma) and of early Changhsingian (ca. 254 Ma), respectively
(Lopes et al., 2014, 2021b; Pereira et al., 2014; Costa et al., 2016). Model
ages were calculated assuming a depleted mantle (Tpy;; DePaolo, 1981).
Nd model ages were calculated as follows: Tpyy = 1/A In [1 +
((“3Nd/1Nd rock - 3Nd/ 1 Nd pa)/(HY7Sm/ 1 Nd e - 147Sm/149Nd
pw))]; where A = 6.54 x 10712 a’l, 143Nd/"*Nd py = 0.51315 and
1475m /M *4Nd py = 0.217.

The measured *¥’Sm/***Nd ratios of mudrocks from the Moatize
Formation range from 0.105 to 0.118 and eNd (0) values range from
~10.10 to —11.82. The ™M values vary between —0.40 and —0.47
(Table 4). The Matinde mudrocks have similar values for *47Sm/'4*Nd
ratios (0.106 to 0.111), eNd (0) (—9.83 to —11.80) and ™ (—0.43 to
—0.46). The Nd Tpy model ages of the Moatize mudrocks range from
1.56 Ga to 1.79 Ga (1.68 £ 0.08 Ga), whereas those of the Matinde
mudrocks range from 1.39 Ga to 1.63 Ga (1.51 + 0.12 Ga).

The measured 26Sr/%7Sr ratios of the Moatize mudrocks range from
0.7114 to 0.7260 (Table 4). The Matinde mudrocks exhibit a slightly
higher range of 8Sr/57Sr ratios (0.7222 - 0.7235). The initial 86Sr/%7Sr
(t) ratios of the Moatize and Matinde formations vary from 0.7082 to
0.7125 and from 0.7117 to 0.7196 respectively. The Sr-isotopic signa-
tures of both formations indicate a predominance of sediments derived
from UCC.

5. Discussion
5.1. Sorting and sedimentary recycling

Hydrodynamic processes related to the transport and deposition of
detrital grains can affect the distribution of the palaeoweathering and
provenance proxies due to the influence of grain size contrasts, grain
shape, and heavy mineral fractionation (e.g., Bauluz et al., 2000; Gar-
zanti et al., 2009; Augustsson et al., 2023). In siliciclastic sequences,
zirconium and titanium are typically hosted in dense and ultra-dense
minerals (zircon, rutile, and ilmenite) that are largely unaffected by
chemical weathering, while titanium is also commonly hosted in
Ti-bearing phyllosilicates (Fralick and Kronberg, 1997). The ternary
Aly03-TiOo-Zr diagram minimises the effects of chemical weathering
and reveals the extent of sorting-related fractionation processes (Garcia
et al,, 1991). This approach assumes that, during weathering and
transport, the contents of insoluble elements may vary in response to the
leaching of soluble elements but are transferred to the bulk sediment in
proportion to their source area (Garcia et al.,, 1991, 1994). In this
framework, mature sediments, characterised by sedimentary recycling,
display a wide range of TiOy/Zr and AlyO3/Zr ratios, whereas immature
sediments exhibit a narrower range (Garcia et al., 1991, 1994; Mongelli
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Table 4

Whole-rock Sr-Nd isotopic composition of the Moatize and Matinde mudrocks.

1479m/144Nd 26 143Nd/4Nd 26 [Sm/ eNdo)® eNdgy  Tpm(Ga)?
Nd(h)

873y /86gr 26 878r/%8ry  Nd (ppm)  Sm (ppm)

20

Sr (ppm) Rb (ppm) 87Rb/8%Sr

Sample

Moatize Formation

M4

1.79
1.56
1.66
1.72

—10.07

-12.82
—-12.35
-11.10
—12.54

—0.40
—0.47
—0.40
—0.42

0.000013
0.00002

0.511981
0.512005
0.512069
0.511995

0.006

0.118
0.105
0.118
0.115

6.43
6.6

33

0.712475
0.712046
0.708171
0.711988

0.00003

0.717169
0.726038
0.711417
0.72149

1.208 0.034
3.602

0.836
2.446

01

1

242

—9.14
—8.36
—9.70

0.006

38.1

0.000022
0.000021
0.000032

0.102
0.024
0.069

70
284

M11

0.000014
0.000018

0.006

6.41
13.7

32.8

82

M15

0.003

71.9

90

M19

Matinde Formation

M27
M29

1.39
1.63

—6.89
—9.09

—0.46 —9.83
—-0.43 -11.80

0.00002

0.512134
0.512033

0.003

0.106
0.113

1.09 0.031 0.723531  0.000032  0.719591 157 27.5
0.000025  0.711697 15.8

70

186

0.000022

0.003

84.5

0.082  0.722166

2.897

97

2 t = 273 Ma (Moatize Formation) and 254 Ma (Matinde Formation).

> § Sm/Nd _ 1(1478m/144Ndroa))/(147Sm/144Ndcpyr)-1], where 143Nd/144Nd g = 0.512636 and 147Sm/144Nd ey = 0.1967.

C ¢ Nd (t) = [(143Nd/144Nd ok ())/(143Nd/144Ndciur(t) — 11 x 10%.

d
Tpm

1/x In (14 ((143Nd/144Nd oc - 143Nd/144Nd py)/(147Sm/144Nd e - 147Sm/144Nd pyp)); where A = 6.54 x 10-12 a~1, 143Nd/144Nd py = 0.51315 and 147Sm/144Nd DM = 0.217.
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et al., 2006; Caracciolo et al., 2011; Al-Bassam et al., 2019). On the
Aly03-TiOy-Zr diagram (Fig. 10a), the Moatize and Matinde mudrocks
cluster in the centre, with a relatively constant TiOy/Zr ratio, suggesting
a limited influence of both sorting and recycling processes.

Zircon enrichment due to recycling can also be evaluated using Th/
Sc versus Zr/Sc ratios (McLennan et al., 1990). Both ratios increase
systematically during igneous differentiation, and no fractionation of
these elements occurs during the sedimentary cycle. In first cycle sedi-
ments, Th/Sc and Zr/Sc ratios display a linear correlation controlled by
the composition of the source rocks. In more mature or recycled rocks,
Zr/Sc varies considerably due to zircon enrichment (e.g, McLennan
etal., 1990; Etemad-Saeed et al., 2011). The Th/Sc versus Zr/Sc diagram
(Fig. 10b) shows that the mudrocks of both formations plot along or near
this compositional trend, indicating limited variation in Zr/Sc ratios in
all analysed samples. These results, suggest minimal sediment recycling
and a low degree of sorting, possibly due to high sedimentation rates in
an actively subsiding extensional basin (Key et al., 2015; Bicca et al.,
2018; Lopes et al., 2021b). Furthermore, the immature character of the
mudrocks indicates a sediment supply from proximal source area(s)
throughout the Moatize and Matinde formations (Guadalupian to
Lopinginan, middle to upper Permian). The occurrence of conglomerate
beds of variable thickness (4 - 11 m) in the studied boreholes further
supports the proximity of the sediment source areas. In the same area,
conglomerates with similar sedimentary textures have been interpreted
as the product of tectonic instability within the basin (Lopes et al.,
2021b). At least until early Guadalupian times, the basement was
exposed in the studied region as some conglomerates of that age rest
unconformably on Precambrian basement rocks (Fernandes et al.,
2023).

5.2. Source area(s) composition

It is widely accepted that REE, HFSE, and certain TTE (e.g., Co, Sc, Cr,
Ni) are particularly suitable for assessing the composition of source
areas (e.g., Taylor and McLennan, 1985; McLennan and Taylor, 1991).
These elements are generally not fractionated during chemical or
physical weathering, or during transport, have short residence times in
the water column, and are transferred almost quantitatively to the
sedimentary record (Wronkiewicz and Condie, 1987, 1990). Ratios be-
tween some of these compatible and incompatible elements are useful
for distinguishing mafic from felsic source areas (e.g, McLennan et al.,
1990; Armstrong-Altrin et al., 2004; Asiedu et al., 2017).

The Moatize and Matinde mudrocks display similar REE normalised
patterns, characterised by LREE enrichment and nearly flat HREE. The
average La,/Yb, ratios in the Moatize and Matinde mudrocks are 11.3
+ 4.2 and 13.6 + 10.9, respectively, values typical of siliciclastic rocks
mainly derived from the UCC (Zimmermann and Spalletti, 2009). Taylor
and McLennan (1985) and Wronkiewicz and Condie (1990) indicated
that the Eu anomaly in fine-grained siliciclastic rocks is the most reliable
fingerprint for assessing the geochemistry of the source area.
Fine-grained sediments formed from the weathering of felsic rocks
generally exhibit variable negative Eu anomalies, whereas sediments
derived from mafic igneous rocks show small or no Eu anomalies
(Cullers, 2000). In the Eu/Eu* versus Th/Sc diagram (Fig. 1la;
McLennan et al., 1990; Slack et al., 2004), most Moatize and Matinde
mudrocks plot within the fields of evolved felsic sources and, to a lesser
extent, non-evolved felsic sources. A few Moatize and Matinde samples
plot in mafic igneous source fields or along the boundary between felsic
and mafic sources.

All samples were plotted on the La-Th-Sc diagram to assess the
composition of the source area(s) of the Moatize and Matinde mudrocks
(Fig. 11b; Wronkiewicz and Condie, 1987). In this diagram, most sam-
ples plot within the silicic rock field, between granitic and granodioritic
sources, while a small number plot near the mafic rock field.

The Cr/Th ratio is also sensitive to the composition of the source area
(e.g., Wronkiewicz and Condie, 1990; Roddaz et al., 2007). Fine-grained
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2002). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

sediments derived from felsic rocks typically exhibit Cr/Th ratios

ranging from O to 15, whereas those derived from mafic rocks show
higher values, between 22 and 500 (Cullers, 1994). The Moatize
mudrocks have Cr/Th ratios ranging from 4.0 to 15.7, with an average

11

7.9 + 4.0, only slightly lower than those of the Matinde Formation
mudrocks (3.3 -21.4; 8.0 &+ 4.4). In the Cr/Th versus Th/Sc diagram,
most mudrocks of both formations plot within the granitic to granodi-
oritic source field, with a group of samples clustering near the UCC and
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PAAS compositions (Fig. 11c). The Th/Co versus La/Sc diagram (Cullers
and Podkovyrov, 2002) also indicates a limited contribution from mafic
sources (Fig. 11d).

The Nd isotopic system is a powerful tool for constraining the
provenance of sediments and the tectonic setting of their depositional
basins. The Nd Tpy of the siliciclastic rocks reflects the average crustal
residence age of the catchment area(s) and the enables recognition of
crustal domains of different ages and geological histories (e.g., Arndt and
Goldstein, 1987).

The & Nd (t) values of the Moatize mudrocks range from —8.36 to
—10.07 (—9.32 + 0.74), whereas those of the Matinde mudrocks vary
from —6.89 to —9.09 (—7.99 £ 1.56; Table 4). On the ¢ Nd (t) versus
fSm/Nd diagram, the Moatize Formation mudrocks plot on or near the
boundary of the Early Precambrian Upper Crust (EPUCF) field (Fig. 12).
The Matinde mudrocks exhibit a slightly different distribution pattern:
one sample plots between the EPUC and the arc-rocks fields, suggesting
the mixing of juvenile arc-derived material with sediments from an older
crustal source.

Fig. 13 shows eNd(t) plotted against Nd Tpy for mudrocks from both
formations, along with the potential source areas. Sm-Nd isotopic data
for the study area are scarce, so the selection of potential source areas is
supported by independent evidence: (a) sedimentological data and trace
element systematics from the Matinde and Moatize mudrocks indicate
sediment input from proximal source area(s); and (b) U-Pb geochro-
nology of detrital zircons from the Matinde Formation reveals age
spectra of ca. 1250-900 Ma, a secondary population between ca. 900-
700 Ma, and a major contribution of ages around ca. 700-490 Ma (Bicca
et al., 2018). These three main U-Pb age populations are interpreted as
reflecting distinct source areas located to the south and east of the
MMSB.

In Fig. 13, the distribution pattern of the analysed samples suggests a
mixture of sources. Most samples from both formations cluster between
the fields of the granitoids of SW Malawi - Nampula Block (a subdomain
of southernmost Malawi) and the Guro Suite - Macossa - Chimoio Nappe.
Some samples plot near the field of the Chewore-Rufunsa Terrane.

Additionally, average Nd Tpy values for the Moatize (1.68 + 0.08
Ga) and Matinde (1.51 + 0.12 Ga) formations are similar to those of the
Guru Suite (1.65 £ 0.25 Ga) and to the granitoids of SW Malawi (1.41 +
0.24 Ga; Fig. 14). The Sm-Nd isotopic signatures of mudrocks of both
formations are consistent with U-Pb geochronological data (Bicca et al.,
2018) and suggest sediment supply from the west-northwest to north-
west (in present-day coordinates) during deposition of the Moatize and
Matinde formations (Mugabe, 1999; Bicca et al., 2018; Fernandes et al.,
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Fig. 12. € Nd (t) versus f Sm/Nd plot for the Moatize and Matinde mudrocks. The
fields of the Early Precambrian Upper Crust, Mid-Ocean Ridge basalt (MORB)
and Island Arc Volcanic (Arc Rocks) are after Mclennan and Taylor (1991) and
Meclennan et al. (1990). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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2023).
5.3. Palaeoweathering conditions

The weathering of exposed UCC is dominated by the alteration of
feldspars and the consequent formation of secondary clay and oxy-
hydroxide minerals (Nesbitt and Young, 1982; Oliva et al., 1999;
White and Blum, 1995; Ivory et al., 2014). Weathering rates and in-
tensity strongly depend on temperature, pH, and total surface area, and
are generally lowest at neutral pH (Drever and Clow, 1995). Intense
weathering typically occurs in warm humid climates, whereas negligible
weathering is characteristic of arid and cold climates (Nesbitt and
Young, 1982; Lee et al., 2004).

Several multi-element weathering indices have been proposed based
on the enrichment of immobile elements (e.g., AlI** and Ti*") and the
depletion of mobile alkali and alkaline-earth cations (Ca®*,K*,Na*, and
Mg2+) (e.g., Parker, 1970; Harnois, 1988). Among these, the CIA
(Nesbitt and Young, 1982) is widely used to assess source-area weath-
ering and associated climatic conditions (e.g., Young and Nesbitt, 1999;
Wang et al., 2020).

The Moatize mudrocks exhibit CIA values between 83.1 and 96.6,
with an average of 91.7 + 3.3 (Fig. 15a). The Matinde mudrocks show
similar CIA values ranging from 76.1 to 97.0 with an average of 91.7 +
3.3 (Fig. 15b). Both formations have CIA values higher than PAAS (70 -
75; Taylor and McLennan, 1985, which is consistent with the low K/Cs
ratios observed in most analysed samples (Fig. 16).

On the A-CN-K ternary diagram (Fedo et al., 1995), most samples
plot subparallel to the A-K join and near the A apex (Fig. 15a and b). This
distribution indicates that the mudrocks of both formations have not
undergone post-depositional K-addition (e.g., diagenetic illitisation and
metasomatism).

The CIW can also quantify the degree of chemical weathering



R.C.G.S. Jorge et al.

A Moatize Fm.
B Matinde Fm.

[ o |

ENd (1)

Moatize Fm. T,,:1.56 - 1.79 Ga

Matinde Fm. T ,,;: 1.39 - 1.63 Ga

0 0.5 1.0 1.5 2.0 25 3.0 35 4.0
Age (Ga)

Range of Nd-Model Ages:

SE and NW of Irumide Bel: : — —
Southern Irumide Belt:

Chewore Rufunsa Terrane D | OIXT O

South Malawi XTI | O

Mungari Nappe/Guro Suite HIPK |l Il

Macossa-Chimoio Nappe [I';] IHIDYEIEE |
NB Southern Malawi  [EIEIK | : bom|
Zimbabwe Craton aE XD O

C? Average
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Fig. 14. eNd(t) versus Nd Tpy plot (after DePaolo, 1981) for the analysed
mudrocks. Also plotted potential source areas of the Moatize and Matinde
mudrocks (see legend of Fig. 13). DM = depleted Mantle; CHUR = chondritic
uniform reservoir. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

(Harnois, 1988). The Moatize and Matinde mudrocks exhibit average
CIW values of 97.8 &+ 1.5 (92.9 - 98.8) and 97.9 + 1.3 (93.5 - 99.1),
respectively. The high CIW and CIA values of the fine-grained matrix of
conglomerates from both formations (e.g., samples M15, M50, M51, and
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M29; see Electronic Appendix A) suggest a non-glaciogenic origin for
these deposits, in agreement with sedimentological and palynological
data (Caracciolo et al., 2011; Pereira et al., 2019; Lopes et al., 2021b). In
glacial environments, low temperatures and limited moisture avail-
ability inhibit chemical weathering (e.g., Hall et al., 2002; Wang et al.,
2020). Accordingly, Permo-Carboniferous glacial sedimentary strata of
the Dwyka Group from the MKB of South Africa have CIA values < 70,
reflecting the predominance of physical over chemical weathering
(Visser and Young, 1990; Huber et al., 2001; Scheffler et al., 2003;
Gaschnig et al., 2014).

Altogether, the low ICV (<0.3) and high CIA and CIW values of the
Moatize and Matinde mudrocks suggest that the source area(s) was
subject to intense chemical weathering, reflecting warm and humid
paleoclimatic conditions.

Well-documented post-glacial paleoclimatic reconstructions point to
warm-humid conditions in the MKB of South Africa since the Early
Permian (Scheffler et al., 2006). From the middle Permian to the
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Fig. 16. K/Cs versus CIA plot (after McLennan et al., 1990) showing the
weathering condition at the source area of the mudrocks of the MMSB. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Triassic, increasing aridity inhibited the weathering, as indicated by
decreasing CIA values over time (Scheffler et al., 2006; Geel and Bordy,
2021). Time-equivalent sedimentary successions in the Kalahari Basin
show similar trends (Scheffler et al., 2006).

In contrast, the high CIA and CIW values of the Moatize and Matinde
formations suggest distinct paleoclimatic and palaeoecological condi-
tions in the Mid to Late Permian of the MMSB, compared to those
reconstructed for the Main Karoo and Kalahari basins. These differences
can be interpreted in two ways: (a) contrasting palaeolatitudes of the
two groups of basins or, more likely, (b) the presence of a significant
palaeotopographic barrier between the MMSB and the basins to the
south (i.e.,, the Main Karoo and Kalahari basins), which generated
unique paleoclimatic conditions.

Most palaeogeographic reconstructions indicate that a mountains
chain, the Cargonian Highlands, lay between the MKB and the Karoo rift
basins to the north (e.g., Visser, 1987; Scheffler et al., 2006; Isbell et al.,
2008; Pereira et al., 2019; Bordy, 2020). Similar highland areas may
have persisted during the Middle to Late Permian, to the north of the rift
basins, corresponding chiefly to Archean cratons and Precambrian
orogens (Fig. 17). This palaeotopography may have favoured the pres-
ervation of local warm-humid conditions in the Karoo rift basins, as in
the MMSB, where thick coal deposits accumulated the Mid to Late
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Permian.

The coal seams of the Moatize region are autochthonous coals
formed in wet forest swamps with limited oxidation of the plant material
(Vasconcelos, 1995). The thicknesses of these coal seams (e.g. over 30 m
in the Chipanga Seam; Vasconcelos, 1995) and the stratigraphic distri-
bution of the coal deposits, from the early Guadalupian to the latest
Lopingian (Lopes et al., 2021a), attest to prolonged subsidence and the
persistence of swamp-like conditions throughout this interval in the
MMSB. The palynological assemblages from the studied boreholes also
support this interpretation, indicating humid and warm climatic con-
ditions that favoured abundant seed ferns (glossopterids) and gymno-
sperms (e.g. Cordaites), with associated ferns, sphenopsids, and
lycopsids, typical of humid lowland environments (Lopes et al., 2021b;
Pereira et al., 2019).

6. Conclusions

The mineralogy, whole-rock geochemistry, and Sr-Nd isotopic com-
positions of mudrocks from the Muaradzi Coalfield of the MMSD were
systematically analysed, with a focus on the Moatize and Matinde for-
mations. The findings support the following conclusions:
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Fig. 17. (a) Distribution of the Karoo basins and the Precambrian terranes of southeast Africa. Adapted from Alessio et al. (2019). (b) Palaeogeography of Southeast
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Metangula Basin, X - Ruhuhu Basin. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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i) Both formations display similar mineralogical assemblages and
comparable distribution patterns of major, trace, and REE ele-
ments, reflecting the combine influence of source area composi-
tion and weathering history;

The geochemical signatures of the Moatize and Matinde
mudrocks suggest a sediment supply from proximal source areas
and a reduced influence of hydrodynamic sorting and recycling
processes during mudstone deposition;

REE patterns and key provenance proxies (e.g., La/Sc, Th/Sc, Th/
Co, and Cr/Th ratios) for both formations indicate sediment
source areas dominated by felsic rocks, with a minor mafic
contribution. The Sm-Nd isotopic record of the Moatize and
Matinde formations further suggests that sediment supply was
derived from mixed sources including late Mesoproterozoic and
Neoproterozoic rocks of the Southern Malawi-Nampula Block (a
subdomain of southernmost Malawi), the Guro Suite and the
Macossa-Chimoio Nappe;

The Moatize and Matinde mudrocks have high CIA and CIW
values, as well as low K;0/Al;03 and K/Cs ratios. The high
weathering indices of the fine-grained conglomerate matrix from
both formations indicate a non-glaciogenic origin for these de-
posits. The CIA and CIW values for the analysed mudrocks sug-
gest that the source areas of the Matinde and Moatize formations
underwent intense chemical weathering, reflecting warm and
humid paleoclimatic conditions. Additionally, these, data support
palaeogeographic reconstructions that propose a palaeotopo-
graphic barrier between the MMSB and the southern Karoo-age
basins;

The geochemical and isotopic data obtained in this study provide
a better constraint on the paleoclimatic and paleogeographic
evolution of the MMSD and other coal basins of similar age
located north of MKB (e.g the Ruhuhu and Selous basins in
Tanzania) during the Middle to Upper Permian.
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