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Abstract. The Permian-Triassic transition was a time of climatic, tectonic as well as ecologic reorganizations at a global scale.
Clastic sedimentary successions are a key archive to study the response of earth surface processes to such extensive disruptions
on land. Here, we focus on the so-called Fincha Sandstone, a Karoo-equivalent fluvio- to lacustrine succession of Permian to
Triassic age, deposited in the Blue Nile Basin of central Ethiopia. We use thin-section petrography, bulk-rock geochemistry,
and heavy mineral spectra in order to decipher source rocks, as well as the possible contribution of chemical weathering and
recycling. The results show distinct difference between Early Permian and Late Permian to Late Triassic sandstones.
Petrographically, the Early Permian sandstones are rich in feldspar, and unstable heavy minerals like apatite and garnet. The
average chemical index of alteration, trace, and rare earth element concentrations suggest little chemical weathering and
relative proximity to the source area. This was controlled by a high topography, alluvial and braided systems and a semiarid
climate.

In contrast, the Late Permian and Late Triassic sandstones are quartzose, have a lower content of feldspar, and show ultra-
stable heavy mineral assemblages rich in zircon, rutile, and tourmaline. The chemical index of alteration is around 80 to 90 %.
This can be explained by a combination of recycling of mature platform sediments together with a humid climate reflected in
deltaic-lacustrine deposits. Most probably, a corrosive environment around the Permian-Triassic Boundary has further fostered
high sediment maturity.

In the Middle to Late Triassic, sandstones become gradually immature again, marked by a significant increase in lithoclasts
and metamorphic heavy minerals such as garnet. This trend is less visible in geochemical data because lithoclasts are fine-
grained quartzose and derive from low metamorphic terrains typical for the basement of the Arabian Nubian Shield. This

makes the onset of axial, NW-SE directed sediment transport through the Blue Nile Rift Basin most probable.

1 Introduction

The collision of three continental masses known as Gondwana, Laurasia, and Siberia, created the supercontinent Pangea during
the Permian period (McElhinny et al., 1981). Our planet has experienced dramatic climatic and ecologic disruptions during
this time, culminating in the most extensive mass extinction recorded in the history of life at the Permian-Triassic Boundary
(PTB) (Benton, 2003). The PTB is known informally as the Great Dying in which up to 96 % (Benton, 2003) of all marine
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species and 70 % (Erwin, 1994) of terrestrial vertebrate species got extinct. Only plants and insects seem to have been less
affected except for a loss of ecological diversity. At the same time as this huge biological extinction, the geochemical
composition of the atmosphere and the oceans changed severely. The stomatal index of leaf points to much elevated CO- level
of the atmosphere and global models suggest an increase of global temperatures by 5-10 °C elevated as well as a drop of the
oxygen content from ca. 30 % to 16 % (Korte et al., 2003; Sun et al., 2012; Benton and Newell, 2014). Extensive marine
anoxia and a negative §'3C excursion reflect disruption of the carbon cycle. This ecological and climate crisis is
contemporaneous to the outburst of continental flood basalt in Siberia (Siberian Traps). Most authors agree that the extensive
trap volcanism plays a major role and may have initiated a cascade of climatic and ecological changes up to the collapse of
entire life systems, e.g. shallow marine reef communities (Erwin, 2006). Other causes in discussion, such as asteroid impact
or supernova explosion, remain purely speculative. However, the exact causes of this event have not been fully understood
yet, although a wealth of literature exists and many stratigraphic sections have been studied in detail all over the world. Most
of these sections expose marine deposits including the PT stratotype at Meishan (Zheng, 2013). Continental settings are often
discontinuous or the exact position of the PTB is uncertain because of lacking biostratigraphic evidence (Kozur and Weems,
2010; Fielding et al., 2020).

Among continental locations, the horn of Africa hosts one of the promising sections of the Palaeozoic-Mesozoic transition in
the Blue Nile Basin of central Ethiopia (Dawit, 2014). This area provides one of the best examples for preserving Palaeozoic-
Mesozoic sedimentary rocks in eastern Africa (Dawit, 2014).

The area of present-day Ethiopia has been affected by three main tectonic phases including the Precambrian orogenic phase,
the Carboniferous-Triassic Karoo-, and the Cretaceous-Cenozoic rifting events (Wolela, 2008). Eastern Gondwana break-up
started during the Carboniferous-Permian time, marked by the Karoo rifting phase in Ethiopia and throughout Eastern and
Southern Africa (Worku, 1992). Afterward, the Late Palaeozoic-Cretaceous extensional movements in Gondwana caused the
formation of the Blue Nile Basin and the configuration of the basin in Ethiopia was completed by deposition of the Late
Palaeozoic-Mesozoic sediments under NW-SE trending rifts (Gani, 2009; Wolela, 2008; McHargue et al., 1992).

After two main glacial periods that affected northern Africa during the Late Ordovician-Early Silurian and Early
Carboniferous-Early Permian, the climate shifted from cool and temperate climate condition in the Early Permian to seasonally
drier conditions of the Late Permian to Middle Triassic and returned to more humid conditions during the Middle to Late
Triassic (Dawit, 2014; Rees, 2002).

The presence of 450 m thick, mostly clastic sedimentary rocks spanning from the Palaeozoic into the Mesozoic and deposited
under a range of climatic conditions (Jepsen and Athearn, 1964; Getaneh, 1991; Mengesha et al., 1996; Wolela, 2008), makes
the sedimentary fill of the Blue Nile Basin a promising continental archive to study and compare the response of earth surface
processes to the perturbations around the PTB. The climate warming across the PTB has been hypothesized to have caused
humidification and enhanced (chemical) weathering on the continents, which may have led to enhanced sediment flux and the
reorganization of fluvial drainage systems (Sheldon, 2006; Sephton et al., 2015; Maruoka et al., 2003; Dudas et al., 2017;

Mansouri and Hinderer, 2021). Also, the significant increase in the marine 88Sr isotope ratio during the Early Triassic is
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commonly interpreted to reflect increasing continental erosion and weathering favored by a sparse vegetation, high
temperatures, acid rain and humic-poor soils (Sun et al., 2012; Benton and Newell, 2014).

In order to investigate these links, our approach comprises a detailed multi-proxy provenance investigation on sandstones from
before, around and after the PTB, and a comparison with Palaeozoic sandstones in the same area that were deposited under
glacial conditions with presumably less pronounced influence of chemical weathering (Lewin et al., 2018, 2020). The
overarching hypothesis is that changes in the continental chemical weathering rates or regime should be reflected in the
composition of terrestrial sandstones, e.g. through changing ratios of unstable vs. stable mineral phases. We use @ combination
of thin section petrography, heavy mineral analysis and bulk geochemistry to better constrain the source rocks of the studied

sandstones, as well as potential recycling processes.

2 Geological setting

The tectonic evolution and geological history of Ethiopia as a part of Africa can be described in five main stages (Dawit, 2010).
The first stage was the collision of the Proterozoic mobile belts and the Archean cratons during the Late Neoproterozoic-Early
Cambrian (Pan African orogeny 900 - 550 Ma; Stern, 1994; Fig.1) and covered the whole Arabian Shield and Sahara, from
West Africa to the Persian Gulf and from the Mediterranean to the Sahel (Sengor et al., 2021; Unrug, 1999). The basement of
the Blue Nile Basin belongs to of the southern extension of the Arabian-Nubian Shield in the west (Qeissan Block) and
Archean-Mesoproterozoic crust in the southeast which was remobilized and incorporated into the ANS (Johnson et al., 2011).
As a second step, Ethiopia experienced a time of relative tectonic quiescence and associated peneplanation from the Middle
Cambrian until the Middle Ordovician (Dawit, 2010). After the second stage, the Ethiopian peneplain was affected severely
by two glacial periods in the Late Ordovician to Early Silurian (“Hirnantian ice house”) and the Late Carboniferous to Early
Permian (Kumpulainen, 2007; Bussert, 2010; Lewin et al., 2018; 2020). In this time, the breakup of Pangea started and lasted
until the Late Cretaceous, resulting in the formation of several intercontinental rifts in the region (Fairbridge, 1982; Wopfner,
1994). The tectonic evolution of Ethiopia was completed with Cenozoic updoming and formation of the Main Ethiopian Rift
as earliest part of the East African Graben System (Chorowicz, 2005). This rifting was accompanied by an Early-Late
Oligocene volcanic event with an extrusion of 500-2000 m thick volcanic flood basalts, followed by a second event in the
Quaternary with up to 300 m thick volcanic rocks. These volcanic episodes are linked to the Ethiopian plateau mantle hotspot
(Hofmann et al., 1997, George et al., 1998, Gani et al., 2009).

In the Ethiopian plateau, the Blue Nile Basin is one of the main important basins which is located between latitudes of 08° 45'-
10° 30" North and longitudes of 36°30’- 39° 00" East (Fig. 2A). This basin covers an area of 120 000 km? in the central western
part of the region (Wolela, 1997, 2008; Russo et al., 1994; Dawit, 2010). Unfortunately, there is little literature about the
stratigraphy, architecture, and structural evolution of the Blue Nile basin. The reason is the extensive coverage by Cenozoic

volcanic rocks, which overlay the older strata and cause difficulties for subsurface investigations (Kieffer et al., 2004; Gani,
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2009; Hofmann et al., 1997). However, in the Ethiopian plateau, the Blue Nile River has formed a ~1600 m deep gorge,

exposing the underlaying Late Palaeozoic-Triassic rocks (Mengesha et al., 1996; Gani et al., 2009).

West East Karoo  Proterozoic East African Brasiliano-  Kuungan Palaeozoic Palaeozoic-
Gondwana Gondwana Deposits  Orogen Orogen Damara  Orogen  Orogen Mesozoic

Orogen Orogen

Figure. 1: Paleogeographic reconstruction of Gondwana during the Early Permian with the location of Karoo deposits in Ethiopia after
(Wopfner, 2009b).

Previous investigations reveal that the Blue Nile Basin is the result of the first phase of Karoo rifting in Permo-Carboniferous
times and has experienced different tectonic phases and structural complexities (Wolela, 1997, 2008; Russo et al., 1994). The
NE-SW direction extensional movement associated with the break-up of Gondwana (Worku and Astin, 1992; Salman and
Abdula, 1995; Wolela, 1997; Cannon et al., 1981) formed the NNE trending faults which can be linked to the Karoo phase
from Late Paleozoic to Jurassic (Gani et al., 2009). The NNE- SSW trending faults follow the Neoproterozoic basement
regional fabric (Gani et al., 2009). The initiation of the break-up of Gondwana caused the formation of the Blue Nile Basin
within NW-trending faults that controlled the rift basin in the central and eastern part of Africa (Gani et al., 2009). Morley et
al. (1999) proposed that the Karoo rifts have been created following former zones of weakness in the basement and have been
opened by oblique shear zones. The second phase of Karoo rifting happened in the Early to Middle Jurassic and caused
decomposition of Gondwana into separate blocks (Wolela, 2008).

The two recorded glacial periods in Ethiopia caused deposition of the mainly Ordovician Enticho Sandstone and the Permo-
Carboniferous Edaga Arbi Glacials that lay unconformably and discontinuously on the Precambrian basement (Bussert and

4
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Figure. 2: A) The geological map of the Blue Nile region in Central Ethiopia with the sampling locations (based on geological map of
Ethiopia 2" edition and modified after Dawit, 2010). B) The stratigraphic order of the Blue Nile Basin in central Ethiopia with the sample

names and related analysis. The stratigraphic units are based on Dawit, 2014.
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Schrank, 2007; Bussert, 2010). The Precambrian basement of central Ethiopia represents the interface between the low-grade
metamorphic Arabian-Nubian shield in the north and the high-grade metamorphic Mozambique Belt in the south (Wolela,
2008; Stern et al., 2012) and is made up of granites, granodiorite, quartzites, gneisses, diorite, metasedimentary rocks,
hornblende-biotite gneisses, and metavolcanics (Wolela, 2008; Kazmin, 1975). Following the Permo-Carboniferous glaciation,
the Blue Nile Basin was filled by Karoo-equivalent deposits which covered the Edaga Arbi Glacials unconformably (Fig. 2B).
These mostly siliciclastic deposits are a valuable sedimentary archive recording tectonic events and climate conditions during
the maximum size of Pangea extension (Wopfner, 2002). The term Karoo first originated from the Great Karoo Basin which
is located in South Africa and contains Late Carboniferous to Early Jurassic deposits (SACS, 1980; Wopfner, 2002). Time
equivalent successions similar to these Karoo deposits have been reported throughout Gondwana (Wopfner, 1999; 2002;
Wopfner and Casshyap, 1997; Veevers and Powell, 1994; Mayne, 1971; Flores, 1973; Cannon et al., 1981). Several researches
have assigned different ages from Late Carboniferous to Mesozoic for them (Jespen and Athearn, 1961; Kazmin, 1975; Gani,
2009). From a geographical point of view, in the Early Permian, central Ethiopia moved away from the south pole further to
48°S and reached 36° S in the Late Permian and was located around 20° S of the equator during the deposition of Karoo
sediments (Scotese et al., 1999; Dawit, 2014).

Climate reconstructions of central Ethiopia based on palynological investigation indicate that warm and cool temperate climate
was dominating during the Late Carboniferous-Early Permian. However, micro-floral changes point towards drier seasonal
conditions in the Late Permian to Middle Triassic with a shift to a more humid environment in Middle to Late Triassic times
(Dawit, 2014).

The exact stratigraphic position of the Permian-Triassic successions in the Blue Nile Basin is poorly known, because of the
scarcity of detailed biostratigraphic evidence. Dawit (2014) presented a new lithostratigraphic and biostratigraphic framework
for the Permo-Triassic deposits in the Blue Nile Basin and termed them “Fincha Sandstone”, equivalent to the “Karoo” or
“Pre-Adigrat I1I” deposits. He proposed five lithostratigraphic units, F1-F5, based on six informal palynological assemblage
zones from the Early Permian to Late Triassic (Fig. 2B). These sediments have been deposited in alluvial, meandering river,

and lacustrine sedimentary environments (Wolela, 2008). In this paper, we follow the stratigraphy of Dawit (2014).

3 Samples and analytical methods

In total, twenty-two sandstone samples have been collected from different locations in the Blue Nile Basin with focus on the
fine to medium sand grain sizes. Sampling sites (Fig. 2B) were selected based on the biostratigraphical and sedimentological
data of Dawit (2014) and Bussert (2009). In particular, the 400 m thick, well exposed and biostratigraphically relatively well
constrained Fincha section (Dawit, 2014) has been sampled intensively along the Blue Nile gorge (eight samples E-PT-0 to E-
PT-14). To guarantee a regional coverage over the central Blue Nile Basin, further fourteen samples were taken north and
south of the Blue Nile gorge over an area of ca. 25 000 km?2. These sampling sites were lithostratigraphically correlated by

considering sedimentological properties of the five units at the Fincha section described in Dawit (2014) and a thickness control
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by taking GPS measurements of the elevation above the local basement. The latter is well visible in the field by morphological

and weathering features. Sampling locations and their geographic coordinates are illustrated in Fig. 2A and Table.1.

Table. 1: Sample, formation, corresponding age, stratigraphic subunit, geographical location and lithology. The stratigraphic subunit and
defined age are based on palynological study of Dawit, 2014.

Stratigraphic

# Sample Formation ) Age North (%) East (%) Lithology
subunit
1 E-PT-14 Fincha F5 Late Triassic 9.42236 037.20077 Sandstone
2 E-PT-16 Fincha F5 Late Triassic 9.46330 037.00308 Sandstone
3 E-PT-17 Fincha F5 Late Triassic 9.47415 037.00953 Sandstone
4 E-PT-18 Fincha F5 Late Triassic 9.51388 037.03138 Sandstone
5 E-PT-15 Fincha F5 Late Triassic 9.56154 037.00654 Sandstone
6 E-PT-8 Fincha F5 Late Triassic 9.33749 037.22616 Sandstone
7 E-PT-13 Fincha F4 Middle Triassic 9.43309 037.20374 Sandstone
8 E-PT-21 Fincha F4 Middle Triassic 10.03548 036.59660 Sandstone
9 E-PT-29 Fincha F3 Early Triassic 10.04711 038.11553 Sandstone
10 E-PT-12 Fincha F3 Early Triassic 9.43303 037.21206 Sandstone
11 E-PT-26 Fincha F3 Early Triassic 10.23063 37.01675 Sandstone
12 E-PT-19 Fincha F3 Late Permian 9.55657 037.03554 Sandstone
13 E-PT-0 Fincha F3 Late Permian 8.59685 037.49039 Sandstone
14 E-PT-7 Fincha F3 Late Permian 9.46642 037.23712 Sandstone
15 E-PT-20 Fincha F3 Late Permian 9.55984 037.03484 Sandstone
16 E-PT-6 Fincha F2 Early Permian 9.33534 037.24334 Sandstone
17 E-PT-3 Fincha F2 Late Permian 9.33348 037.24341 Sandstone
18 E-PT-28 Fincha F1 Early Permian 10.23206 037.00941 Sandstone
19 E-PT-25 Fincha F1 Early Permian 10.22231 037.00627 Sandstone
20 E-PT-23 Fincha F1 Early Permian 10.09648 036.57534 Sandstone
21 E-PT-22 Fincha F1 Early Permian 10.04305 036.59317 Sandstone
22 E-PT-9 Fincha F1 Early Permian 9.46642 037.2101 Sandstone

Due to the aim of our study we selected and categorised our samples into Early Permian, Late Permian to Early Triassic, and
Middle to Late Triassic. Accordingly, seven samples were collected from defined stratigraphic units F1 to F2 that are assigned
to Early Permian, seven samples from unit F3 or Late Permian to Early Triassic and eight samples from units F4-F5 or the
Middle to Late Triassic period. In order to test potential recycling of older sedimentary rocks, we have used compositional

data from the Enticho and Edaga Arbi glacials as a comparison from the work of Lewin et al. (2018, 2020).

3.1 Petrography

Petrographic studies were carried out under the polarization microscope on 20 prepared thin sections to constrain the sandstone
framework composition (summary see Table 2). For each sample, 300 grains were point-counted using the Gazzi-Dickinson

method (Dickinson, 1970; Ingersoll et al., 1984). The counting was done with a Pelcon automated point-counter that moves
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along a grid of equally-spaced points (Glagolev-Chayes method, Galehouse, 1971). The Folk (1968) ternary plot was used to
illustrate the sandstone framework composition. The degree of roundness and sorting of the sandstone framework were

estimated using the scale of Powers (1953).

3.2 Geochemistry

About 50 g of each sandstone sample was pulverised by using a vibratory disc mill equipped with agate vessels for 10 min to
obtain a particle size of <63 um. Major oxides and trace elements concentrations were determined by X-ray fluorescence
spectrometry on fusion tablets at the Geoscience center of Gottingen university and Technical University of Darmstadt.
The rare earth element (REE) concentrations were determined using an Analytik Jena Plasma Quant MS Elite® inductively
coupled plasma mass spectrometer (ICP-MS) at the Technical University of Darmstadt. To prepare samples for ICP-MS
measurement, the decomposition of dry and homogenized samples was performed by lithium metaborate fusion using a
Katanax® X300 fluxer. For each sample about 0.2 g of powdered material was mixed with 2 g of lithium borate flux agent in
a platinum crucible. The mixed sample was fused for 10 minutes at 1000°C. The molten flux was dissolved automatically in
80 ml of 5% nitric acid (HNOs3). The dissolved sample was transferred to the measuring flask and was filled up with the
dissolved materials to 100 ml. The prepared samples were diluted 20 fold before ICP-MS measurement.
Trace elements were normalised to the upper continental crust (UCC; Taylor and McLennan, 2009; McLennan, 2001) and
REE to chondrites (Taylor and McLennan, 1985). To calculate the Eu anomaly, we have used the McLennan equation (1989)
as follow:

Eu Euy

Eu*  (Smy X Gdy)05
in which the chondrite normalised value is shown by subscript N.
To evaluate the degree of paleo-weathering of sandstones, the chemical index of alteration (CIA of Nesbitt and Young, 1982)
and weathering index of Parker (WIP of Parker, 1970) have been used as follow:
CIA=[AI203) / (Al203 + CaO* + Na20 + K20] x 100
WIP =[(Ca)/0.7) + (2 Na/0.35) + (2 K/ 0.25) + (Mg / 0.9)] x 100

CaO* presents the Ca of silicates only and has been corrected for the carbonate-bearing samples.

3.3 Heavy minerals

Based on different stratigraphy order, petrography and geochemical compositions, 17 samples were chosen for heavy mineral
analysis. About 500 g of each sample was disaggregated very carefully by mortar and pestle to avoid the artificial crushing of
grains. Then the material was separated by wet-sieving with a mechanical shaker to get <63 um, 63-125 pum, 125-250 um, and
250-500 um grain size fractions. In order to achieve comparability with previous studies on the older strata in the Blue Nile
basin (Lewin et al., 2020), we selected the 63-125 pm fraction for the analysis. The selected samples were treated with acetic

acid (10 %) and Na-dithionite solution (Ando, 2020) to remove carbonate cement and iron oxides, respectively. Afterward, we
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used sodium polytungstate with a density of 2.9 g/cm3 to separate the heavy and light fractions (Ando, 2020). The mentioned
procedure was applied twice to be ensure complete separation.

The obtained heavy mineral concentrates were weighed, split using a microriffle splitter and the heavy minerals were mounted
on strewn slides using Cargille Meltmount™ with a refraction index of 1.662. In order to identify the heavy minerals

assemblage, we counted around ~300 transparent grains in each sample using the polarizing microscope (Table. 3).

Table. 3: Heavy minerals percentages based on point counting analysis.

Stra.  Zircon Rutile Tourmaline Garnet Apatite Epidote Staurolite Chloritoid Monazite Titanite Others Opaque

Sample subunit % % % % % % % % % % % %
E-PT-14 MLT 81 129 9.7 66.1 1.6 1.6 0.0 0.0 0.0 0.0 0.0 32
E-PT-16 MLT 193 228 11.4 30.7 0.0 7.0 1.8 1.8 0.0 5.3 0.0 65
E-PT-17 MLT 322 384 8.2 12.3 2.7 4.1 1.4 0.0 0.7 0.0 0.0 65
E-PT-18 MLT 488  33.0 6.7 0.3 0.0 0.0 2.6 0.0 3.2 0.0 5.3 73
E-PT-15 MLT 476 416 6.7 0.4 0.0 0.0 0.4 0.0 1.1 0.0 2.2 87
E-PT-8  MLT 219 311 42.0 0.7 15 0.0 13 1.3 0.0 0.0 0.0 48
E-PT-13 MLT 333 364 16.7 0.0 13.6 0.0 0.0 0.0 0.0 0.0 0.0 72
E-PT-21  MLT 335 558 76 0.0 2.2 0.0 0.0 0.0 0.0 0.9 0.0 81
E-PT-12 PTB 393 21 53.9 0.3 43 0.0 0.0 0.0 0.0 0.0 0.0 35
E-PT-26 PTB 538 203 20.9 0.0 0.0 0.6 0.0 0.0 0.0 0.0 4.4 72
E-PT-19 PTB 280 134 317 0.0 11.0 2.4 0.0 6.1 49 2.4 0.0 86
E-PT-0 PTB 240 228 26.2 22.8 0.4 0.0 0.0 0.0 1.9 0.0 1.9 90
E-PT-7 PTB 4.8 8.3 14.3 13.1 59.5 0.0 0.0 0.0 0.0 0.0 0.0 64
E-PT-20 PTB 1.6 1.6 15.6 7.2 60.4 0.0 1.6 0.8 0.0 11.2 0.0 86
E-PT-6 EP 241 00 6.0 67.3 2.6 0.0 0.0 0.0 0.0 0.0 0.0 61
E-PT-3 EP 2.7 7.7 1.0 71.0 17.7 0.0 0.0 0.0 0.0 0.0 0.0 64
E-PT-9 EP 100 33 33 21.7 61.7 0.0 0.0 0.0 0.0 0.0 0.0 68
4 Results

4.1 Petrography

According to the classification scheme of Folk (1968), the Early Permian samples can be classified as sub-arkose and arkose,
and contain on average 70 % quartz, 25 % feldspar, and 4.5 % rock fragments. The dominant rock fragments in the Early
Permian samples are sedimentary lithoclasts (Fig. 3). Rutile, zircon, apatite, garnet, and opaque phases are accessory minerals.
The Early Permian samples are rich in carbonate cement and grains are angular to subangular with very poor to poor sorting
(Fig. 4 and Table 2).

The Late Permian to Early Triassic samples show a higher amount of quartz (about 87 %), 10 % rock fragments and about 2

% feldspar. Three samples consist to more than 90 % of quartz and are thus categorized as quartzarenites (Fig. 3). The
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209 remaining two samples have a high amount of rock fragments around 23 % and categorize as sub-litharenite to litharenite. The

Sandstone classification
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210

211  Figure. 3: Sandstone classification scheme of Folk, 1968 for the Edaga Arbi Glacials and Enticho sandstones (from Lewin et al., 2018),
212  Lower Permian, Late Permian to Early Triassic and Middle to Late Triassic samples (this study).
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lithic components are of metamorphic and sedimentary origin with 15 % and 7 %, respectively. The accessory minerals are
zircon, tourmaline, rutile, and opaque minerals. Here, the sandstones are more heterogeneous with different degree of sorting

from well sorted sandstones to moderate types. The grains have angular, subangular to rounded shapes (Table. 2 and Fig. 4).

X C = = ¥ 7 T - = ¥
Middle to late Triassic ‘ o M st K a’,: *-5‘
Yomx oF & ; ’ 2 2 . - 4
4 v e | : ; &

£

. - ol 95
~

Permian-Triassic transition

'

)

I Permian-Triassic transition i

Early Permian

Figure. 4: Thin section microscopic images of the Early Permian to Late Triassic Fincha sandstone. The scale bar is 100 um.

By moving toward the Middle to Late Triassic, the sandstones tend to be richer iin lithic fragments and are categorised as
litharenites and sub-litharenites (Fig. 3 and Fig.4). The averaged counted grains are about 71 % quartz, 23 % rock fragments,

and 3 % feldspar. In comparison to the Late Permian to Early Triassic samples, the feldspar proportion is increased with the
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highest amounts in samples E-PT-13 and E-PT-16 (about 10 % and 5 %, respectively). The abundant lithic fragments are of
metamorphic and sedimentary origin with the average of 14 % and 9 %, respectively. The accessory minerals are zircon,
tourmaline, rutile, and opaques. Sandstones are moderately sorted, and the grains are categorised as very angular to rounded
shapes (Table. 2).

4.2 Geochemistry

Major oxides have been plotted against Al,O3 because of the immobile behaviour of Al during weathering, diagenetic and
metamorphic processes (Bauluz et al., 2000). The plotted SiO; against Al>Os illustrate that the SiO, concentration is high in

the Late Permian to LLate Triassic samples while the Al,O3and TiO, concentrations are higher in the Early Permian samples
(Fig. 5).
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Figure. 5: Plots of the major oxides against Al2Os for the analysed samples. Data for UCC (from McLennan, 2001; Taylor and McLennan,
2009).
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CaO and MgO are low in all samples, except the Early Permian samples, which contain carbonate cement. NaO; is higher in
the Early Permian samples while it is very low in the other intervals. K»0O, Fe;O3, and P05 contents are variable in all studied
samples but they are enriched in the Early Permian samples more than others (Fig.5).

The results of the normalised trace elements against UCC have been summarised in spider plots in Fig. 6A. Large ion lithophile
elements (LILE) like Rb, Ba, and Sr are slightly depleted in the Early Permian samples, while the depletion trend is greater in
the Late Permian to Late Triassic samples especially in the samples E-PT-12 and E-PT-26. However, high field strength
elements (HFSE) such as Th, U, Y, Zr, and Nb are enriched in the Middle to Late Triassic samples compared to the Early
Permian and Late Permian to Early Triassic samples. Other elements such as transition metals are depleted in all intervals
except Sc and Cr in the Early Permian samples (Fig. 6A).
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Figure. 6: A) Normalised trace element concentrations against UCC (from McLennan, 2001; Taylor and McLennan, 2009), LILE: Large
ion lithophile elements, TM: Transitional metals, HFSE: High field strength elements and B) Rare earth element concentrations against
chondrite values (from Taylor and McLennan, 1985).

The normalised REE against chondrite values are plotted in Fig. 6B. The Early Permian samples are enriched in the light rare
earth elements (LREE) with a flat trend for the heavy rare earth elements (HREE) except one sample E-PT-9, which is depleted
in REE compared to the others. The average chondrite-normalized Lan/Yby for the Early Permian samples is about 7 with a
mean Eu/Eu” of 0.73, Lan/Smy 3.2, and Gdn/Yby 1.4. The mean CIA and WIP values for the Early Permian samples are about
59 and 47, respectively (Fig. 7A).
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The REE pattern in the Late Permian to Early Triassic samples is more variable and is highly depleted in the sample E-PT-12.
The Lan/Yby value in the Late Permian to Early Triassic samples is on average 8 with an Eu anomaly of 0.7, Lan/Smy of 3.6
and Gdn/Yby of 1.5. The CIA value is high for the Late Permian to Early Triassic samples, about 82, while the WIP value is
very low, about 16 (Fig. 7A).

The Middle to Late Triassic samples are enriched in the LREE with more pronounced negative Eu anomaly and a steeper
HREE trend except sample E-PT-13 and E-PT-15, which is depleted strongly in comparison to the others. The averaged
Lan/Smy and Gdn/Yby are higher than UCC values, about 4.1 and 1.4, respectively, with a negative Eu anomaly of 0.6 and
average of Lan/Ybyn of 11. The WIP value in the Middle to Late Triassic samples is about 12, while the CIA value is 87 (Fig.

7A).
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Figure. 7: A) Chemical index of alteration (CIA, after Nesbitt and Young, 1982), and weathering index of Parker (WIP; after Parker, 1970)
for the studied samples. B) Zr/Sc, and Th/Sc plot (after McLennan et al., 1993) samples of the Fincha Sandstone plotted with Enticho, Edaga
Arbi Glacials, and basement from Lewin et al., 2018.

The PCA biplot of the Fincha Sandstone based on centred log ratio transformation from major, trace, and rare earth elements
show a clear separation between Early Permian samples and Middle to Late Triassic ones, with Late Permian to Early Triassic
samples plotting in between (Fig. 8A). The Lower Permian samples can be distinguished from Upper Permian to Upper Triassic
along the arrows of Na, Ca, K, Mg, and Mn. Immobile elements show a distinct difference between them as well. Ba, Rb, and
Sr are positively correlated in the Early Permian samples while these elements are negatively correlated with Th, U, Zr, Si, Ti,
REE, Eu/Eu”, and Nb in Middle to Late Triassic and partly in the Late Permian to the Early Triassic samples. The PCA biplot
of Fincha Sandstone with Enticho and Edaga Arbi Glacials reveals close similarity between Early Permian samples and Edaga
Arbi Glacials. PC1 in Early Permian and Edaga Arbi samples show positive loading with Mg, Mn, Na, Ca, and Ba (Fig. 8B).
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From the other side, enrichments of Enticho Sandstone and Late Permian to Late Triassic samples in REE, Fe, Ni, U, Th, Si

and Zr show a similar trend (Fig. 8B).
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Figure. 8: Compositional biplots of the first two principle components of the principle component analysis based on the clr-transformed
concentration of the major, trace and rare earth elements A) this study B) Completing and comparing this study with the Enticho and Edaga
Arbi Glacials samples from Lewin et al., 2018.

4.3 Heavy minerals analysis

The heavy mineral concentration (HMC, Garzanti and Ando, 2007) is generally poor with an average of 0.93 %, but varies
between 1.9 % and 0.11 % with a slightly increasing concentration towards the Middle to Late Triassic samples.

The ratio between opaque and transparent heavy minerals is about 0.63. However, there is not an obvious or meaningful trend
between the ratio of transparent and opaque minerals, and they do not show any pattern in the three defined intervals. Therefore,
opaque and spurious minerals have been excluded from the graphs to give a clear view of the transparent heavy mineral
distribution.

The heavy minerals assemblage of the Early Permian samples is dominated by relatively unstable heavy minerals like garnet
and apatite with 53 % and 27 %, respectively (Figs. 9 and 10). Ultra-stable minerals like zircon, rutile, and tourmaline form
the rest of the heavy mineral population. The average percentage of the unstable heavy minerals are about 84 %, which prevails
over 19 % of the ultra-stable minerals.

The heavy mineral spectra of the Late Permian to Early Triassic can be subdivided into two groups. The Late Permian samples
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are dominated by an average of 60 % apatite, whereas the Early Triassic samples contain about 86 % ultra-stable zircon,

tourmaline, and rutile. Zircon is the most abundant heavy mineral followed by tourmaline and rutile (Figs. 9 and 10).

Tourmaline

Figure. 9: Microscopic images of the most encountered heavy minerals in the analysed Early Permian to Late Triassic sandstone samples.

The dominance of ultra-stable heavy minerals continues into the Middle to Late Triassic, but decreases again at the top of the
Triassic samples. In the Late Triassic, garnet makes up to about 66 % of the total amount. The other encountered heavy minerals
are staurolite, monazite, and chloritoid.

Based on the classification schemes of Gartner et al. (2013) and Corfu et al. (2003), the morphometry of Early Permian zircons
is variable and both rounded/subrounded to angular/subangular grains occur. The zircons in the Middle to Late Triassic interval
are predominantly rounded to subrounded, whereas the Late Permian to Early Triassic zircons are mostly angular to sub-
angular grains (Fig. 11). The apatite grains are almost angular to sub-rounded in the Early Permian samples in comparison to
the rounded and sub-rounded grains of the Late Triassic. The morphometry of apatite grains (Fig. 11) is more variable and a
clear stratigraphic trend is not visible. Nevertheless, some variations are concordant for zircons and apatite, e.g. the high
angularity of grains in sample E-PT-26 or E-PT-8, and the high roundness in sample E-PT-12 or E-PT-16. This points to

repeated transport of both populations.
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Figure. 10: Heavy mineral assemblages of the studied samples and the averaged HM spectra of the Enticho and Edaga Arbi Glacials from
(Lewin et al., 2020).

The plotted heavy mineral indices based on Morton and Hallsworth (1994) show an inverse correlation between zircon-
tourmaline-rutile index (ZTR) on the one hand and the garnet-zircon index (GZi) and apatite-tourmaline index (ATi) on the
other hand. In the Early Permian samples, the ZTR index is low, increases in the Late Permian to Triassic and drops again in
the Late Triassic samples (Table 4). The RZi is almost constant in all intervals except in the lower part of the Early Permian
and in the Early Triassic. The ATi is high in the Early Permian samples, while is very low in the Late Permian to the Triassic
samples. The GZi shows the same trend as AZi and is strongly increased in the Late Triassic samples (Fig. 11).

5 Discussion
5.1 Stratigraphic trends

The petrographic and geochemical results show clear trends of changing sandstone composition from the Early Permian to the
Late Triassic in the Blue Nile Basin. In the following we discuss arguments for changes of the source area, recycling of glacial
deposits, and climatic changes including expected extreme conditions around the PTB.

The petrographical analysis shows that the Early Permian sandstones are poorly sorted and immature with higher content of
feldspar and unstable heavy minerals. The thigher content of carbonate cement, however, is of secondary origin due to
cementation of basal sandstones in the basin by diagenetic fluids. Heavy mineral spectra are dominated by garnet up to 42 %
and ultra-stable heavy minerals make up only 12 %. The petrographic signatures in the Early Permian point to short sediment
transport and/or weak chemical weathering. This is also reflected in the geochemical data, where SiO- is lowest and Al;O3
highest. The mobile trace elements LILE are less depleted than in the other intervals. Generally, Early Permian sandstones
come closest to the geochemical average of the UCC.

This contrasts to the Late Permian to Triassic sandstones which are highly quartzose and rich in ultra-stable minerals ~70 %.
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On the other hand, a higher amount of rock fragments of metamorphic and sedimentary origin is observed which originate
most probably from the low-grade metamorphic mostly Neoproterozoic basement. The positive correlation of Ti, Y, U, and Zr
in the Late Permian to Triassic samples underlines the presence of ultra-stable heavy minerals like zircon and rutile.
Furthermore, high maturity and enrichment of zircon is mirrored by high Si content and Th/Sc as well as Zr/Sc ratios (Fig.
7B)./Moreover, several samples show a strong depletion of mobile trace elements including Zn. This requires efficient chemical
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weathering in case of first cycle sediments (McLennan et al., 1993; Avigad et al., 2005) and/or recycling of mature sediments
or alternatively long-distance transport./Around the PTB the geochemical signatures including REE patterns are less consistent
among different samples than for the other time intervals and show several outliers.

Middle to Late Triassic sandstones gradually change back to more immature composition, even though the low maturity of the
Early Permian is not reached again. Note that the petrographic immaturity is caused by lithoclasts instead of feldspars as in the
Early Permian (Fig. 3). Because these lithoclasts are mostly quartz-rich, the total SiO, content is as high as for the Late Permian
to Early Triassic and also the CIA keeps as high as around the PTB. Trace element spectra a more conformable and less erratic.
Ultra-stable minerals drop from a maximum of 95 % back to 47 % and garnet becomes the dominating heavy mineral again.
Of specific interest is that the relatively unstable metamorphic mineral epidote occurs more frequently in the Upper Triassic
and is completely missing in the Early Permian and only rarely found at the Permian-Triassic transition. This points to fresh

input from the low-grade metamorphic Neoproterozoic basement.

5.2 Recycling

Potential sources for recycling of older sediments are the Enticho Sandstone and the Edaga Arbi Glacials (Lewin et al., 2018).
The distribution of these sediments follows a glacially scoured palaeorelief with SW-NE or S-N trending tunnel valleys where
maximum thickness occurs (Dawit and Bussert, 2007). Outside of these valleys, the glacial deposits show a patchy distribution.
This is the case e.g. for the Fincha section. Nevertheless, it must be assumed that the ice sheet and its deposits had covered the
entire region before the Blue Nile Basin began to form in the Early Permian (Bussert and Schrank, 2007). In the Blue Nile
Basin area, the older glacial deposits are scarce and much less widespread than in northern Ethiopia, which makes their removal
by erosion highly probable.

To test this hypothesis of recycling of the older sedimentary rocks we compared our results with the previous studies of Lewin
et al. (2018 and 2020), who found distinct differences between the Enticho sandstone and the Edaga Arbi Glacials. The Enticho
Sandstone consists of quartzarenites and sub-arkoses. (The quartz content reaches 95 % and points to high maturity. These Late
Ordovician to Early Silurian sandstones are depleted in Rb, Ba, Sr, and K and are enriched in Th, Zr, Si, Th, U, Nb with a
pronounced negative Eu anomaly (Lewin et al., 2018). The heavy mineral spectra of the Enticho Sandstone is dominated by
ultra-stable heavy mineral group accompanied by variable amount of garnet and monazite (Lewin et al., 2020). In contrast, the
sandstones of the Edaga Arbi Glacials are mostly arkoses to sub-arkoses (Lewin et al., 2018; Fig. 3). Edaga Arbi Glacials are
enriched in V, Cr, and HREE with weak Eu anomaly. These sandstones are less mature with a quartz content about 75 % and
a higher content of feldspar and rock fragments compared to the Enticho Sandstone. The unstable heavy minerals garnet and
apatite dominate the heavy mineral spectra.

Petrographic and geochemical parameters show a surprisingly high similarity between the Edaga Arbi Glacials and the Early
Permian Fincha Sandstone. Both are immature arkoses and subarkoses with a high feldspar content of up to 26 %. Moreover,

heavy mineral spectra are strikingly similar with dominance of garnet and apatite and ZTR indices < 20. The Harker diagram
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of the major oxide and PCA biplots (Figs. 5 and 8B) confirms this similarity showing the same enrichments in Na, Mg, K, Ca,
and Mn element concentrations and a complete overlap in the PCA plot (Fig. 8B).

In contrast, Late Permian to Early Triassic sandstones are highly mature quartzarenite with an average quartz content of 85 %
similar to the Enticho Sandstone. Unstable minerals decrease from the Late Permian toward the Early Triassic and ultrastable
heavy minerals increase with ZTR indices up to 89 %.

Middle to Late Triassic sandstones contain a significantly higher amount of metamorphic and (meta) sedimentary rock
fragments. However, in the Late Triassic unstable heavy minerals such as garnet and staurolite increase and the ZTR index
decreases to 54 %.

Geochemically, both Late Permian to Early Triassic and Middle to Late Triassic sandstones show enrichment in Si, Th, U, Ti,
REE, and HFSEs and depletion of Na, Mg, K, Ca, Rb, K, Ba, and Sr in the PCA biplot similar to the Enticho sandstone (Fig.
8B). However, the Late Triassic sandstones petrographically deviate due to the presence of rock fragments in contrast to the
Enticho Sandstone. The same enrichment in element compositions is due to the presence of quartz-rich lithic fragments.
According to McLennan et al. (1993), recycling can be demonstrated using the ratio of incompatible Th and compatible Sc as
Zr/Sc and Th/Sc plot. In this diagram (Fig: 7B), Early Permian sandstones and Edaga Arbi Glacials first follow the
compositional trend of basement rocks and then turn into the recycling trend. These similarities confirm recycling of Edaga
Arbi Glacials and proximal redeposition in the Early Permian without modifying the immature character.

Zr/Sc and Th/Sc ratios of the Late Permian to Triassic sandstones are high compared to the Early Permian. The petrography,
geochemistry, and heavy mineral spectra of Late Permian to Early Triassic sandstones become more similar to the Enticho
sandstone which point to ongoing unroofing and erosional removal of the uppermost sedimentary cover composed of Edaga
Arbi Glacials. The scatter of samples from the Late Permian to Early Triassic can be explained by a patchy distribution of
relict Edaga Arbi Glacials and Enticho Sandstone (likely the major source) and exposed basement in the drainage basins of the
Blue Nile Basin at this time. The strong increase of lithic fragments and metamorphic unstable heavy minerals in the Late

Triassic can be seen as a continuation of this process with the basement becoming the dominant sediment source. @

5.3 Source rocks

e. As found for the Early Permian, the high feldspar
content is inherited from the underlying Edaga Arbi Glacials. In the Zr/Sc and Th/Sc diagram (Fig. 7B), the recycling trend
intersects with the compositional trend half between a basaltic and felsic source and significantly lower as the intersect for the
Enticho Sandstone which is close to a felsic source. The higher contribution of mafic rocks in the Edaga Arbi Glacials and
hence also the Early Permian sandstones is supported by slightly enriched values for Cr, V, HREE and a weaker Eu anomaly
(Lewin et al., 2020). Based on single grain geochemistry, Lewin et al. (2020) could also prove a significant input from
metamorphic rocks and came to the conclusion that the Edaga Arbi Glacials originate from the local basement of the Arabian

Nubian Shield including southern Ethiopia.
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In contrast to the mixed and local origin of the Edaga Arbi Glacials, Lewin et al (2018) proposed a far-distance and more felsic
source rocks for the highly mature Enticho sandstones. Geochemical indicators are enrichment in Ti, Zr, U, LREE, Nb, and a
pronounced negative Eu anomaly. Furthermore, the major oxide and trace elements of the Enticho Sandstone show typical
composition of an old differentiated crustal sources. The ZTR index is mostly between 70 and 90 %. Garnet and staurolite
demonstrate significant contribution from amphibolite- to granulite-facies metamorphic rocks in particular to the slightly less
mature glaciogenic part of the Enticho Sandstone. Altogether, Lewin et al. (2018, 2020) concluded that the Enticho Sandstone
originate from recycling of Cambrian-Ordovician super fan sediments with some addition of fresh basement rocks from the
Saharan Metacraton or the Arabian Nubian Shield indicated by metamorphic heavy minerals such as garnet and staurolite. The
Late Permian to Early Triassic Fincha Sandstone shows similar relative element enrichment like the Enticho Sandstone
indicative for felsic source rocks. The intersect in the Zr/Sc and Th/Sc diagram (Fig. 7B) also supports a higher contribution
of felsic rocks compared to the Edaga Arbi Glacials. Garnet, staurolite, and chloritoid also prove the contribution from
metamorphic rocks. Whereas garnet and staurolite are also present in minor proportions in the Enticho Sandstone, chloritoid
is missing. Overall, similarity of Late Permian to Early Triassic sandstones and the Enticho Sandstone is less striking than for
the Early Permian and the Edaga Arbi Glacials.

The downward tendency of recycling of Paleozoic glacial sediments becomes clearly evident for the Middle to Late Triassic
Fincha Sandstone. Although relicts may still have contributed to some extent, the petrographic and geochemical imprint points
to fresh sources from the Arabian Nubian Shield. The most supporting evidence are the occurrence metamorphic and
sedimentary lithoclasts which cannot originate from recycling of the Enticho Sandstone or the Edaga Arbi Glacials, because
both do not show these types of lithoclasts. The higher RZi index for the Triassic sandstones and relatively high proportions
of unstable metamorphic minerals such as epidote, chloritoid, and staurolite also point to a higher contribution from
metamorphic rocks. This means that in the Triassic new sources became available to supply lithic-rich sands and metamorphic
heavy minerals. The best candidate is the low-grade metamorphic basement of the ANS to the west. This is in accordance to
expected axial sediment transport directions in the Blue Nile Basin which formed as SE to NW oriented rift basin (Gani et al.,
2009). In contrast, paleocurrent indicators of both glacial deposits point to S to N directed transport and hence to other source

areas.

5.4 Climate imprint

The short-lived Late Ordovician or Hirnantian glaciation covered significant areas of northern Gondwana by a vast ice sheet
(Le Heron et al., 2018). Lewin et al. (2018) argue that a large part of the material of the Enticho Sandstone originate from
Cambro-Ordovician large fan systems which were exposed to intensive chemical weathering in a corrosive atmosphere and
vegetation-free conditions (Squire et al., 2006; Morag et al., 2011; Avigad et al., 2005).

The second glaciation phase of Late Paleozoic has influenced Ethiopia by a more local ice sheet. Because Ethiopia was in a
low- to mid-palaeolatitude, Bussert and Schrank (2007) assume plateau or mountain-type glaciations related to compressive

Hercynian uplift which is well constrained in Saudi Arabia (Husseini, 1992). An alternative cause is thermal uplift before the
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formation of the Blue Nile Rift Basin as postulated for wide areas of Gondwana by Visser and Praekelt (1996). Immature
sandstones with unstable minerals of Edaga Arbi Glacials prove minor chemical weathering typical of a glacial environment
accompanied by short transport and insufficient time for temporal storage (Lewin et al., 2020; 2018). Bussert (2014) describe
glaciogenic depositional environments ranging from glacifluvial, glacideltaic to glaciolacustrine.

In the Early Permian, sedimentary facies of the Fincha Sandstone show an alluvial fan (F1) and low sinuosity braided river
system (F2), pointing to a transition from semiarid to humid conditions. Palynoflora investigated by Dawit (2014) reveal a
gymnosperm-dominated upland flora in the aftermath of the Permocarboniferous glaciation which becomes more diverse and
was mostly adapted to seasonally cool, consistently moist, mire environments. A humid environment with possibly pronounced
silicate weathering seems to contradict the immature petrography of Early Permian sandstones found in our study.
Nevertheless, taking together the high availability of unconsolidated glaciogenic sediment of the Edaga Arbi Glacials available
for erosion, a high topography, cool temperatures, and rapid, short-distance transport in alluvial fan systems and braided rivers
can well explain the almost unchanged inheritance of glacial sediment composition in the Early Permian Fincha Sandstone.
In the Late Permian to Early Triassic, sediment facies shows lacustrine conditions with gilbert-type deltas (F3). Although
sedimentological conditions show no change at the Permian-Triassic boundary and a clear physical unconformity is not
recognizable, an abrupt microfloral change is evident within member F3 of the Fincha Sandstone. This change is marked by
the extinction of glossopterid and cordaitalean gymnosperms, and by the extreme decline of a range of gymnospermous and
pteridophytic palynomorph groups. Dawit (2014) interprets this abrupt microfloral change as the approximate location of the
Permian-Triassic boundary in the Blue Nile Basin. Lacustrine conditions and the lack of red-bed development around the PTB
as in other parts of Gondwana points to ongoing humid conditions and little climate change in the Blue Nile Basin, but reduced
floral diversity. Our compositional data of this part in the Fincha Sandstone shows increasing maturity and gradual
disappearance of typical petrographic tracers from recycling of the Edaga Arbi Glacials. As discussed before, this trend can
be adequately explained by unroofing. However, lower vegetation cover and possibly more corrosive rain due to volcanic
emission of the Siberian Trap volcanism may have enhanced this trend (Benton and Newell, 2014).

The middle to late Triassic depositional environments shows multi-story sheet sands in a alluvial plain (F4), a continental
lacustrine environment (F5) and an ongoing humid palaeoclimate (Dawit, 2014). Red-beds in the upper Fincha Sandstone (F5)
indicate seasonal dry conditions. Palynofloral assemblages comprise more diverse and new species attributable to
corystosperm-, conifer-, and ferndominated floras. These florae might have favourably adapted to coastal plain wetland
environments. Sandstone composition shows a gradual decrease of maturity in the upper Fincha Sandstone (F5). This may be
linked to seasonally drier conditions and again increase of event-based, rapid sediment transport, but further unroofing and
change to the metamorphic basement of the ANS is able to explain this trend as well. Again, provenance change and climate
act in the same direction and would both enhance the observed compositional trend.

To clarify the influence of climate on the maturity and composition of the studied sandstones, we used a combination of the
CIA and the WIP as suggested by Garzanti et al. (2013a) (see Fig. 7A). The CIA value may yield an ambiguous picture in

settings with intense sediment recycling, in which the calculated CIA may reflect the weathering conditions in the older
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sedimentary environment rather than the climate condition of the source area (Huntsman-Mapila et al., 2009; Bassis et al.,
2016) and the mobile elements Na, K, Mg, and Ca which are used to calculate the CIA may be impacted by quartz dilution.
Therefore, Garzanti et al. (2013a) propose to use the CIA/WIP ratio as a proxy to disentangle recycling and weathering, because
this ratio is influenced by quartz dilution rather than weathering (Garzanti et al., 2013a; 2013b; 2019).

The low CIA value of 59 and high WIP of 47 for the Early Permian indicate low to moderate weathering and survival of mobile
alkali and alkaline trace elements. The CIA/WIP ratio of ~ 1.6 prove a low weathering degree under the humid but cold climate
for the Early Permian sandstone.

The Late Permian to Early Triassic sandstones combine a high average CIA of around 82 with a lower average WIP of around
16. The mean CIA/WIP ratios are between 10 and 38. The highest value for CIA and the lowest for WIP is seen for the
guartzose interval of the Early Triassic, i.e. after the Permian Triassic boundary. The data of this interval follow the weathering
trend. Strong weathering may be also the reason for a more pronounced negative Eu anomaly due to removal of Eu bearing
feldspar and the absence of apatite and garnet in the Early Triassic.

For the Middle to Late Triassic sandstones, the average CIA value is similarly high as in the Late Permian to Early Triassic
sandstones, which are about 87 and 97, respectively. The average WIP is ~ 12 and the average CIA/WIP 17. The high CIA for
the Middle to Late Triassic sandstone is caused by a high amount of quartz-rich rock fragments, whereas unstable heavy
minerals such as garnet, epidote, and chloritoid reappear. Hence, in the Late Triassic the CIA seems to be more controlled by
a change of provenance than by a changing weathering regime. In summary, the climatic imprint on the composition of the
Fincha Sandstone is minor compared to recycling and provenance change. In the Blue Nile Basin the climate remains relatively
humid over the entire Permian to Triassic with some changes in seasonality. Despite this relative persistence, climatic indices
show strong changes which can be well explained by changes in recycling and provenance during the rifting of the Blue Nile
Basin. Nevertheless, around the Permian Triassic boundary a strong shift in CIA, ZTR and maturity is observed, which might
be linked to more corrosive atmospheric conditions as proposed by several authors (for review see Benton and Newell, 2014).
Super-mature character of the Early Triassic sandstones of has been also reported by Wopfner (1989, 1994) in Tanzania, which
he interprets as a product of the intensive chemical weathering of the source rocks and a vast quartz supply by high water
influx into the depositional environments (Wopfner, 1989).@

5.5 Palaeogeographic and temporal scenario

By considering all the results from petrography, geochemistry, heavy mineral spectra and comparison with the Edaga Arbi
Glacials and Enticho Sandstone, we propose a scenario for the evolution of the Fincha Sandstone in the Blue Nile Basin as a
schematic model (Fig. 12). After consolidation of the Pan-African basement in north-eastern Africa in the Neoproterozoic, a
broad peneplain was developed in the Cambrian that was covered by a large continental ice sheet in the Upper Ordovician (e.g.
Dawit, 2010; Ghienne et al., 2007; Le Heron and Craig, 2008). Until the successive Permo-Carboniferous glaciation no
sedimentary record exists in Ethiopia. The glacial erosion caused deposition of the glaciogenic Enticho Sandstone during the

Late Ordovician-Early Silurian and Edaga Arbi Glacials in the Late Carboniferous-Early Permian, preferentially by filling of
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499 tunnel valleys or thinner and discontinuous deposits outside (Bussert, 2014). After the glacial periods, the Blue Nile Basin was
500 formed in the first phase of Karoo rifting from the Late Carboniferous onward (Gani et al., 2009, Fig. 12A). During the Early

¥

D) Middle Triassic-Late Triassic
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C) Late Permian-Early Triassic
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B) Early Permian-Middle Permian

A) Late Carboniferous-Early Permian

501
502  Figure. 12: Schematic model for the possible scenario of the Fincha Sandstone evolution during the Late Palaeozoic to Early Mesozoic.

503 to Middle Permian, the lower Fincha Sandstone was deposited in the rift valley. According to our results this happened by

504 reworking of significant volumes of the Edaga Arbi Glacials under a semiarid to humid climate (Fig. 12B). Erosion and uplift

25



505
506
507
508
509
510
511
512
513
514
515
516
517
518

519

520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536

https://doi.org/10.5194/esurf-2022-35
Preprint. Discussion started: 1 August 2022
(© Author(s) 2022. CC BY 4.0 License.

of the rift shoulders continued throughout the Permian-Triassic transition. The much higher maturity of the middle Fincha
Sandstone can be explained by a combination of recycling of the quartzose Enticho Sandstone after removal of the Edaga Arbi
Glacials and strong chemical weathering (Fig. 12C). The very high value of CIA/WIP ratio with negative Eu anomaly of the
Early Triassic sandstone and also removal of unstable minerals sustain this hypothesis that the sediments suffered from
intensive chemical weathering and recycling.

By the Middle to Late Triassic, also the Enticho Sandstone had been largely removed, and the metamorphic basement
increasingly contributed to sediment generation and sediment supply (Fig. 12D). Metamorphic and sedimentary lithic
fragments point to contributions also from low-grade metamorphic terrains which are more widely distributed in the northwest
and make a stronger role of axial sediment transport through the rift probable. This is further evidenced by reoccurrence of
unstable metamorphic heavy minerals such as garnet, staurolite and epidote as well as relatively high proportions of
metamorphic and (meta-)sedimentary lithoclasts. Feldspar remains subordinated which appears to be a consequence of low
feldspar fertility of the low-grade metamorphic source rocks rather than strong chemical weathering. Nevertheless, the virtual
absence of apatite in contrast to the Early Permian can be taken as argument that chemical weathering intensity was still high

in the Middle and Late Triassic. This fits to palynological and facies interpretations of Dawit (2014).

6 Conclusions

The Fincha Sandstone is the initial deposit of the Blue River Basin after Karoo-rifting started around the Permo-Carboniferous
boundary. Our results from petrography, geochemistry, and heavy mineral analysis illustrate a significant difference between
the Early Permian and Late Permian to Late Triassic sandstones. The Early Permian sandstones bear a high proportion of
unstable minerals such as feldspar, apatite, and garnet, which points to very little chemical weathering. Their petrographic and
geochemical composition is strikingly similar to the underlying Edaga Arbi Glacials so that a large proportion of the lower
Fincha Sandstone must originate from recycling. The conservation of the low maturity of the former glacial deposits can be
explained by a combination of high erodibility of mud-rich glaciogenic sediments, a high relief, short-distance transport in
alluvial fans and braided rivers, and a semiarid to moderately humid climate.

In contrast, the Late Permian to Triassic sandstones show a strong gradual increase in maturity. Unstable minerals are strongly
reduced and the ZTR index reaches 95 % and the CIA/WIP ratio becomes highest in the entire succession. On the one hand,
this can be assigned to recycling of the quartzose glacial Enticho Sandstone which underlies the Edaga Arbi Glacials and would
have been increasingly eroded after the removal of the latter (Lewin et al., 2018). However, the similarity is not that close as
for the Early Permian and the Edaga Arbi Glacials. In particular, fine-grained lithic fragments are present, and the proportion
of zircon is lower, whereas the proportion of rutile and tourmaline is higher compared to the Enticho Sandstone. Hence, a
climate contribution is highly probable. Palynological data and lacustrine-deltaic sediment facies prove highly humid
conditions. Probably, abnormal weathering conditions with a corrosive atmosphere at the PTB have accentuated the maturity

peak in the Fincha Sandstone. In the Middle to Late Triassic, further downcutting into the Southern Arabian Nubian Shield is
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Discussions

evident from significant increase of metamorphic heavy minerals such as garnet and epidote together with a relatively high
amount of metamorphic and (meta-) sedimentary lithoclasts (ca. 10 to 45 %). The latter are rare in both glacial formations
which were supplied from the south (Bussert, 2010; Lewin et al., 2020). These lithoclasts are typical for low- to medium grade
metamorphic terrains which are widespread to the northwest of the study area and point to axial sediment supply along the
Blue Nile rift direction. Because of their quartzose nature this trend is less obvious in the geochemical data.

In summary, the Fincha Sandstone archives the successive erosion of East Africa during formation of Karoo-equivalent
extensional basins, first dominated by recycling of platform sediments, and since the Middle Triassic dominated by basement
erosion. Climate imprint is mirrored by conservation and/or shift of petrographic and geochemical parameters from platform
sediments. These parameters indicate semiarid conditions in the Permian, whereas the climate became humid around the PTB.
The higher humidity persisted over the Triassic, however, our parameters make a maximum humidity and maximum chemical

weathering around the PTB and in the Early Triassic very probable.
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