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Highlights:

o Paleomagnetic results from the extensional overlap zone of the Gidole plateau
between the southern Main Ethiopian Rift and the Chew Bahir-Gofa Province reveal

counterclockwise vertical-axis rotations.

e The extent of the vertical-axis block rotations progressively decreased from

Oligocene to Miocene following the regional patterns of deformation.

e The deformation associated with the vertical-axis block rotations was likely

associated with the reactivation of inherited NW-SE-striking basement fabrics.
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Abstract
The southward propagation of the southern Main Ethiopian Rift (SMER) and the northward

propagation of the Kenya Rift have generated the Broadly Rifted Zone (BRZ), a ~40-km-wide
region of extensional overlap between the Chew Bahir Basin-Gofa Province and the sMER.
However, the tectonic interaction between these propagating rifts is not well-understood. We
present new paleomagnetic and geochronologic data from Eo—Oligocene (45-35 Ma) and
Miocene (18-11 Ma) volcanic and sedimentary rocks from the BRZ. Rock magnetic,
alternating field and thermal demagnetization experiments indicate simple titanomagnetite
mineralogies carrying a characteristic remanent magnetization from which straightforward
magnetization directions were obtained. Site-mean paleomagnetic directions obtained from
the analyzed samples reflect stable normal and reversed polarity directions. A comparison of
the mean directions obtained for the Eo—Oligocene and Miocene rocks relative to the pole for
stable South Africa at the corresponding ages reveals a significant counterclockwise (CCW)
rotation of ~11.1° £ 6.4° and insignificant CCW rotation of ~3.2° + 11.5°, respectively, reflecting
a decrease in the extent of block rotations through time. Our results are consistent with the
regional migration patterns of deformation during rifting. In the context of the regional tectonic
evolution toward a narrow zone of extension, much of the deformation associated with block
rotations probably occurred prior to the final stages of the emplacement of the Miocene
volcanic flows. In light of the structural fabrics in the basement rocks exposed in the sSMER,
the observed CCW block rotations were likely accompanied and aided by the reactivation of
NW-SE-striking basement heterogeneities, supporting the notion that inherited crustal-scale

structures play a significant role during rifting across the BRZ.
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1 Introduction

Continental rifts are nascent extensional plate boundaries and commonly evolve from the
growth of normal-fault bounded, initially isolated basins to linked graben systems, and
ultimately ocean basins (e.g., Ebinger et al., 1999; Ebinger and Scholz, 2012 and references
therein). In map view, these fault-bounded basins are often laterally separated from each
other. A lateral transfer of extensional strain between these basins is thus required over time
to kinematically link these different sites of tectonic subsidence and extension and to maintain
crustal extension between spatially disparate rift segments (e.g., Rosendahl, 1987; Childs et
al., 1993, 1995). The structural character of rift-transfer zones may be further complicated
either when the transfer of strain is associated with the reactivation of inherited crustal-scale
heterogeneities or if rotations are involved to accommodate the differential motion of crustal
blocks (e.g., Bosworth 1985; Rosendahl et al., 1987; Morley et al., 1990, 1992; Dawers and
Anders, 1995; Peacock, 2002; Hetzel and Strecker, 1994; Bosworth, 1992; Corti, 2008; ). The
topographic relief patterns of such transfer zones may exert a crucial influence not only on the
dispersal patterns of biota and thus on biodiversity (e.g., Dommain et al., 2022), but also on
the evolution of the hydrological network and sediment transport as well as on the permeability
and fluid flow along individual structures (e.g., Morley et al., 1990; Nelson et al., 1992; Morley
et al., 1994; Garcin et al., 2012; Dommain et al., 2022; Olaka et al., 2022).

Therefore, characterizing and understanding the kinematics of faults in transfer zones,
also known as accommodation zones (e.g., Rosendahl et al., 1987), is an important step in
identifying the individual stages of rift evolution and the environmental impact of fault systems,
especially at the termination of rift segments and within their transfer zones. One of the
tectonically active extensional regions where different types and spatial scales of rift-transfer
zones can be best observed at various evolutionary stages is the Cenozoic East African Rift
System (EARS). Along strike, the EARS comprises several propagating rift segments that

interact via complex transfer faults, often characterized by wide zones of diffuse deformation
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(e.g., Rosendahl et al., 1987; Morley, 1992; Ebinger et al., 1999; Koehn et al., 2008; Brune et
al., 2017; Corti et al., 2019; Kolawole et al., 2021).

With a length of ~2000 km, the EARS extends from the Afar depression in the north to
Malawi and Mozambique in the south; in the Turkana depression it bifurcates into an eastern
and a western branch (Fig.1a). The eastern branch, comprising the southern Afar, Main
Ethiopian and Kenya rifts, is characterized by pronounced volcano-tectonic processes,
whereas the western branch is volcanically less active (Fig. 1a). Geological and geophysical
data from the western and eastern branches indicate that many of the adjacent rift segments
are linked by transfer faults (e.g., Kolawole et al., 2021); often, fault motion within such transfer
zones is influenced by inherited structures related to earlier deformation processes (e.g.,
Versfelt and Rosendahl, 1989; Brune et al., 2017; Corti et al., 2019). In contrast, other transfer
zones in the EARS are characterized by a wide area of overlap between propagating strands
of normal faults (e.g., Morley, 1994, Ebinger et al., 1999; Acocella, 2005).

Based on paleomagnetic, geodetic, seismic data, and mechanical modeling results,
microplate rotations between overlapping rift segments have been inferred from different
sectors in the EARS and the Afar Rift (e.g., Acton et al., 1991; Kidane et al., 2003, 2009; Koehn
et al., 2008; Saria et al., 2013, 2014; Muluneh et al., 2014; Nugsse et al., 2018; Philippon et
al., 2014; Brune et al., 2017; Glerum et al., 2020). While in the northern Main Ethiopian and
southern Afar rifts, Kidane et al. (2003), Muluneh et al. (2014), and Nugsse et al. (2018)
inferred a counterclockwise block rotation in an extensional zone located between right-
stepping Quaternary magmatic segments, such paleomagnetic studies from the southern
Main Ethiopian Rift, the Broadly Rifted Zone (BRZ), and farther south in the Kenya Rift and
western branch of the EARS, are not available. Continuous geodetic measurements along
and across the EARS indicate that the Ufipa microplate located between the left-stepping
structures of the Rukwa and Tanganyika rifts (Fig. 1b) is rotating in a clockwise direction
(Calais et al., 2006; Fernandes et al., 2013; Deprez et al., 2013; Saria et al., 2013, 2014;

Stamps et al., 2008, 2018, 2021).
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Farther north in the western branch of the EARS, numerical and analog modeling of
extensional structures (e.g., Koehn et al., 2008; Ayue and Koehn; 2010) have also indicated
a clockwise rotation of the Rwenzori microplate, which is located between the left-stepping
structures that delimit the Edward and Albert rifts (Fig. 1c). Similarly, counterclockwise rotation
involving reactivated Mesozoic crustal anisotropies affects an uplifted crustal block between
right-stepping rift segments of the Chew Bahir-Gofa Province and the southern Main Ethiopian
rift (e.g., Philippon et al., 2014; Brune et al., 2017; Sullivan et al., 2024). Finally, and at a much
larger spatial scale, a counterclockwise rotation of a mechanically strong, undeformed layer
of the Victoria microplate located between the right-stepping eastern and western branches of
the EARS was inferred by Glerum et al. (2020) (Fig. 1d). These findings show that the type of
rift overlap (right- or left-stepping) controls the direction of microplate rotation across all
relevant scales because the geometric relationship between stepover and rotation is scale-
invariant (McKenzie and Jackson, 1986; Schouten et al., 1993; Katz et al., 2005; Koehn et al.,

2010; Glerum et al., 2020).

Taken together, the inferred microplate rotations between the propagating structures
of the Rukwa and Tanganyika rifts (Ufipa Horst), the Edward and Albert rifts (Rwenzori
microplate), the eastern and western branches of the EARS (Victoria microplate), and between
the southern Main Ethiopian Rift and the Chew Bahir-Gofa Province (Gidole-Chencha Horst)
are mainly based on analog and numerical modeling as well as short-term geodetic
observations (e.g., Stamps et al., 2008; Saria et al., 2013, 2014; Glerum et al., 2020; Philippon
et al., 2014). Despite this information, the details of the structural history of many of these
transfer zones has remained ambiguous, because detailed geological or paleomagnetic data
do not exist to further constrain their spatiotemporal and kinematic evolution on long
timescales.

Addressing this gap in knowledge, our study combines structural, geochronological,
and paleomagnetic data to investigate temporally constrained deformation mechanisms

during the structural linkage of rift basins. To achieve this, we chose a ~75 to 125-km-long and
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~20 to 40-km-wide zone of a right-stepping rift overlap between the southern Main Ethiopian
Rift and the Chew Bahir-Gofa Province in the eastern branch of the EARS for two principal
reasons. First, the geochronologic constraints are excellent, and this part of the EARS is
characterized by Eocene—Miocene volcanic successions (Davidson and Rex, 1980; Davidson,
1983; WoldeGabriel et al., 1991; Ebinger et al., 1993, 2000; George, 1998; George and
Rogers, 2002; Bonini et al., 2005; Rooney et al., 2010) that are well-suited for additional
radiometric age determination and paleomagnetic analysis of potentially rotated crustal blocks
within the transfer zone. Second, extensional processes in this region have been active since
ca.15 Ma (e.g., Ebinger et al., 2000; Bonini et al., 2005; Pik et al., 2008; Philippon et al., 2014;
Balestrieri et al., 2016; Boone et al., 2019; Corti et al., 2019; Knappe et al., 2020; Erbello et
al., 2022, 2024), and the available regional structural and stratigraphic framework allows an

assessment of long-term aspects of rift-segment interaction and linkage.
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Figure 1: Tectonic setting and examples of overlapping rift segments in the East African Rift
System (EARS). (a) Plate kinematics and velocity vectors (Stamps et al., 2020), principal
faults, and major volcano-stratigraphic units (Rooney et al., 2017a and references therein)

outcropping in the EARS (Kenya Rift, KR; Main Ethiopian Rift, MER; and Afar Rift)
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superimposed on hill-shaded relief; (b—e) propagating (red arrow) and overlapping rift
segments between the Tanganyika and Rukwa rifts (b); Albert and Edward rifts (c); eastern
and western branches of the East African Rift System (d); and the southern Main Ethiopian
Rift and the Chew Bahir-Gofa Province of the study area (yellow shaded area) across the

Broadly Rifted Zone (BRZ) (e).

1.1 Tectonic setting

The right-stepping propagating rift segments of the southern Main Ethiopian Rift and northern
Kenya RIift interact across a wide region in southern Ethiopia, resulting in a structurally
complex extensional deformation zone with imprints of multiple tectonic events. NW-SE-
striking tectonic lineaments related to Cretaceous—Paleogene paleo-rifts cut obliquely NNE-
SSW-striking Neoproterozoic basement fabrics (Morley et al., 1992; Bosworth and Morley,
1994; Brune et al., 2017; Emishaw and Abdelsalam, 2019), which are sub-parallel to the N-S
to NE-SW-striking Cenozoic rift structures (Corti, 2009; Kendall and Lithgow-Bertelloni, 2016).
The Cretaceous—Paleogene lineaments are closely associated with the locations of the Melut
and Muglade rift basins in Sudan and South Sudan, and the Anza Rift in northern Kenya (e.g.,
Bosworth and Morley, 1994). Satellite gravity data from the BRZ reveals prominent, E-W-
striking lineaments that link the Cretaceous—Paleogene rift basins in South Sudan and
northern Kenya (e.g., Emishaw et al., 2019), but the structures and deposits of the N-S to NE-
SW-trending Cenozoic rift basins of the active EARS mostly obscure these relationships (e.g.,
Ebinger et al., 1993).

Regionally, extensional deformation related to the Nubia-Somalia plate motion appears
to have originated in the northern Turkana region between 35 and 25 Ma (Boone et al., 2019;
Ragon et al., 2019) and migrated toward the north in the Chew Bahir Basin (e.g., Bonini et al.,
2005 and references therein) by ~20 Ma (Pik et al., 2008). A recent low-temperature
thermochronology study by Erbello et al. (2024) suggests that initial diffuse faulting across the
BRZ likely occurred soon after the end of massive volcanism between 27 and 20 Ma. During

the middle to late Miocene (15 to 6 Ma), rifting had propagated farther north into the Gofa
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Province, but stalled where the extensional faults intersected pre-existing NW-SE-oriented
Mesozoic lineaments (Erbello et al., 2024). This suggests that strain was accommodated
along these reactivated structures that strike at high angles with respect to the overall direction
of rift propagation (e.g., Molnar et al., 2019).

In the study area, extensional deformation that formed the Gidole-Chencha Horst has
been associated with 20 Ma N-S-striking dikes whose emplacement may have followed the
reactivation of the NW-SE-oriented lineaments (Bonini et al., 2005). This contrasts the
suggestion by Ebinger et al. (2000) that the main phase of faulting along the western margin
of the Chamo Basin on the eastern side of the Gidole-Chencha Horst began later, at ~15 Ma.
Following the development of the western margin of the Chamo Basin, faulting migrated
toward the north and south of the southern Main Ethiopian Rift during the middle Miocene
(e.g., Levitte, 1974; WoldeGabriel et al., 1991; Bonini et al., 2005; Boone et al., 2019). The
southward migration of deformation terminated in the Ririba Rift during the late Pliocene (e.g.,
WoldeGabriel et al., 1991; Levitte, 1974; Ebinger et al., 2000; Bonini et al., 2005; Corti et al.,

2019; Franceschini et al., 2020).

During the Quaternary, volcanism associated with extensional faulting migrated toward
the present-day narrow axial zone of the southern Main Ethiopian Rift (e.g., Woldegabriel et
al., 1990;_Ebinger et al., 2000), along the strike of the Turkana Rift and the lower Omo Valley
(Jicha and Brown, 2014). Currently, deformation is localized in the southern Gofa Province,
the Chew Bahir Basin (e.g., Ebinger et al., 2000; Philippon et al., 2014; Erbello et al., 2022,
2024), and the Segen Basin (Levitte, 1974). The strain localization in these zones of overlap
has been interpreted as reflecting ongoing tectonic interaction between the southern Main
Ethiopian and the northern Kenya rifts (e.g., Ebinger et al., 2000; Philippon et al., 2014; Corti
etal., 2019; Knappe et al., 2020; Erbello et al., 2022) via NW-SE-striking reactivated basement
fabrics (Erbello et al., 2024).

In addition to focused volcano-tectonic activity across the BRZ, normal-faulting

earthquakes recorded at shallow crustal depths in the region since 1913 have clustered along
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a narrow zone between the lower Omo Valley, the southern Gofa Province, and the Chew
Bahir and Segen basins (Gouin, 1979; Asfaw, 1990; Ayele and Arvidsson, 1997; Foster and
Jackson, 1998). The limited number of earthquakes recorded a strike-slip component (Ayele,
and Arvidsson, 1997 2000; Bonini et al., 2005 and references therein; Musila et al., 2023,
Sullivan et al., 2024), supporting the notion that the current tectonic interaction between the
southern Main Ethiopian and the northern Kenya rifts is associated with structures striking at

high angle to the trend of the rift (e.g., Erbello et al., 2024).

1.2 Geologic setting

1.2.1 Neoproterozoic basement rocks

In the study area, Neoproterozoic metamorphic basement rocks comprising NNE-SSW-
striking foliations have been interpreted to control the site of Cenozoic rifting in the region
(Vauchez et al., 1997). High-grade amphibolites and layered granulites (Gichile, 1992), which
are characterized by NNE-SSW-striking foliations (Davidson, 1983), reflect important tectono-
thermal events during the collisional pan-African orogeny between 750 Ma and 550 Ma (Asrat
and Barbey, 2003). Structurally and temporally related basement fabrics have been mapped
in central-northern Kenya as well (e.g., Hetzel and Strecker, 1994), suggesting a structural
continuity between the two areas (Gichile, 1992), as expressed by regional structures with
unknown kinematics oriented sub-parallel to the Quaternary faults (e.g., Kendall and Lithgow-
Bertelloni, 2016). However, local E-W-striking foliations associated with layered granulites are
also known to occur along the southwest margin of the Chamo Basin, across the Konso
Plateau, and in the Segen Basin (Davidson, 1983; Gichile, 1992; Asrat and Barbey, 2003). De
Wit and Chewaka (1981) considered these foliations to be related to post-Pan-African tectonic
events associated with the emplacement of the Konso Pluton at 449 + 2 Ma (Asrat and Barbey,
2003). Compositionally related plutonic rocks from the west of the Konso Plateau (Davidson,

1983) and the Segen Basin margin have provided radiometric ages between 526 + 5 Ma and
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554 + 23 Ma (Gichile, 1992; Worku and Schandelmeier, 1996; Teklay et al., 1998; Yibas et al.,

2002).

1.2.2 Paleogene sedimentary rocks

The volcanic units studied by us are underlain by a thin, yet prominent and silicified basal
conglomeratic sandstone that unconformably covers the crystalline basement rocks (Davidson
and Rex, 1980; Ebinger et al., 1993). This unit is exposed mainly along the flanks of the Amaro
Horst (WoldeGabriel, 1991; Ebinger et al., 1993), where its thickness varies from 5 to 30 m
along strike (WoldeGabriel, 1991; Ebinger et al., 1993); it is absent to the west of the BRZ
(Moore and Davidson, 1978; Davidson, 1983; Philippon et al., 2014). Based on the sharpness
of the conformable contact with overlying Eo—Oligocene volcanic rocks and the proximal sed-
iment-clast composition, Davidson (1983) inferred an early Paleogene depositional age for
this sandstone. However, Levitte et al. (1974) suggested, on the basis of petrographic char-
acteristics, that the unit may correspond to the late Cretaceous Turkana grits of northern

Kenya (Arambourg and Wolff, 1969).

1.2.3 Eocene-0Oligocene volcanic rocks

The sampled Eo—Oligocene volcanic successions are well exposed along the margins of the
southern Main Ethiopian Rift, the Gofa Province, and the northern Kenya Rift, with thicknesses
ranging from several hundred meters to about one kilometer (Fig. 2) (Davidson, 1983; Ebinger
et al.,, 1993, 2000; George, 1998). Across the BRZ in southern Ethiopia, these volcanic
sequences document prolonged magmatism between 45 and 28 Ma (Davidson and Rex, 1980;
Davidson, 1983; Ebinger et al., 2000; George and Rogers, 2002, Rooney, 2017; Steiner et al.,
2021). The study area covers the Gidole-Chencha Horst between the Chew Bahir Basin-Gofa
Province and the southern Main Ethiopian Rift, where volcanic eruptive centers distributed
along the margin of the Chamo and Abaya basins reflect a NW-SE-oriented extension direction

(Ebinger et al., 2000). The Eocene—-Oligocene volcanic successions are characterized by the
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Amaro basalts, the Arba-Minch tuffs, the Gamo basalts, and the Amaro tuffs (Ebinger et al.,
2000; Rooney, 2017). The ~250-m-thick tholeiitic Amaro basalt is exposed along the Amaro
Horst and overlies the ubiquitous Cretaceous conglomeratic sandstone layer; it constitutes the
lower section of the exposed volcanic sequences and yielded a K-Ar whole-rock age of 44.9
+ 0.7 Ma (Ebinger et al., 1993). Compositionally similar basalt flows overlie the crystalline
basement rocks along the southern Amaro Horst and yielded a K-Ar age of 42.5+ 0.7 Ma (e.qg.,
WoldeGabriel et al., 1991). The cataclastically deformed silicic Arba-Minch tuff unit, dated at
~37 and 39 Ma, is exposed along the southwestern margin of the Chamo Basin and is overlain
by the 35-37 Ma Gamo basalts and the widespread Amaro tuff unit (e.g., Ebinger et al., 2000);
this unit was analyzed by the Single-Crystal Laser Fusion (SCLF) dating technique, providing

an age of 33 Ma (Ebinger et al., 1993, 2000).

1.2.4 Miocene volcanic rocks

The second main phase of magmatism in southern Ethiopia is documented by a sequence of
early Miocene and Pliocene basalts (Levitte et al., 1974) and N-S-striking dike swarms (Bonini
et al., 2005). The Oligocene Amaro tuff is generally overlain by the ~500-m-thick Getera-Kela
basalt sampled in this study, which has an age range between 18 and 11 Ma (Davidson, 1983;
Ebinger et al., 1993). Interbedded fluvio-lacustrine sediments within the Getera-Kela basalts
that outcrop along the south-western margin of the Chamo Basin (Ebinger et al., 1993) have
been biostratigraphyically dated between 17 and 15 Ma (WoldeGabriel et al., 1991). Phonolitic
eruptive centers in the Segen, Mali-Dancha, and Bala-Kela basins were dated between 16
and 12 Ma; the strike of Quaternary faults follows these eruptive centers (Davidson and Rex,
1980; Ebinger et al., 2000). The Getera-Kela volcanics are capped by a basalt that provided

a whole-rock K-Ar age of ~11 Ma (WoldeGabriel et al., 1991).

1.2.5 Pliocene and Quaternary volcanic rocks
After a period of volcano-tectonic quiescence during the late Miocene (e.g., Bonini et al., 2005),

early Pliocene lava flows of the Gombe Group were emplaced adjacent to the Gidole-Chencha
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Horst along the Omo-Turkana Depression (Watkins, 1986; Brown et al., 1985). Although these
basaltic flows were not sampled for our paleomagnetism study, they provide key markers of
deformation and rift evolution. A ~5-m-thick, ~4-m.y.-old basalt is exposed in the western Usno
Basin (Ebinger et al., 2000), extending ~150 km farther north along the Omo Valley (Davidson,
1983). The coeval Mursi basalts outcrop in the northern Omo Valley (Brown and Nasha, 1976).
In addition, outliers of petrographically similar thin basaltic flows are exposed along the
western margin of the Chew Bahir Basin (e.g., Davidson, 1983; Haileab et al., 2004).
Conventional K-Ar dating of the basaltic units within the Omo-Turkana region has revealed a
protracted eruptive period between ~6 and 3 Ma (e.g., Brown, 1969, Brown et al., 1985;
McDougall and Watkins, 1988; McDougall, 1985). More recently, Haileab et al. (2004)
suggested that these flows were emplaced at ~4 Ma and collectively called them Gombe
Group basalts (Watkins, 1983), and Erbello and Kidane (2018) further specified that these thin
lava flows erupted between ~4.05 and 4.18 Ma. During the late to middle Pliocene, basaltic
volcanism and faulting shifted eastward in the Ririba Rift (WoldeGabriel et al., 1991; Levitte,
1974; Ebinger et al., 2000; Bonini et al., 2005; Corti et al., 2019; Franceschini et al., 2020),
before magmatism became focused in a narrow zone along the Chamo Basin (e.g., Ebinger

et al., 1993) and Omo Valley (Jich and Brown, 2014) during the Quaternary.
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Figure 2: Geologic setting of the southern Main Ethiopian Rift and the Chew Bahir-Gofa
Province (Mali-Dancha, Baneta, Beto, Bala-Kela, and Sawula basins), major stratigraphic

units (Davidson, 1983; and Bonini et al., 2005), Mesozoic lineaments, and Quaternary faults
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(Davidson, 1983) superimposed on hill-shaded relief. Open squares indicate sampling sites

grouped by locality (black boxes).

2 Sampling and methods

Volcanic and sedimentary rocks commonly archive the Earth’s magnetic field during the
emplacement and/or deposition of the rock units (Cox, 1973; Tauxe and Kent, 1982; Butler,
1992; Dunlop, 1997). Subsequent tectonic movements affecting these rock units can thus be
reconstructed based on the paleomagnetic directions preserved in the rocks. The well-
exposed Eo-Oligocene and Miocene volcanics and sedimentary rocks from the Gidole-
Chencha Horst in southern Ethiopia are ideally suited to yield paleomagnetic signals that
provide information about regional tectonic deformation (Fig. 2). A total of 40 paleomagnetic
sites were selected from Eo—Oligocene and Miocene volcanic (37 sites) and sedimentary
rocks (3 sites), respectively (Table 1). Four to eight standard core samples were collected from
each site using a gasoline-powered motor drill. Samples were oriented using a standard
device with a magnetic compass and sun orientations to assess local declinations. Bedding
orientations were carefully measured from the top of flows and sedimentary layers for tilt
corrections. Additionally, eleven block samples (~1-1.5 kg) from representative sites were
collected for “°Ar/3°Ar dating to complement the age constraints of the sampled volcanic units
(Table 2).

The paleomagnetic core samples were cut into standard specimens in sample preparation
laboratories at the University of Potsdam, Germany and Addis Ababa University, Ethiopia.
Natural remanent magnetization (NRM) of each specimen was measured before subjecting
the specimens to incrementally increased alternative Field (AF) and thermal (TH)
demagnetization experiments at the paleomagnetic laboratory of the GFZ German Research
Centre for Geosciences in Potsdam. About 40 of the samples were processed thermally in the

paleomagnetic laboratory of Addis Ababa University.
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To define the most effective demagnetization scheme for the separation of components
and determination of characteristic remanent magnetizations (ChRM) to be applied in the rest
of the samples, pilot specimens (one per site) were first processed in AF, TH, and a
combination of AF and TH, with detailed demagnetization steps (5 to 120 mT for AF and 20 °C
to 700 °C for TH). Based on this and the rock magnetic behaviors (see 3.2.1) we ultimately
applied AF demagnetizations on most of the pilot specimens resulting in a well-separated
linear component with simple progressive decay. Based on these results, the bulk of the
specimens was processed by 12 AF demagnetization steps (NRM, 5, 10, 15, 20, 30, 35, 40,
60, 80, 100, 120 mT). ChRM directions were obtained using a principal component analysis
(Kirschvink, 1980) on a minimum of four consecutive steps following a procedure outlined in
PaleoMac 6.5 (Cogné, 2003) that was also used to determine a Fisher means of the ChRM
directions for each site (Fisher, 1953). To further characterize rock magnetic properties,
thermomagnetic experiments were performed on representative samples using a multifunction
kappabridge (MFK-1A) at GFZ Potsdam. Powdered samples of ~100 mg were incrementally
heated to 700 °C and cooled back to 40 °C while bulk magnetic susceptibility was measured
ata 5 °C interval.

To provide a temporal constraint of the sampled volcanic units,**Ar/*°Ar dating was
performed on representative samples at the Ar/Ar Geochronology Laboratory at the University
of Potsdam. The detailed Ar isotope analytical procedure is described in Wilke et al. (2010)
and Halama et al. (2014). A groundmass sample (~100 mg) with grain sizes ranging between
250 and 500 um was prepared from fresh rock collected at eleven representative sites and
samples of 20 mg of each were irradiated at the Cadmium-Lined in-Core Irradiation Tube
facility at the Oregon State TRIGA Reactor, USA, prior to isotopic measurement at the
University of Potsdam. The mineral-age standard, the Fish Canyon Tuff sanidine FCs-EK
(Morgan et al., 2014), was irradiated together with K and Ca salts. The irradiation for all
samples was conducted in two phases in 2020 and 2021. The Ar isotope analyses were
performed by incremental heating using a 50W continuous CO; laser and a Micromass 5400

noble gas mass spectrometer. Between three consecutive step-heating experiments, a blank
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analysis was measured for all samples. To calculate J values and unknown ages, we adopted
28.294 Ma for the FCs-EK sanidine, a decay constant for “°K (Renne et al., 2011) and
atmospheric Ar composition (Lee et al., 2006). The Ar isotope analysis was carried out using
the “Mass Spec" software (pers. comm. A. Deino, 2020, Berkeley Geochronology Center). J
values and ages were calculated using a procedure described by Uto et al. (1997). Using the
age-spectrum displayed by measured apparent ages from each of the heating steps, a plateau
age was determined based on a minimum of three contiguous steps with apparent age
overlapping within 20 uncertainty without the common error of the J value, and together
comprising >50% of the total 3°Ar released (Fleck et al., 1977). In order to validate the
estimated plateau ages, initial “°Ar/*Ar ratios obtained from normal and inverse isochrons
were compared, and reflect the atmospheric value (Lee et al.,, 2006). Subsequently, the
validated plateau ages were determined for each analyzed sample. In some cases when a
plateau was not recognized, the ages were reported as an age range (probable ages) or total

gas ages, following the procedure described by Schaen et al. (2020).

3 Results
3.1 “Ar/*Ar-dating

From a total of eleven analyzed samples, we finally obtained six plateau ages (Fig. 3). For the
remaining samples, the reported age is a total gas age or age ranges (Schaen et al., 2020).
The “°Ar/*°Ar-dating results of samples from the Gidole-Chencha Horst exhibit plateau ages
ranging between 42 and 38 Ma for the Gamo-Amaro basalts and between 20 and 17 Ma for
the Getera-Kela basalts. The details of the age determinations are provided in Table 1.
Sample MEK-2 collected west of the Gidole-Chencha Horst was dated at 42.441 + 0.25
Ma, similar to a basaltic flow overlying crystalline basement in the southern Amaro Horst that
was dated at 42.53 + 0.70 Ma (WoldeGabriel et al., 1991). Similar plateau ages of 39.44 +
0.15 Ma, 39.12 + 0.17 Ma, and 38.31 + 0.007 Ma were obtained at sites GD-2, GE-7, and

MEK-1, respectively. However, a plateau age was not obtained for a sample at site CH-3; a
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total gas age estimated from the very flat age-spectrum, occupying ~70 % fraction of the total
3Ar release (Fig. 3i, Table 1), records an age range between 38 and 36 Ma. Similarly, a total
gas age of 35.51+ 0.10 Ma was obtained for a basalt sample at site KO-4 located in the south
of the Gidole-Chencha Horst. Sample GER-2 collected from the highly fractured welded tuff
unit located at a higher elevation to the west of GE-7 did not yield a plateau age, but shows a
relatively long flat age pattern, occupying ~80% of the total *°Ar release and exhibiting an age
range between 35 and 32 Ma; this provided one of the probable youngest ages of all dated
Eo-Oligocene volcanic rocks (Fig. 3g). The welded tuff unit correlates with the widely
distributed Amaro tuff (~33 Ma), which separates the Eo—Oligocene rock units from ~500-m-
thick Miocene volcanics (Davidson, 1983; Ebinger et al., 1993; Bonini et al., 2005).

A pervasively fractured basalt flow exposed at site GE-1 yielded an Early Miocene plateau
age of 19.62 £ 0.13 Ma (Fig. 3e). Farther west across the Gidole-Chencha Horst, a basalt at
site GE-12, where it overlies other, sub-horizontal basalt flows (GE-10 and GE-11), was also
dated, but a plateau age was not obtained. Instead, the relatively long flat age pattern,
occupying ~65 % of the total *°Ar release, corresponds to an age range between 21 and 19
Ma (Fig. 3h, and Table 1). These units are characterized by well-developed flow structures
and no intervening paleosol horizons; possibly, these basalt sheets represent laccoliths that
are closely linked with the N-S-striking dikes that were emplaced at about 20 Ma (e.g., Bonini
et al., 2005). Sample KO-1 collected from a columnar-jointed basalt located to the west of the
Segen basin yielded a well-constrained Miocene plateau age of 16.87 + 0.10 Ma (Fig. 3f). Our
age spectra of the Miocene volcanics are compatible with the age range of the Getera-Kela
basalts between 18 and 11 Ma (Ebinger et al., 2000). Interestingly, our data suggest that
regional Miocene volcanism might have started at ~20 Ma, was closely linked with diking

(Bonini et al., 2005), and synchronous with faulting within the BRZ (Pik et al., 2008).
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Figure 3: Representative %“°Ar/*°Ar-dating results from basaltic flows sampled for
paleomagnetic analyses across the Gidole-Chencha Horst. (a—f) Plateau ages obtained for
samples from consecutive heating experiments; (g—i) age range for the samples estimated
from relatively long flat age patterns (Schaen et al., 2020), occupying >65% of the fraction of

39Ar release. The total gas age is shown for all samples.

3.2 Paleomagnetic results

Based on our new “Ar/*®Ar data presented above, existing regional geochronologic
information (e.g., Davidson and Rex, 1980; Davidson, 1983; Ebinger et al., 1993, 2000;
George, 1998; George and Rogers, 2002; Bonini et al., 2005; Rooney et al., 2010), as well as
detailed petrographic studies (e.g., Steiner et al., 2021), we gathered the sampled

paleomagnetic sites into an Eo—Oligocene age group (45-27 Ma; e.g., Steiner et al., 2021)
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and a Miocene age group (20-11 Ma). We also established a relative stratigraphic section for

the sampled units (Fig. 4).

Chencha Kemba Geresse
Sample  Age (Ma) S;z”;eplf Age (Ma)
2800 | KES 2
| 2655 GE-7 3912
3300 GE.8
Sample  Age (Ma) . GE-6
| KEB-8 mek-2 B 42 44 | GER-3
= 2800 =2700 2831 _ 2355 GE-9
£ cHz & 4 Ml 28.80 g MEK-1 ' E GE-12| 12322
§ 2300 5 KE3 &4 c 2055 GE10-11 '
= CH1&2 = 2600 1 =
S 1800-] cc-2- B 342 @ K182 £ 1755+ CE3 474592
w SH1&2 2500 4 ¥ 455 GE-2
13004 29 452 e dqge2
GE34
Gidole Konso Lithology
Sample Age (Ma i i
Sample  Age (Ma) I: 12‘3 9[ ) [ IMiocene sediment
190 GD-1 17-157 1700 3291 . l:l Miocene volcanics
= 3260° 18.8 £ BT Eocene myolite (a) and basalts (b)
£ 1800-KO5 &6 £ 1500 [ ] Precambrian basement
S.479 GD-2 ar.2 @ Data source
o GD-3 21300 {ko1&2|_|16.85 CH-3: This study
160 KO3 84 .35.51 sIndicate data from Bonini et al., 2005
1100 sIndicate data from Ebinger et al., 1993, 2000
“Indicate data from avidson and Rex, 1980

Figure 4: Chronostratigraphic sections for the sampled Chencha, Kemba, Geresse, Gidole
and Konso localities. Geochronologic results from our study and regional age information were
combined with specific sampling locations for each site and used to establish a relative

stratigraphy.

3.2.1 Rock magnetic behavior

The NRM intensities measured prior to the demagnetization experiments provided an average
value of 1.1 and 7.1 A/m for the Eo—Oligocene and Miocene rocks, respectively (Fig. 5). The
thermal demagnetizations of pilot samples showed limited decay between 0 and 150 °C
suggesting goethite does not significantly contribute to the magnetization (Dunlop and
Ozdemir, 2007; Figs. 6 and 7). Further thermal decay of demagnetizations showed simple
univectorial decay of most of the NRM between 400 and 600 °C typical of volcanic rocks with
strong magnetizations dominated by titanomagnetite. Only about four of the pilot samples
(Figs. 6b, f and 7d) exhibit a final decay between 600 and 680 °C, suggesting the presence of

hematite or its formation during thermal demagnetization. Comparison with thermomagnetic
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runs and AF demagnetizations provide further insight. Thermomagnetic runs (Fig. 8) mainly
display most of the bulk susceptibility decrease within 400 to 600 °C, sometimes preceded by
a typical of Hopkinson's peak, and mostly reversible heating and cooling curves. These are
typical of magnetite and/or titanomagnetite. Most of the thermomagnetic runs (Fig. 8) exhibit
a large drop in susceptibility between 400 and 620°C typical of mineralogies dominated by
titanomagnetite. In detail, more than one temperature points between 400 and 600 °C, and
between 600 and 620 °C, may document a range of titanomagnetite and some titanohematite.
However, the strong susceptibility of these phases may hide the potential presence of other
iron oxides such as hematite with much lower susceptibility values. AF demagnetizations of
these samples typically show that most of the decay occurred between 10 and 60 mT, which
is characteristic of magnetite and titanomagnetite. In most samples, the magnetization is fully
removed at 100 mT, in others, a significant residual stronger coercivity remanence is
preserved above 100 mT (see in particular the Eo—Oligocene and Miocene volcanics and
sediments in Figs. 6, and 7). This stronger coercivity is not likely due to goethite not being
apparent in the thermal demagnetization. It is rather interpreted to reflect variable occurrences
of hematite in the samples. The directions of this high-temperature component, when present
in the pilot thermal demagnetizations (Fig. 6 and 7), are indistinguishable from the
Characteristic Remanent Magnetization (ChRM) direction defined within 400-600 °C. Further
rock-magnetic experiments would be required to better define the precise nature of this
occasional high-temperature component. However, this is not necessary for the purpose of
our study since this high-temperature component, when present, does not affect the
orientation of the well-defined characteristic component carrying most of the magnetization. A
more troubling behavior was found upon AF demagnetizations in about 10% and 15% of the
Miocene and Eo-Oligocene samples, respectively. In these samples, most of the
magnetization was removed after low AF demagnetization within 0-10 mT. This low coercivity
may be interpreted to be related to Ti-rich titanomagnetite, which is often present in volcanic
rocks outcropping in the region (Dunlop and Ozdemir, 2007; Nugsse et al., 2018). These low

coercivity samples have more scattered directions suggesting that some of them have
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acquired a recent viscous remagnetization not suitable for further tectonic analyses. To
simplify the systematic identification and rejection of these unreliable samples with lower
coercivities, the Median Destructive Field (MDF), defined as the applied AF field removing half
of the initial magnetization, was used to conservatively reject from further analyses all samples
with MDF < 10 mT (Table 2 and Fig. 6¢). The three Miocene clastic sedimentary sites had
similar behaviors to the surrounding basalts with most of the ChRM demagnetized between
400-600 °C and 20-60 mT (e.g., Fig 7e and f). Given the simple behavior of most basaltic
and clastic pilot samples with a Characteristic Remanent Magnetization and well-defined by
AF treatment showing univectorial decay towards the origin, this procedure was applied to the
bulk of the samples (see Methods). The systematic rejection of samples with low MDF values

resulted in discarding five sites that exhibited these behaviors (Table 2).

Natural Remanent Magnetization (NRM)

60 -
El Miocene volcanics and sediments
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492  Figure 5: Histogram of NRM for the Eo-Oligocene volcanics and the Miocene volcanics and
493  sediments.

Table 2: Sampling location, geologic information,dated rock units and site mean median destructive fisld (MOF)

Sampling kocation Biedding MDF . )
Refno In} . Lithology Age (Ma) References
Lat{*) Lon(®) Elevim} Stike Dip (mT)
1 CH-1 6177 37570 2280 200 & 10 30 Weldedwf = 34.1:1.3 Bonini et al., 2005
2 CH-2 8177 37570 2280 010 5 9 45 Welded i
3 CHa* 8268 &7557 2782 00 5 & 7  Basaltc flow 36-34 This study
4 CH-4 6255 37541 2fA2 M6 5 & 12  Basaltic flow
5 SH-1 6130 37550 1321 0wl 0 6 20 Welded wif
@ 5H-2 8130 37520 1325 1w 7 4 25 Welded wff
7 GE-1 5000 37415 1308 000 O & 13  Basalticflow “10.62+0.13 This study
a GE-2 5000 37415 1308 000 20 8 15 Basalticflow
g GE-3 5000 37416 1400 000 WM & 20 Sediment 16-17 WoldeGabriel et al, 1991
10 GE4 5ET3 37340 1387 000 O 10 14  Basaltic flow
11 GES 5ET3 37340 1387 000 O 7 45  Basaltic flow
12 GE8 8015 37270 2558 020 225 7 42 Sediment 15-17 WaldeGabriel et al., 1991
13 BGET B.O20 37260 2655 2 000 O 2 37  Basalicflow 3012017 This study
14 GE4 6020 37260 2640 2 000 O 7 54  Basaltic flow
15  GE-S 5065 373201 2178 000 O & 37  Basaltic flow
16  GE-f0 5040 373288 2048 000 O & 30  Basaltic flow
17 GE-f1 5040 37288 2054 000 O & 32  Basaltic flow
18 GE-12 5040 37286 2083 000 O & 21 Basaltc flow =21-19 This study
18 GER-1* 5872 37350 2730 000 O 9 7  Basalticflow
20 GER-?* 5B00 37350 1020 00D O & 42  Basaltic flow k3532 This study
21  GER3 8015 37260 2542 00D O 10 43  Basaltic flow
22 HE- 6052 37205 2557 00D O 2 46 Basalticflow 4247 +0.07 This study
23 KE2 6052 37205 2557 000 O 7 13  Basaltic flow
24 KE3 G048 37210 2688 000 O & 34  Basalticflow
25 KE4 BOM8 37210 2688 00D O 5§ 42  Basaltic flow
26 KES 6055 37241 2700 000 O & 38 Basaltic flow
T KES 6052 373270 2705 0 00D O & 30  Basaltic flow
2B KET 6052 37270 2705 000 O 7 33  Basaltic flow
20 KES 8052 37370 2705 000 O 7 36  Basaltic flow
30 GO 5E43 37383 1004 20 25 B 13 Sediment 15-17 WaldeGabriel et al., 1991
31 GDo* 6625 37307 1685 00D O & 4  Basalticflow “3044+0.15 This study
a2 GDa3 525 37307 1605 00D O & 16  Basaltic flow
33 KO-l 5327 374568 1288 000 O & 24 Basaticflow <1687 +0.10 This study
M K2 5327 37458 1288 000 O & 13 Basaltic flow
3 Koa* 5315 37463 1158 000 O 7 &  Basalticflow
36 KO-4 5315 37483 1150 000 O 5§ 26  Basalticflow “3551:0.10 This study
a7 KOS 5474 37320 1785 000 O 7 27  Basalticflow 18307 Ebinger et al., 2000
38 KO- 5474 37320 1785 000 O 7 14  Basaltic flow
30 MEK-1  BOS1 37270 2604 00D O 7 31  Basatticflow 3831 +0.07 This study
40 MEKZ BO065 S7240 2712 000 0 7 12  Basalticflow 42441025 This study

Colemn headings: Ref.no: site reference number; D, site name; Lat (%), Lon {*) and Elew {m} are locations in latitude, longitude and
elevation, respectively. N, number of samples, MDF, site mean destructive fiekd. "Sites excluded from further analysis (MOF<10mT).
“Indicate age range estimated for specific samples from a relatively leng fiat age patterns comprising -85% fraction of ¥Ar release. “Indicate
plateau age caleulated from consecutive heating experiment steps. “indicate total gas age.
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Figure 6. Typical demagnetization behavior of representative specimens obtained from the
Eo—Oligocene rocks. Panels (a—f) show stereographic plots, the decay curve exhibiting the
median destructive field or temperature (dashed lines), and orthogonal vector end-point
diagrams for representative samples demagnetized by AF (a, ¢, d and e) and thermal
treatment (b and f); (c) representative plot for a rejected sample, recording MDF < 10 mT. Red
symbols indicate demagnetization steps used for a principal component analysis (red solid

line).
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Figure 7. Typical demagnetization behaviors of representative specimens obtained from the
Miocene rocks. Panels (a—f) show stereographic plot, the decay curve exhibiting the median
destructive field or temperature (dashed lines), and orthogonal vector end-point diagrams for
representative samples demagnetized by AF (a—c, e and f) and thermal treatment (d). Red
symbols indicate demagnetization steps used for a principal component analysis (red solid
line). Most of the specimens exhibit demagnetizations along univectorial paths within 10—-60

mT or 400-600 °C (a—e).
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Figure 8: High-temperature thermomagnetic experiment results. Heating (red line) and cooling

(blue line) curves for Eo—Oligocene (a—d) and Miocene (e and f) rocks.

3.2.2 Paleomagnetic directions

From the reliable sites, principal component analyses performed on the sample ChRM
components yielded well-defined ChRM directions with maximum angular deviations generally
well below the threshold value of 15°. These ChRM directions yielded well-defined site-mean
directions except for three sites with ags >15° that were discarded (Tables 3 and 4).

In the Eo-Oligocene sites, site means from nearby sites are statistically distinct from
each other with 95% confidence. The Eo-Oligocene site-means are generally oriented in
normal or reversed polarity orientations after tilt corrections except for three sites widely
departing from the mean (Table 3, Fig. 9). These were interpreted as transitional and discarded
because the Virtual Geomagnetic Poles (VGP) of these site-means are over 30° from the
overall mean paleomagnetic pole of Eo-Oligocene directions (e.g., McFadden et al., 1991).
From the remaining sites, a reversals test was positive for the Eo—Oligocene sites based on
the overlap within 95% confidence of the mean of the 16 normal and 2 reversed site-mean

directions suggesting a primary origin for the ChRM. In addition, the scatter (S=13.2°) in the
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distribution of the resulting VGPs is comparable to the expected VGP scatter (S=10-20°) at
this latitude from modern global records (Johnson et al., 2008; Deenen et al., 2011) and for
the Oligocene to Miocene rocks in Kenya (S=13.8-16.5°; Lhuillier and Gilder, 2019),
suggesting the dataset is not undersampling the secular variation. Note that some of the
scatter may also result from variable amounts of vertical-axis rotations indistinguishable from
the secular variation scatter. Distinguishing between these two sources of scatter is
challenging and would require a much larger number of sites to be analyzed. However,
undersampling of the secular variation with scatter mainly from rotations is considered unlikely
given the observed distribution that exhibits scatter both in inclination and declination, the
variations in series of flow sampled at the same locality, and the positive reversals test.

From the Miocene localities, nearby site-mean directions are statistically indistinguishable
from each other for three successive basaltic flows (GE-10, 11 and GE-12) dated at 19.8 £ 0.1
Ma. Although they are separated by well-developed flow structures, their indistinguishable
magnetization directions suggest that the flows are likely the same or that they were emplaced
within a short time interval relative to the rate of geomagnetic secular variation. For this reason,
ChRM directions from these flows were combined into a single site-mean. The Miocene site-
means record mainly normal polarity directions, except for the samples from site GE-6, which
was obtained from sedimentary rock recording both normal and reversed geomagnetic polarity
(Table 4). The mean normal direction of Miocene sites is clearly antipodal to this single
reversed direction suggesting a primary signal, but the latter being alone prevents us from
performing a formal reversals test. The observed scatter (S=18.4) in the distribution of the
VGPs derived from these sites is, despite the limited number of sites (N=9), also comparable
to the expected VGP scatter at this age and latitude (Johnson et al., 2008; Lhuillier and Gilder,

2019).
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Figure 9: Representative stereoplots of sample ChRM directions at various sites for the Eo-
Oligocene volcanics (a) and Miocene volcanics (b) and sediments (c). Site mean directions
with 95% (awes) confidence interval are indicated with a star symbol (red and light blue indicate
negative and positive inclinations, respectively). Transitional directions SH-2 and KE-4 were
excluded when computing an overall mean paleomagnetic direction for the Eo—Oligocene

volcanics.
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Table 3: Paleomagnetic directions and poles for the Eo-Oligocene volcanics sites

o N In Situ Tilt corrected Paole Lithology
Dg g Ds Is Qg K iy A Oag

CH-1 5 350.8 0.8 3504 BT 11.3 27.0 26887 75.4 114 Welded tuff
CH-2* g 3308 -62.9 3425 -58.2 13.6 253 236.0 42.1 201 Welded tuff
CH-4 7 7.8 -18.2 7.8 -18.2 5.2 134.7 180.9 73.6 54 Basaltic flow
SH-1 ] 160.2 194 160.2 104 4.0 184.0 2511 70.5 51 Welded tuff
SH-2 4 1542 234 1521 0.4 | 201.0 284.8 837 EE Welded tuff
GE-4 4 3470 2.2 3470 8.2 B.3 123.5 268.8 73.3 8.4 Basaltic flow
GE-5* 8 2914 -38.3 2814 -303 3.3 2761 2818 17.3 3e Basaltic flow
GE-7 8 10.8 -29.6 108 -20.8 4.0 2321 181.3 85.7 4.4 Basaltic flow
GE-8 7 348.8 =211 3468 -21.1 4.8 175.7 255 9 Ba.6 4.8 Basaltic flow
GER-3 4 3518 -20.7 351.8  -20.7 6.4 o043 I57.8 80.0 131 Basaltic flow
KE-1 8 3404 -13.1 3404  -131 71 736 2572 73.5 7.2 Basaltic flow
KE-Z 4 3473 -21.8 3473 -214 109 529 2532 B8.5 11.5 Basaltic flow
KE-3 7 83 -15.3 B3 -15.3 111 30.68 186.2 73.8 114 Basaltic flow
KE-4" 4 157.7 e 157.7 398 232 16.6 Basaltic flow
KE-& 5 7.8 -23.8 Te -23.8 10.3 57.0 184.3 B0.8 11 Basaltic flow
KE-8 4 3489 -20.7 3488 -20.7 4.7 I0E.0 IE0.T B0.0 4.0 Basaltic flow
KE-T 5 3400 -18.2 34e0 -18.2 111 T0.0 2528 71.1 11.5 Basaltic flow
KE-8 7 348.1 -17.0 3481 -17.0 5.1 140.0 266.2 711 53 Basaltic flow
z0-37 5 3047 B8 304.7 8.8 3.7 455.0 334.0 7.0 7.0 Basaltic flow
KO-4 5 3486 16.3 3488 163 10.3 BO.G 3230 78.3 10.6 Basaltic flow
MEK-1 7 3404 -18.8 3404 188 5.8 109.8 251.7 71.0 B Basaltic flow
MEK-2 4 3475 -20.2 3475 -20.2 0.0 118.1 2543 60.3 2.4 Basaltic flow

Mean_M 16 3535 -168.5 3538 -18.5 6.0 382

Mean_R 2 181.7 218 1608 1948 35.8 506

Overall mean® 18 3526 -17 3528 170 55 403 2435 73.5 4.4

Site name; N, number of samples used to estimate site mean direction; Dg. Ig. Ds and Is, declination and inclination are in sitw (g} and tilt-

comected (s); 0z, 95% confidence interval; K, precision parameter; ¢s and As, VGF longitude and latitude, respectively; *Transitional

directions: "sites with a85>15°: “An overall mean direction calculated after excluding sites® andn
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Table 4: Paleomagnetic directions and poles for the Miccene volcanics and sediments

In Situ Tilt corrected Paole

Site N Lithology
DE Ig Ds Is O Kk &, A, Ogg
GE-1 T 3523 241 aR23 241 10.3 353 3404 78.9 1.0 Basaltic flow
GE-2 4 172 14 15.8 7.2 B.@ 108.0 135.0 T4.1 Q.0 Basaltic flow
GE-3 4 23.8 14.5 271 58 10.4 783 132.8 g62.8 104 Sediment
GE-8* 7 357.0 -23.8 357.0 -23.8 16.4 124 Basaltic flow
GE-10° 5 350.3 -20.3 350.3 -28.3 10.5 §65.0
GE-117 & 350.2 -23.3 3602 -23.3 B.4 54.0 Basaltic flow
GE-12° 5 3527 -33.0 3527 -33.0 14.3 §5.0 Basaltic flow
GoD-1 a 34548 06 347.0 -5.1 8.8 67.6 2754 74.8 6.8 Sediment
KO-1 a 0.1 57 [/ | 57 4.5 153.4 2151 87.5 4.5 Basaltic flow
Ko-2° 4 3570 3.8 3570 3.8 211 200
KO-5 4 13.8 -1.8 138 -1.8 14.0 438 151.7 74.8 14.0 Basaltic flow
KO-8 2 3572 2.5 357.2 -25 11.0 5215 240.0 827 1.0 Basaltic flow
GE-6-M° 2 354 5 5 354.0 13.0 17.2 2130 Sediment
GE-6-R° 3 178.4 0.4 173.8 4.9 11.32 173.8 Sediment
GE-87 5 17556 322 173.8 2.3 11.0 50.0 288.9 822 11.0 Sediment
GE10-12° 358.2 287 3sg2 -28.7 4.2 T30 2221 68.7 4.6 Basaltic flow
Overall Mean” @ 24 0.8 124 183 189.7 23.0 a7

*sites with a95>15%; I’nE.arI:-yr sites with indistinguishable directions; “antipodal polarity directions obtained from a sediment site GE-8;
“zombined mean for antipodal directions from site GE-8; “combined mean for sites with indistinguishable directions; "overall mean
direction calculated after excluding sites”. Further details on table column headings can be found in the caption of table 2
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Figure 10: Mean paleomagnetic directions (declination) for each site distributed along and
across the Gidole-Chencha Horst superimposed on the sampled stratigraphic units (Davidson,
1983; Bonini et al., 2005) and hill-shaded relief. Squares indicate sampling-site locations of
Miocene (red) and Eo—Oligocene (blue) rocks. At each site, the observed mean declination

(arrow) is indicated with corresponding 95% confidence interval (gray shaded cone) for the

8.0°N
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Eo-Oligocene (dark blue) and Miocene (red) rocks. The green arrows indicate the expected
direction relative to the pole for Africa at 40 Ma and 20 Ma for sites of Eo—Oligocene and

Miocene ages, respectively.

Eocene-Oligocene volcanics
D=3526" |--17.0°
N=18 a,=55°

D=1755°
=322
N=1

=41 0° A
a,.=11.0 o

Miocene volcanics and sediments
D=29 =09
N=9 o, =124°

Figure 11. Stereographic projections of individual site mean direction (circle) with 95%
confidence interval (red ellipses). Open (full) symbols are projections on the lower (upper)
hemisphere. (a) Eo—Oligocene and (b) Miocene rocks. The black, white, blue and yellow stars
in the stereographic projections indicate the mean for normal, reversed, overall mean, and
expected directions with the corresponding 95% confidence interval (gray circle or envelope).
Excluded site mean directions are shown in full red circles for transitional directions and full

green circles for directions recording ags>15.

4 Discussion

4.1 Vertical-axis tectonic rotations

To interpret the paleomagnetic data from the Eo—Oligocene and Miocene rocks with respect
to the tectonic motion of crustal blocks, the obtained directions must be assessed relative to

the African reference plate. In our case, the African APWP for the 10 Myr age windows at 40
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Ma (45-35 Ma; ®s=191.6°, As=77.3°, ags=7.2°, N=8) and the 5 Myr age window at 20 Ma
(15-20 Ma; ®s=165.7°, As=81.7°, a95=4.5°, N=16) provided by Besse and Courtillot (2002)
are well suited for our Eo—Oligocene and Miocene groups, respectively. Because of the limited
motion of African plate, these (Tauxe, 2005) yield expected inclinations for the studied region
nearly indistinguishable for the 40 Ma (Ps=172.4°, A\s=84.3°, 095=3.3°, N=24) and 20 Ma
(Ds=151.9°, As=85.4°, a95=2.7°, N=38) poles, respectively.

A comparison of the observed declination results in map view with the expected
declination from the African reference plate (Fig. 10) indicates that the directions of the
declinations are not concentrated at a single location; rather, there appear to be small but
significant counterclockwise deflections at most Eo—Oligocene sites, reflecting a systematic
mechanism that affects the study region. No such trend can be detected at the Miocene sites,
which show small variable deflections from the either clockwise or counterclockwise
declination expected for the natural dispersion due to the geomagnetic secular variation
recorded at those sites.

To assess whether the region was affected by statistically significant vertical-axis
rotations, the mean paleomagnetic poles (Fig. 11) are compared with the corresponding
reference pole. This yielded a significant counterclockwise rotation (13.2° + 5.9°) of the mean
paleomagnetic pole for the Eo—Oligocene sites relative to the 40 Ma and 20 Ma reference
poles, respectively (Besse and Courtillot, 1991, 2002), and no significant systematic vertical-
axis rotation (3.7° £ 9.3°) for the Miocene sites. We furthermore used the recently developed
procedure described in Vaes et al. (2022), available at www.APWPonline.org. This procedure,
which is based on an improved statistical approach and database, especially with regard to
the age of reference poles (see Vaes et al., 2022 for details), generates a reference VGP that
is as close as possible to the age of the studied site. The VGP comparison for the Eo—
Oligocene sites relative to the paleopoles for stable Africa in the time range between 35 and
45 Ma results in a significant counterclockwise rotation of R= 11.1°+ 6.4° (Fig. 12a). For the

Miocene sites, the observed VGPs in the 11-20 Ma age range relative to the pole for Africa
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results in a statistically insignificant vertical-axis rotation (R = 3.2° + 11.5° Fig. 12a). The
procedure also yields paleolatitudes that are statistically indistinguishable from those expected
for Africa at this location during these times (latitudinal displacements L =2.8° + 11.5°and L =
4.2° + 6.2°, respectively, Fig. 12b). These results are averaged over the region and include
dispersion from both geomagnetic secular variation and block rotations. The rotations at the
Eo-Oligocene sites appear systematic and strong enough to be detected despite the secular
variations. However, this is not the case regarding the Miocene sites, recording no statistically
significant rotations based on a more limited number of sites. In that case the large 95°
confidence interval does not allow us to discard the hypothesis that some smaller (ca. 10°)
rotations did not affect the analyzed sites systematically. More data would be required to
determine with greater certainty the difference between the age groups or different sub-
regions. Nevertheless, with the available data and a careful review of the regional tectonic
events first-order interpretations can be derived.

While it is clear that the age of the rotations postdates the emplacement of the Eocene
volcanics between 35 and 45 Ma, further ages constraining the rotations are not
straightforward. The similarity and regional distribution of the rotations suggest a common
underlying mechanism, although we cannot rule out the possibility that the rotations occurred
in several phases at different times and locations. The smaller, and statistically insignificant,
rotation documented in the Miocene data set (11-20 Ma) indicates that for the most part the
rotations recorded by the Eocene volcanics occurred before the emplacement of the Miocene
rocks. In light of these observations, we propose two end-member interpretations: either (1)
most of the rotation had already occurred by the Miocene, or (2) the rotations have continued
continuously until recently. Below, we discuss the potential implication of the vertical-axis

rotations with regard to the regional structural setting and models of rift evolution.
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Figure 12. Relative rotation (a) and flattening or latitudinal displacement (b) obtained from

comparing the observed Eo—Oligocene and Miocene directions to a reference pole for stable
South Africa at a corresponding age range between 35 and 45 Ma (a), and between 11 and

20 Ma (b) (Vaes et al., 2022, 2024).

4.2 Implications for deformation mechanisms

Detected counterclockwise block rotations are consistent with proposed models for the
evolution of the southern Main Ethiopian Rift. For example, our results support the expected
vertical-axis block rotations that have been suggested in relation to rift overlap between the
Chew Bahir Basin-Gofa Province and the southern Main Ethiopian Rift (e.g., Philippon et al.,
2014; Brune et al., 2017). Furthermore, the counterclockwise block rotations identified by our
analysis support the block-deformation patterns predicted and obtained in analog and
numerical modeling studies (Brune et al., 2017; Glerum et al., 2020; Neuharth et al., 2021).
Additional insight into the deformation mechanisms can be gained by considering the spatial
and temporal characteristics of the extent of vertical-axis block rotation across the overlap
zone. By combining our findings with published geologic information from the BRZ, we can
further explore and differentiate the temporal variation in the extent of block rotation through
two different end-member interpretations of the paleomagnetic data. Our first scenario, which

explains the observed vertical-axis rotations by deformation accompanied by



672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

Accepted final version manuscript in Tectonophysics

counterclockwise block rotation starting between 27 and 20 Ma, synchronous with faulting
(e.g., Pik et al., 2008; Erbello et al., 2024), and continuing until the present day. In this model
of sustained rotation and deformation, the Eo—Oligocene volcanics would thus record a larger
amount of tectonic overprint than the Miocene volcanic and sedimentary sequences. In the
second scenario, much of the vertical-axis block rotation would have occurred during the initial
rifting phase between 27 and 20 Ma and would have affected the Eo—Oligocene volcanics;
however, in this case the region would have only experienced limited block rotations since the
late Miocene.

This second scenario appears to be more consistent with the regional spatial change
in tectonic activity during the Mio—Pliocene (e.g., Davidson, 1983, Ebinger et al., 2000;
Chorowicz, 2005; WoldeGabriel et al., 1991; Ebinger et al., 1993, 2000; Bonini et al., 2005;
Pik et al., 2008; Philippon et al., 2014, Brune et al., 2017; Boone et al., 2019; Corti et al., 2019;
Erbello et al., 2024). Geochronologic, structural, and field data from the southern Main
Ethiopian Rift indicate that major faulting along the eastern margin of the Gidole-Chencha
Horst occurred between 18 and 14 Ma (Ebinger et al., 2000). Following the development of
the marginal fault, deformation migrated toward the Segen Basin and a narrow zone of the
southern Main Ethiopian Rift during the middle Miocene and Pliocene, respectively (Levitte,
1974; WoldeGabriel et al., 1991; Ebinger et al., 2000; Bonini et al., 2005). West of the Gidole-
Chencha Horst along the Gofa Province, a concurrent shift in deformation toward the southern
Gofa Province and the Chew Bahir Basin was suggested by WoldeGabriel et al. (1991) and
Ebinger et al. (2000). Recent geomorphic investigation of river catchments verified by field
observations along the western margin of the Mali-Dancha and Bala-Kela areas in the Gofa
Province reveal Quaternary normal faults and young tectonic landforms, suggesting strain
localization along a narrow zone in the Gofa Province (Erbello et al., 2022; 2024). The
documented spatiotemporal variation in tectonic activity across the BRZ (Philippon et al.,
2014; Erbello et al., 2022; 2024) is therefore consistent with the second scenario discussed
above. A significant amount of counterclockwise block rotation would have occurred during

the early Miocene, mainly prior to the deposition of the Miocene volcanics and sediments,
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which was superseded by a decrease in block rotation and accompanied by strain localization

in the current rift sectors.

Finally, our interpretation that rotation ceased in the middle Miocene is consistent with
geodetic observations, indicating insignificant present-day block rotation (Knappe et al., 2020).
We note, however, that in the first scenario, the observed rotation of 11.1°+ 6.4° that has been
distributed continuously since 20 Ma, would imply a rotation of ca. 0.5°/Myr, an amount difficult
to detect with GPS surveys over such a small region and only spanning a few years or decades.
In future studies, a detailed comparison between paleomagnetic data and geodetic
observations may lead to more reliable assessments of current deformation patterns involving
vertical axis rotations. However, such a comparison would require high-resolution
paleomagnetic sampling of Miocene—Holocene volcano-stratigraphic units over an extensive
region and a GPS network with sufficient spatial and temporal coverage to detect such small

signals.

4.3 The role of inherited lineaments in extensional tectonics

In light of the spatiotemporal changes of the locations of volcanism and extension in southern
Ethiopia (e.g., Ebinger et al., 2000, Philippon et al., 2014, Corti et al., 2019, Knappe et al.,
2020), it is expected that the degree to which tectonic processes reactivated inherited crustal-
scale heterogeneities during the Cenozoic has also changed over time. In such a scenario,
where vertical-axis rotations involve structural blocks with a diffuse shearing of pre-existing
fabrics inherited from previous geodynamic processes (Erbello et al., 2024), it can be inferred
that the NW-SE-striking inherited zones of weakness parallel to the rotating blocks may have
facilitated lateral motion and efficient kinematic transfer between different rift sectors. For
example, the counterclockwise block rotation of ~11 + 6.4° recorded from the Eo—Oligocene
volcanic rocks appears to have decreased significantly over time, as documented by the
paleomagnetic signals obtained from the Miocene volcanics. The large extent of vertical axis

block rotation might have been facilitated by regional diffuse shear along the NW-SE-oriented
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727  lineaments achieved during early rifting (Boone et al., 2019; Erbello et al., 2024;). However,
728  due to the overall block motion, this process would have later slowed down as the overlapping
729  rift segments would have connected to develop larger, throughgoing extensional structures
730 (e.g., Neuharth et al, 2021). In this context, it is noteworthy that low-temperature
731  thermochronologic data from the Gofa Province record rapid exhumation across the NW-SE-
732  oriented the Beto and Mali-Dancha basin margins during the early Miocene (Boone et al.,
733 2019; Erbello et al., 2024). The reactivation of the NW-SE-striking lineaments during the early
734  Miocene thus likely reflects the role of inherited zones of weakness in facilitating fracture
735  propagation during the initial rifting processes (Fig. 13).

736
737
738
739
740
741
742
743

744

@,Sawula Basin

745 . { &
5\ —
746 ‘“\‘\g
747
748
749
750

751

752
753  Figure 13. Northwest-view of the southern Main Ethiopian Rift (Segen, Chamo, Gelana, and

754  Abaya basins) and the Gofa Province (Beto and Sawula basins) with basin-bounding faults
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(white extended lines with ball and bar symbol). The satellite image is from © Google Earth.
The white broken lines indicate NW-SE-striking lineaments with an inferred strike-slip
component.

In the context of pre-existing crustal heterogeneities that may facilitate fracture
propagation, it is interesting that recent seismic tomographic imaging from the BRZ reveals a
near-vertical, NW-SE-trending pervasive band of lineaments below the southern Gofa
Province and the northern Chew Bahir Basin (Kounoudis et al.,, 2021). Additionally,
thermochronologic data from this region, obtained at the margin of the Gofa Province, show
spatial variations in the onset of faulting and tectonic exhumation (e.g., Balestrieri et al., 2016).
Lineaments striking at high angles with respect to the orientation of the rift (Fig. 13), such as
the NW-SE-striking reactivated Mesozoic rift-related structures in the BRZ (Bosworth, 1992),
may have inhibited meridionally oriented fault propagation and accommodated extensional
processes by shearing along these inherited anisotropies (e.g., Molnar et al., 2019).

In line with these observations are earthquake focal mechanism solutions and
geological observations that partly indicate a component of horizontal shearing and oblique
normal faulting within this Ethiopian extensional province. For example, Asfaw (1990)
identified Quaternary oblique-slip faulting along the basin-bounding Chew Bahir and southern
Gofa Province faults. Furthermore, earthquakes recorded in the Chew Bahir Basin, the Segen
Basin, and more distant regions in the northwestern sector of South Sudan, suggest strike-
slip faulting along the NW-SE- and N-S-striking lineaments (Ayele, 2000 and Arvidsson).
Finally, a seismicity study in the BRZ and the northern Kenya Rift revealed right-lateral strike-
slip faulting in the transition between the southern Main Ethiopian and northern Kenya rifts
(Musila et al., 2023; Sullivan et al., 2024). This is consistent with the reactivation of NW-SE-
striking lineaments similar to structures depicted in Figures 13 and 14 of our study. The
existence of such structures may have facilitated the counterclockwise block rotation between
both rift sectors, although lateral displacement along the lineaments appears to have been

limited (Fig. 13) (Ebinger et al., 2000).
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Figure 14. Oppositely propagating, parallel rift segments and associated vertical axis block
rotation across the overlap zone between the southern Main Ethiopian Rift and the Chew Bahir
Basin-Gofa Province. The black and orange arrows indicate local plate kinematics (Philippon
et al., 2014) and direction of propagating rift segments, respectively. Inferred NW-SE-striking
inherited crustal-scale lineaments shown as gray broken lines. The regional-scale model
depicting lithospheric structure associated with magmatic intrusions is modified from Ebinger

et al. (2000) and Corti (2009).

5 Conclusions

Paleomagnetic data combined with published and new “°Ar/*°Ar data from the ~40-km-wide
zone of overlap between the bi-directionally propagating southern Main Ethiopian Rift and the
Chew Bahir Basin-Gofa extensional Province reveal a temporal evolution of deformation
associated with post—Eocene, approximately 10 to 15° counterclockwise regional vertical-axis

block rotations.
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The combined data set suggests a decrease in the amount of vertical-axis block rotation
through time that corresponds well with the migration of deformation toward the axial zone of
the southern Main Ethiopian Rift and the extensional Chew Bahir Basin-Gofa Province. In light
of regional structural and low-temperature thermochronology data our observations suggest
that much of the deformation related to the vertical-axis block rotations likely occurred in the
early Miocene, approximately starting between 18 and 14 Ma and progressively decreasing
subsequently to a migration of the locus of deformation toward the rift axis during the Pliocene.

The pattern of regional counterclockwise block rotations that most likely occurred during
early Miocene initial rifting, is inferred to be related to the reactivation of NW-SE-striking
Mesozoic lineaments, reflecting the influence of inherited structures on the propagation of
fractures and faults during extension. However, further paleomagnetic studies are necessary
to ascertain the timing of rotations. The rich volcanic record of southern Ethiopia would provide
the opportunity to do this in rare detail. Our study demonstrates the potential of paleomagnetic
analyses to constrain tectonic models and quantitatively define the extent of extensional

deformation of southern Ethiopia.
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