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Abstract

The initial interaction between material rising from the African Large Low Shear Velocity Province
and the African lithosphere manifests as the Eocene continental large igneous province (LIP),
centered on southern Ethiopia and northern Kenya. Here we present a geographically well-distributed
geochemical dataset comprising the flood basalt lavas of the Eocene continental LIP to refine the
regional volcano-stratigraphy into three distinct magmatic units: (1) the highly-alkaline small-volume
Akobo Basalts (49.4 -46.6 Ma), representing the initial phase of flood basalt volcanism derived from
the melting of lithospheric-mantle metasomes, (2) the primitive and spatially restricted Amaro Basalts
(45.2-39.58 Ma) representing the early main phase of flood basalt volcanism derived from the melting
of the upwelling thermochemical anomaly, and (3) the spatially extensive Gamo-Makonnen magmatic
unit (38-28 Ma) representing the mature main phase of flood basalt volcanism that has undergone
significant processing within the lithosphere resulting in relatively homogeneous compositions. The
focused intrusion of these main phase magmas over 10 m.y. preconditioned the African lithosphere
for the localization of strain during subsequent episodes of lithospheric stretching. The focusing of
strain into the region occupied by this continental LIP may have contributed to the initial extension in
SW Ethiopia associated with the East African Rift.
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Introduction

Continental large igneous provinces (LIPs), which are among the largest magmatic events on Earth,
rarely record lava compositions that can be considered primary (Cox, 1980; Villiger et al., 2004).
Such an observation requires residence and differentiation of magmas within the lithosphere
evidenced by voluminous crystal cumulates within numerous intrusive complexes (Charlier et al.,
2015). The impacts of such processes are profound: (a) significant volumes of dense material
fractionated from transient magmas may greatly alter the bulk composition, hydration state, and
thermal state of the continental crust, as well as contribute to the formation of structures such as High
Velocity Lower Crust, all of which have uncertain feedbacks on rheology and continental rifting
(Farnetani et al., 1996; Larsen et al., 2018; Montési, 2013; Ridley and Richards, 2010; Thybo and
Artemieva, 2013); (b) the structure of a magmatic plumbing system may impact how magma degasses
and over what timescales, with implications for climate change caused by such events (Self et al.,
2005); (c) LIP plumbing systems are recognized as the host of significant economic mineral deposits
such as Noril’sk-Talanakh beneath the Siberian LIP and those of the Duluth Complex associated with
the Keweenawan LIP of North America (Naldrett, 2010). It is therefore apparent that resolving the
processes contributing to the development of a magmatic plumbing system within a LIP has
application beyond igneous systems to strain localization within continental interiors and exploration
for economic mineral deposits.

The plumbing systems of LIPs must transmit large volumes of magma through the lithosphere
in a relatively short interval (Jerram and Widdowson, 2005; Self et al., 1997). This assertion is
supported by observations of large economic deposits that formed within LIPs where the volume of
silicate magma required to create the deposit far exceeds the volume of the host intrusion (e.g. Eagle
Mine, Michigan; Ding et al., 2012). The necessity for a high flux of magma through the magmatic
plumbing system requires an interconnected system that is efficient at storing, transporting, and
hybridizing magmas (Griselin et al., 1997; Jean et al., 2013; Lassiter et al., 1995; Lightfoot et al.,
1990; Peng et al., 1994; Yu et al., 2015). LIP’s lava compositions are therefore defined by an
aggregate of processes, and are not limited to fractional crystallization and assimilation (e.g. Lee et
al., 2014). Many continental LIPs exhibit lava compositions that are remarkably homogeneous with
little variation from flow to flow in terms of major elements, although trace elements may exhibit
more variability. Lava compositions show that major and trace elements appear to have decoupled
from trends typically observed during fractional crystallization (Cox, 1980; Kieffer et al., 2004; Paces,
1990; Villiger et al., 2004). Probing the magmatic plumbing system of LIPs using such lava
compositions thus requires the application of recharge-evacuation-assimilation-fractional
crystallization (REAFC) models (e.g. Bohrson et al., 2014; Lee et al., 2014; Nishimura, 2019).

Continental LIPs are frequently highly eroded and dissected, with poor preservation of

erupted sequences, which make probing their magmatic plumbing systems challenging (Ernst, 2014).
Among the best-preserved LIPs is the Ethiopian-Arabian Large Igneous Province, which is dominated
by distinct Eocene and Oligocene continental flood basalt provinces or continental LIP events.
Among these two events, the Oligocene Ethiopian continental LIP, which coincided with the initial
opening of the southern Red Sea rift at 30 Ma, has been the focus of more intensive study.
Advancements in the understanding of the magmatic plumbing system within the Oligocene
continental LIP has come from detailed petro-stratigraphic studies of flow-by-flow lava sequences
(Kieffer et al., 2004; Krans et al., 2018; Pik et al., 1999), and their emplacement with respect to initial
rift opening (Ukstins et al., 2002; Wolfenden et al., 2005). Trace element and isotopic studies have
further shown that the Oligocene continental LIP is likely the result of an interaction of a mantle
plume with the African lithosphere (Beccaluva et al., 2009; Kieffer et al., 2004; Natali et al., 2016;
Pik et al., 1999). However, the Oligocene continental LIP was not the first manifestation of Cenozoic
magmatic activity in East Africa. A thick sequence of stratiform primarily mafic lavas erupted in
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southern Ethiopia and northern Kenya approximately 15 m.y. prior to the Oligocene continental LIP,
roughly synchronous with the intrusion of kimberlites in central Africa (Ebinger et al., 2017). The
relative paucity of parallel studies upon this Eocene continental LIP (Ebinger et al., 1993; George et
al., 1998; George and Rogers, 2002; Stewart and Rogers, 1996) is due, in part, to difficulties with
access to the region. With the recognition that the Eocene continental LIP represents approximately
25% of magmatism within the broader Ethiopian-Arabian LIP (Ebinger et al., 1993; Rooney, 2017),
there is a need to examine the origin of the Eocene event and establish its relationship to the
subsequent Oligocene continental LIP, as well as plateau uplift and strain localization as rifting
initiated in East Africa (e.g. Kounidis et al., 2021; Faccenna et al., 2019; Pik et al., 2008).

Here we present a geochemical study of the Eocene continental LIP utilizing samples
collected during the original mapping of the region in the 1970s (Davidson et al., 1973; Davidson,
1983). This sample suite allows for the most complete geochemical examination of the Eocene
continental LIP to date. Through major and trace element characterization of these lavas, we find
remarkable homogeneity in lava compositions erupted over a wide area. Using existing volcano-
stratigraphy, we show that the majority of flood basalt lavas of the Eocene continental LIP, including
the heretofore enigmatic “Makonnen Basalts” (Davidson, 1983; Rooney, 2017), share a common
composition consistent with the Gamo Basalt unit (George and Rogers, 2002). We show that the
broad geographic distribution of this relatively homogenous basaltic composition is consistent with
the main phase of flood basalt activity within the Eocene continental LIP. We present an REAFC
model constraining the magmatic system during the main phase of LIP volcanism that allows erupted
lava compositions to be derived from a common primitive magma. The period over which the
common primitive magma must have been recharging the REAFC system is considerably longer than
a typical continental LIP. We assess the impact of this long-lived magmatic system on the thermal and
compositional state of the crust and examine the implications for subsequent rifting of the African
continent.

Background
Regional Overview

Holocene-recent magmatism associated with the East African Rift system south of the Red Sea is
typically of limited areal extent and generally is restricted to rift basins and uplifted rift flanks, both
onshore and in the Indian Ocean (Corti et al., 2019; Ebinger, 2020). Geophysical studies of the East
African mantle reveal a seismic low-velocity zone above a mantle transition zone of relatively
uniform thickness and broad distribution (Reed et al., 2016; Thompson et al., 2015). Such
observations are interpreted as the upwelling of chemically distinct, volatile-rich material (Reed et al.,
2016; Thompson et al., 2015) consistent with a mantle plume, however the geometry of the upwelling
plume material is not well-defined and might not be representative of its geometry throughout
Cenozoic (e.g., Boyce et al., 2021; Chang et al., 2020). Ambient noise and surface wave tomography,
receiver function analyses, and limited controlled source seismic studies, with different techniques
imaging the top and bottom of the accreted magmatic material, indicate that the crust beneath the
Ethiopian plateau has been extensively underplated by mafic intrusions (e.g. Kounidis et al., 2021;
Chambers et al., 2019; Lavayssiére et al., 2018). Estimates of lithospheric thickness from surface
wave tomography and mantle xenolith data are 100-88 km, respectively, suggesting moderate
thinning of Pan-African lithosphere associated with heating and subsequent stretching (Priestley et al.,
2008). These studies indicate that a profound degree of modification of the East African crust and
mantle must have occurred prior to the onset modern magmatism.
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A rich geochronological and geochemical framework has demonstrated that magmatism in East
Africa has been both more volumetrically significant and more widely distributed than would be
assumed from studies of modern magmatism (Baker et al., 1971; Brotzu et al., 1984; Brown and
McDougall, 2011; Davidson et al., 1973; Ebinger et al., 1993; Furman et al., 2006; Guth, 2013;
Hackman et al., 1990; Hofmann et al., 1997; Key and Watkins, 1988; Kieffer et al., 2004; Morley et
al., 1992; Natali et al., 2013; WoldeGabriel et al., 1991). Using these studies, a recent synthesis has
identified specific pulses of widespread basaltic magmatism at ca. 4 Ma, 10-12 Ma, and 20-26 Ma in
the rift system East of the Tanzania craton (Rooney, 2020a, 2020b, 2020c). Each discrete magmatic
pulse is linked with an extensional episode, providing a decompression melting mechanism for
magma generation (Rooney, 2020b), however the volume of material erupted is suggestive of
persistent elevated mantle potential temperature of the East African upper mantle (Armitage et al.,
2015; Ferguson et al., 2013; Rooney et al., 2012). The most voluminous and widely distributed
Cenozoic magmatic events in East Africa pre-date these pulses and occur during the Eocene and
Oligocene (Abbate et al., 2014; Baker et al., 1996; Ebinger et al., 1993; George et al., 1998; George
and Rogers, 2002; Hofmann et al., 1997; Pik et al., 1998; Rochette et al., 1998; Rooney, 2017;
Ukstins et al., 2002). The flood basalt sequences of the Eocene and Oligocene continental LIPs record
the most anomalous mantle potential temperatures and have geochemical signatures consistent with a
derivation from the lower mantle (Pik et al., 1999; Rooney et al., 2012). It is therefore apparent that
studies of the initial magmatic events provide insight into the long-term thermo-chemical perturbation
of the East African upper mantle, with relevance to modern studies of melt generation within the East
African Rift.

Existing stratigraphic and temporal constraints for the SW Ethiopian and northern E African
Plateaus

Exposures of flood basalt sequences are facilitated by the ~18 Ma-Recent normal faulting and flank
uplift across the region, which was accompanied by much smaller volume magmatism localized to the
faulted rift valleys (Ebinger et al., 2000; Morley et al., 1992; WoldeGabriel et al., 1991). Paleaogene
extension west of Lake Turkana remains enigmatic, and includes inversion of Mesozoic rift basins
(Morley et al., 1999b, 1999a). The existing nomenclature for describing volcanic rocks of Eocene and
Early Oligocene age in SW Ethiopia has not been standardized in the literature. Prior studies have
used the terminology of a ‘Pre-Rift Sequence’ to refer to the flood basalt activity and related
magmatic events in SW Ethiopia between ca. 50-28 Ma (Davidson and Rex, 1980; Davidson, 1983;
George and Rogers, 2002). The ‘Pre-Rift Sequence’ represents several hundred to over 1500 meters
stratigraphic section, composed of dominantly stratiform mafic lavas with silicic intercalations that
increase in frequency towards the upper flows (Davidson, 1983). Widely mapped sub-divisions were
originally recognized on the basis of petrographic characteristics, and later K-Ar isotopic age
determinations as: (1) The Akobo Basalts (49.4 +1.9 Ma to 46.6 £2.0 Ma); (2) The Main Series
(42.7£2.0 Ma to 32.7 1.3 Ma); and (3) The Makonnen Basalt (34.8 £1.3 to 28.8 +£1 Ma) (Davidson,
1983). The Ethiopian Geological Survey has continued to use the mapped distribution of Eocene-
Oligocene rocks as determined by Davidson (1983), but chose to reassign those units into a broader
context. The Akobo Basalts, lowest in the Davidson section, were correlated to the Ashangi formation
of the Oligocene continental LIP (Tefera et al., 1996). The overlying Main Series was transformed
into the Jimma Volcanics, featuring a lower basaltic and upper mostly silicic unit, which covers most
of the southern Ethiopian highlands. The Makonnen Basalts of Davidson (1983) were redefined and
expanded to include all basalts of Oligocene age in SW Ethiopia that lie upon crystalline basement
rocks (Tefera et al., 1996). Subsequent examination of the correlative ages between the Makonnen
Basalts (~34.8-28.1 Ma) and the Oligocene continental LIP (~32-27 Ma) led Rooney (2017) to
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hypothesize a link between the two, noting that additional geochemical and geochronological work
was required to confirm this hypothesis.

The Eocene Amaro and Gamo Basalts of southern Ethiopia existing stratigraphic and temporal
constraints

Several sections of stratiform basalts are exposed along the flanks of the Southern Main Ethiopian
Rift and the rift basins of SW Ethiopia and northern Kenya that are contemporaneous with the ‘Pre-
Rift Sequence’ of the SW Ethiopian Plateau (Figure 1). Unlike the ‘Pre-Rift sequence’, which was a
broad regional compilation, these sections of stratiform basalts were examined using detailed
stratigraphic, geochronologic, and geochemical techniques (Ebinger et al., 2000, 1993; George et al.,
1998; George and Rogers, 2002; Stewart and Rogers, 1996). The type-sections for these lavas are in
the Amaro region, but additional exposures are found west of the Gidole Highlands (GH, Figure 1).
Initially recognized as Eocene in age (WoldeGabriel et al., 1991; Yemane and Yohunie, 1987;
Zanettin, 1978), the sequence consists of two units that are distinctive in their petrographic character:
(A) The lower Amaro Basalt, which erupted as much as 250 m of stratiform basalt over a red basal
sandstone. Predominantly porphyritic, the Amaro Basalts commonly contain both olivine and
plagioclase phenocrysts with rare clinopyroxene, consistent with a tholeiitic fractionation sequence
(George and Rogers, 2002); (B) After a short hiatus in basaltic volcanism, locally marked by the
silicic Arba Minch Tuff, there is a shift in petrologic character to marginally more evolved
compositions with the eruption of the Gamo Basalts (Ebinger et al., 1993). Petrologically distinct
from the underlying Amaro Basalt unit, the Gamo Basalt lavas are typically aphyric to weakly olivine
porphyritic and generally more alkaline in composition.

Subsequent refinement of the temporal constraints of the Eocene continental LIP came from
“0Ar/* Ar techniques, whereby a temporal break between an older Amaro Basalt and younger Gamo
Basalt was recognized. The Amaro Basalt lavas exhibit a range in ages from 45.2 (£1.4) to 39.8 (£0.8)
Ma (Ebinger et al., 1993; George et al., 1998). The Gamo Basalts (39.8 + 0.6 Ma to 34.1 + 0.5 Ma)
are capped by the 33 Ma Amaro Tuff that blankets much of the Eocene-early Oligocene geologic
section in SW Ethiopia (Davidson, 1983; Ebinger et al., 1993).

The relationship between the two established stratigraphic frameworks (i.e. ‘Pre-Rift Sequence’
and Amaro-Gamo Basalts) is ambiguous. While there are clear temporal similarities between the
sequences, the lack of geochemical constraints from lavas in SW Ethiopia created difficulties in
correlating flood basalt stratigraphy across the multiple magmatic basins that developed after eruption
(Davidson et al., 1976; Ebinger et al., 2000). A notable overlap between the sequences is evident:
Ebinger et al. (2000) correlated the widespread stratigraphic occurrence of stratiform basalts being
overlain by a thick silicic tuff from a large eruption of an unknown volcano thereby expanding the
Amaro-Gamo Basalts classification west of the Gidole Highlands (Figure 1) into regions mapped by
Davidson (1983). The silicic tuff was interpreted by Ebinger et al. (2000) to be the Amaro Tuff and
inferred the underlying lavas to be the Gamo Basalts. Further examination of the ‘Pre-Rift Sequence’
lavas from a geochemical perspective can help to confirm the hypothesis of Ebinger et al. (2000) and
further expand this designation into the remainder of SW Ethiopia.

Stratiform Basalts in northern Kenya

The Turkana region of northern Kenya encompasses multiple exposures of stratiform mafic lavas
that are contemporaneous with those in southern and southwestern Ethiopia (Brown and McDougall,
2011; Davidson, 1983; Furman et al., 2006; McDougall and Watkins, 2006; WoldeGabriel et al.,
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1991; Zanettin et al., 1983). A recent synthesis of East African Rift magmatism (Rooney, 2017)
tentatively divides the stratiform lavas of the Turkana region into the regional magmatic pulses of the
Eocene Initial and Oligocene Traps phases. The Eocene initial phase in Turkana begins with the
eruption the Balsea Koromto basalts (39.2-35.2 Ma; Furman et al., 2006; Wilkinson, 1988) in the
Kajong region. Also included in the Eocene Initial Phase are the Nabwal formation (34.3 Ma;
McDougall and Watkins, 2006) and Turkana Volcanics near Lokitaung town (31.1-36 Ma; Bellieni et
al., 1981; McDougall and Brown, 2009; Morley et al., 1992; Tiercelin et al., 2012) (LK, Figure 1).
Mafic lavas tentatively attributed to the Oligocene Traps phase outcrop on the perimeter of the
Lotikipi Basin (Rooney, 2017; Wescott 1999, Brown and Jicha 2016; Brown and Mcdougall, 2011).
The assignation of these lavas to the Oligocene Traps phase was based upon age determinations of
silicic volcanics (32.5-31.7 Ma; Brown and Jicha, 2016) that overlie the stratiform mafic lavas.
Seismic reflection surveys in western Turkana support the possibility that the stratiform lavas
surrounding the Lotikipi basin may be correlative to those near Lokitaung town (Morley et al., 1999b;
Wescott et al., 1999) (Figure 1).

While there is clear temporal correlation between the stratiform lavas in southern/southwestern
Ethiopia and those in Turkana, the paucity of geochemical data prevents a robust conclusion of their
relationship. The Turkana Volcanics at Lokitaung and the Nabwal formation are near the border with
Ethiopia (Figure 1) making a correlation with the Amaro-Gamo sequence possible, though, existing
geochemical information is limited to major elements (Bellieni et al., 1986; Tiercelin et al., 2012).
Extant trace element geochemical studies in Turkana from this time period focused upon the Balsea
Koromto (Furman 2006) that have a distinctive trace element signature inconsistent with existing
lavas from southern Ethiopia. However, the Balsea Koromto lavas near Kajong are more than 150km
farther southeast than the Turkana Volcanics (KJ, Figure 1.), making geographically broad
interpretations on the relationship of contemporaneous lavas in Turkana with those in Ethiopia
difficult. Additional geochemical data from the Turkana Volcanics can help to contextualize the
Turkana stratiform lava’s connection to the Eocene continental LIP lavas erupted in southern
Ethiopia.

Methods

In order to compare lavas of the ‘Pre-Rift Sequence’ and the Amaro/Gamo Basalt division, we have
undertaken a modern geochemical study of previously collected samples. The ‘Pre-Rift Sequence’ is
represented by The Omo River Project sample suite (Davidson, 1983). Samples of this suite were
collected between 1972 and 1974 during a collaborative Ethiopian Geological Survey- Geological
Survey of Canada expedition to formerly inaccessible areas of SW Ethiopia between 4° and 8°N. In
this study we have utilized thin section off-cuts loaned from the Geological Survey of Canada. We
have re-created the sample catalog from original archive documentation and linked the sample
numbers to location information provided at the time of sample collection. Given the collection period
pre-dates GPS, the sample coordinates are those of ‘stations’ from the original catalog that were
located by aerial photography (Figure 1). All metadata associated with this sample suite is linked to its
IGSN catalogue number.

The small size of the remnant material available for study and need for sample archiving
required geochemical analysis to be performed with in-situ analytical methods. Their relatively low
crystallinity allows the use of a wide beam laser-ablation (LA)-ICP-MS technique as a proxy for bulk
rock analyses. A total of 34 samples were trimmed, and fragments were mounted in 25mm epoxy
molds and polished. The polished sample fragments were analysed simultaneously by LA-ICP-MS for
major and trace elements using a 15x15 cm two-volume cell-equipped Teledyne Photon Machines
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Analyte G2 excimer laser coupled to a Thermo Scientific ICAP Q ICP-MS at Michigan State
University. Given the assumed inhomogeneity of the samples, fifteen, Imm long by 150 um wide
surface ablation scans were collected from each sample in order to obtain a representative
geochemical characterization. The 15 scans from each sample were then scrutinized statistically,
using the following methodology, to ensure they were representative of a “whole rock” composition.
Standard deviations were calculated from each sample’s 15 scans. Those individual scans whose
compositions fell out of 5% relative standard deviation of their sample average composition were
considered suspect and reviewed in the microscope. If the same scan was determined to have
intersected a non-representative amount of crystal phases it was omitted from the average composition
calculation and is not reported in this study. Out of 310 line-scans a total of eight were identified as
problematic and removed from their respective sample averages. Further details on standard reference
materials and their reproducibility, and the validated data can be found in the supplemental materials.

The geochemical data for the Omo River Project suite collected using the method discussed
above are broadly comparable to conventional whole-rock powder techniques, evidenced by the
overlap in X-Y variation diagrams with data from Amaro-Gamo Basalts and the Oligocene
continental LIP (supplementary X-Y plots). Our new raster line data does deviate from the regional
dataset, clustering lower concentrations of TiO, and Al,O; but remains within the overall spread of
existing data. Importantly, despite minor shifts in select major elements, trace elements abundances
and spider diagram patterns (Figures 3 and 4) are comparable to whole-rock analyses of contemporary
lavas in southern Ethiopia and northern Kenya. Given the similarity of these analyses to regional
geochemical data it is evident that data collected using this novel method are consistent with data
collected by standard whole-rock methods. The Amaro-Gamo Basalts units have previously been
examined for major and trace elements (George and Rogers, 2002; Stewart and Rogers, 1996). These
previous studies determined major and trace element abundances through combined XRF and INAA
techniques, with a subset of samples analysed by more precise ICP-MS methods. Here we present
new whole-rock ICP-MS data for a total of 20 samples that were re-analysed for 38 trace elements at
Open University using techniques described in Rogers et al. (2006).

To expand the spatial distribution of the known Eocene-Oligocene sample suite from
Southern Ethiopia, we collected new whole-rock major and trace element data from a suite of samples
acquired during several sampling campaigns to the Yerer Tullu-Wellel Volcanic Lineament (3096 and
3098), Southern Main Ethiopian Rift (3124, 3125, 3126, 3152 and 3153), and Lokitaung, Kenya
(TOROO0OONO, collected by Dr. Frank Brown). Samples were cut, polished to remove saw marks, and
cleaned in an ultrasonic bath before crushing in a steel jaw crusher. Crushed material was powered in
a Bico ceramic disk mill. Dried powers were then mixed with Li-Tetraborate flux and fused into glass
disks following procedures detailed in Rooney et al., (2011). Major element analysis of fused disks
was performed on a Bruker S4 Pioneer XRF spectrometer. Trace element concentrations were
collected on these same disks by LA-ICP-MS using the apparatus described above, following
procedures of Rooney et al. (2015). Detailed information of standards and analytical replicates for
XRF and ICP-MS analyses can be found in supplemental documents.

Results
Overview of Geochemical Results

Geochemical data from this study can be divided, based on whole rock major element compositions,
into two coherent lava groups: (1) a transitional to alkaline population (basalt to trachybasalt)
constituting the majority of the dataset, and (2) a smaller population of tholeiitic basalts (Le Maitre,
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1989). Alkaline samples are commonly more evolved (4-6 wt. % MgO) and exhibit high TiO; and Zr.
The tholeiitic basalt sub-group is generally more primitive (6.5-10 wt. % MgO) and is consistently
less enriched in TiO; and Zr than the alkaline samples. Trace element patterns show similar behavior
among the datasets: most samples exhibit a convex upward primitive mantle normalised pattern with
variability in incompatible trace element enrichment (Figure 3). To a first order, incompatible trace
element profiles reflect the major elements and split the dataset into two groups: a dominantly
tholeiitic group and a dominantly alkaline group. The tholeiitic group (Amaro Basalts) has a depleted
and flatter profile in both primitive mantle normalised and chondrite normalised REE diagrams. The
dominantly alkaline group (Gamo Basalts, Akobo Basalts, Main Series, Makonnen Basalts, Turkana
Volcanics) has more enriched incompatible trace elements in primitive mantle normalised diagrams
and steeper profile in chondrite normalised REE diagrams.

Southern Ethiopia: Amaro — Gamo Basalts
Amaro Basalts

Our new data on the Amaro and Gamo Basalts clarify and expand the geochemical patterns previously
established. Consistent with this model, the tholeiitic Amaro basalts exhibit more primitive
compositions with higher MgO (~7-11 wt. %) and a marked depletion in the most incompatible trace
elements in comparison to other units from SW Ethiopia. This depletion is evident in the chondrite
normalised pattern (Figure 4), showing a relatively flat slope in the LREE, and HREE: (La/Sm)cn =
1.2-2.0, and (Tb/Yb)cn = 1.3-2.0. Amaro Basalt samples plot within the depleted domain, defined in
terms of elevated Zr/Nb and low La/Yb values (Figure 2). The primitive mantle normalised pattern of
the Amaro Basalts is dominated by the superimposed, pronounced positive anomalies in certain LILE
(e.g. Ba) over the generally depleted composition of the other incompatible trace elements (Figure 3).
On the basis of these primitive mantle normalised patterns, Amaro Basalt lavas classify as Group Ib
based upon the collation of Rooney (2017).

Gamo Basalts

Consistent with the established Amaro-Gamo Basalt geochemical framework, the alkaline Gamo
Basalts exhibit modestly evolved compositions with lower MgO (4-6 wt. %) and enriched trace
element characteristics. Modest enrichment is visible in chondrite normalised diagrams where the
Gamo Basalts have a flat profile that is steeper than the Amaro basalt (La/Sm)cn=2.2-2.5 and
(Tb/Yb)cn=1.6-2.1). The Gamo Basalts plot near the Amaro Basalts in Zr/Nb vs. La/Yb, but are
displaced to more enriched values (Figure 2). Primitive mantle normalised diagrams show a convex
upward pattern, with positive Ba and Pb, and negative K anomalies (Figure 3). Internal variation
within the Gamo Basalt dataset is small, evidenced by the narrow range between the 1% and 3™
quartiles in Figure 3. Rooney (2017) noted that the Gamo Basalt lavas are not entirely consistent with
the Type Ib magma group due to the enrichment in trace elements, a feature common to the Type III
magma group.

Southwestern Ethiopia: Stratiform Basalts of the Omo Region
Akobo Basalt

Trace element behavior for the strongly alkaline Akobo Basalt is unlike other Eocene magmatic units
in SW Ethiopia due to its strong enrichment in incompatible trace elements. The Akobo Basalts
exhibit a steep REE profile (Figure 4) displacing the (Tb/Yb)cn-(La/Sm)cen ratio to values near the
Turkana Eocene field of Furman et al. (2006) (Figure 2). Similar behavior is noted in Zr/Nb-La/Yb
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space where the Akobo Basalts plot toward the Turkana Eocene lavas and a more enriched domain
(Figure 2). Primitive mantle normalised patterns show enrichment in the incompatible elements and
depletion in K but lack the distinctive Ba and Pb of the Amaro-Gamo Basalt units (Figure 3). The
Akobo Basalt trace element patterns classify as a Type Il magma (Rooney, 2017), similar to the HT2
Oligocene flood basalts (Beccaluva et al., 2009; Natali et al., 2016; Pik et al., 1999) and lithosphere-
derived lavas from Kenya and Ethiopia (Rooney, 2020b).

Main Series

Most of the Main Series samples are transitional to alkaline in composition (Figure 2) and show
evidence of being evolved: 4-6 wt. % MgO and 2.5-4 wt. % TiO,. Trace elements in these Main
Series samples exhibit more enriched characteristics consistent with the Gamo Basalts, evident in the
greater slope of the REEs (La/Sm)cn=1.5-8 and (Tb/Yb)cn=1-2.1). Chondrite normalised REE
diagrams show a weak negative Eu anomaly (Figure 3) on an otherwise flat pattern. These data plot in
La/Yb versus Zr/Nb toward more enriched values, overlapping with data from the Gamo Basalts
(Figure 2). Primitive mantle normalised diagrams show these Main Series data exhibit a modestly
enriched pattern, with positive anomalies in Ba and Pb similar to patterns of the Gamo Basalts. As
with the Gamo Basalts, this pattern does not comport with the magma type grouping of Rooney
(2017). When examined with the 1%t and 3™ quartiles for the distribution of data for known Gamo
Basalt samples, it is apparent that the Main Series and Gamo Basalts share the same geochemical
signature. Given the similarities between the Main Series lavas and the Gamo Basalts, we hereby
assign most of the Main Series samples to the Gamo Basalt.

The samples classified as the Main Series are dominantly transitional to alkaline in
composition, except for a subset of samples that are sub-alkaline (Figure 2). The two sub-alkaline
samples (TOR0000GG and TOR0000HY) appear somewhat more primitive, plotting at greater
concentrations of MgO wt. % and lower TiO» and P»Os. These data show depleted trace element
characteristics as evidenced by the shallow slope through the REEs (Figure 4) and low values of
(La/Sm)cn (Figure 2). Similar behavior is observed in Zr/Nb versus La/Yb where these two samples
plot toward more depleted values. Trace element patterns in primitive mantle normalised diagrams
exhibit positive anomalies in Ba and Pb superimposed on a broadly depleted convex upward pattern
(Figure 3). Such characteristics are consistent with Type Ib magmas of Rooney (2017) and LT
magmas (Kieffer et al., 2004; Pik et al., 1999, 1998). The data from these two samples consistently
plot near the Amaro Basalts in X-Y variation diagrams and are sub-parallel with the Amaro Basalt
trace element patterns detailed above. Therefore, we assign these two samples to the Amaro Basalt
unit characterized geochemically by previous studies (George and Rogers, 2002).

Makonnen Basalt

The data for the Makonnen Basalts are transitional to alkaline in composition (Figure 2), have MgO
between 4.5 and 6 wt. % and generally resemble the Gamo basalts. Variation diagrams versus MgO
show the Makonnen Basalts overlap with data from the Gamo Basalts (e.g. CaO, and P,0Os), while
trace element data for these samples indicate modest enrichment in La/Yb versus Zr/Nb and an REE
slope within the range of the Gamo Basalts ((La/Sm)cn =2.1-2.9 versus (Tb/Yb)cn=1.4-1.7). Trace
elements normalised to primitive mantle are similar to those defined by the 1% and 3™ quartile of the
Gamo Basalt data, showing a convex upward pattern with modest enrichment in the incompatible
trace elements and superimposed positive Ba and Pb anomalies (Figure 3). Given the similarities
between the Makonnen Basalts and the Gamo Basalts, the two are considered to be the same
magmatic unit that we define as the Gamo-Makonnen magmatic unit (Figure 5).
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Turkana Volcanics near Lokitaung

A single sample of the Turkana Volcanics near Lokitaung was analyzed for major and trace elements
(TOROO0OONO). This sample is a transitional basalt that contains 4.5% MgO and 2.9 % TiO»
indicating a moderate degree of evolution. Trace element data indicate moderate enrichment in La/Yb
versus Zr/Nb and REE element slope comparable to the Gamo Basalts (La/Sm)cx =2.6 versus
(Tb/Yb)cn=1.4. Primitive mantle normalised patterns (Sun and Mcdonough 1989; Figure 3) for the
Turkana Volcanics are parallel to, and within the 15-3" quartile range for the Gamo Basalts. Due the
similarity in geochemical characteristics between the Gamo Basalt and the Turkana Volcanics, we
tentatively assign the Turkana Volcanics to the Gamo-Makonnen magmatic unit with the caveat that
this assignation is based upon a single analysis and requires further study to confirm the relationship.

Discussion

The regional scale geochemical dataset presented here permits a synthesis of the two systems by
which Paleaogene volcanic rocks of southern and SW Ethiopia are described, and it provides tentative
links to NW Kenya stratigraphic sequences. The existing country-scale map of Ethiopia utilizes a
stratigraphic sequence for the Eocene units of SW Ethiopia based upon regional scale mapping and
geochronology, dominantly undertaken by The Omo River Project surveys during the 1970s
(Davidson and Rex, 1980; Davidson, 1983). Subsequent and more detailed mapping, geochemical
characterization, and precise “’Ar/*°Ar geochronology of discrete volcano-stratigraphic sections
established an alternate stratigraphy based upon the Amaro Basalt and Gamo Basalt units (Ebinger et
al., 1993; George et al., 1998). The resolution of these two schemes into a unified volcano-
stratigraphic sequence (Figure 5) has heretofore not been possible due to a lack of regional-scale
geochemical characterization of the lavas in SW Ethiopia.

The newly resolved volcano stratigraphy in southern and SW Ethiopia allows for the
interpretation of magmatic processes within the poorly characterized Eocene continental LIP. We
expand upon the work of George and Rogers (2002) in the Amaro-Gamo region and explore the
origin of the remarkable homogeneity in erupted lava compositions that are found throughout the
region and persist for ~10 Ma. While the duration of volcanism does extend into the Oligocene, we
utilize the term Eocene continental LIP to reflect the onset of this magmatic pulse, Eocene Initial
Phase, as defined by Rooney (2017). We examine the impact of persistent and voluminous magmas
staging within the crust by assessing the thermal and compositional state of the crust as a prelude to
rift development. We interpret these observations within a developing paradigm of an East African
upper mantle that is more complicated, both thermally and compositionally, than can be
accommodated by the mantle plume head-tail model (e.g., Pik et al., 2006; Bastow et al., 2008; Chang
and van der Lee, 2011; French and Romanowicz, 2015).

Unified Eocene Stratigraphy
Earliest Alkaline Magmatism (>45 Ma)

There is a growing recognition that pre-flood basalt small-volume alkaline magmatism may be more
common in East Africa than initially considered. Instances of such activity are observed in the
Oligocene continental LIP located on the NW Ethiopian Plateau, where Krans et al. (2018) identified
a clinopyroxene-phyric alkaline basaltic sequence at the base of the Oligocene continental LIP. The
Akobo Basalts, which occur at the base of the Eocene continental LIP flood basalt sequence, share a
similar petrographic character and contain abundant large, strongly zoned titaniferous clinopyroxene
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and olivine. We interpret these small volume alkaline events as representing the initial phase of flood
basalt (LIP) volcanism, as defined in the tripartite division of Jerram and Widdowson (2005).

We show that the Akobo Basalts are the most silica-undersaturated lavas in the Eocene
stratigraphy in SW Ethiopia (Figure 2), and exhibit a Type II lava pattern (Rooney, 2017). The Type
II lava patterns evident in the Akobo Basalts suggest a likely origin within a metasomatized
amphibole-bearing lithospheric mantle, which may have been thermo-barically destabilized by the
Afar plume, and either melted in-situ or foundered into the upper mantle (Furman et al., 2016; Rooney
etal., 2017, 2014). Broadly compositionally-equivalent magmatism is also evident at the southern
edge of the Eocene continental LIP in Turkana (Kenya). The Balsea Kormoto (35-39 Ma; Furman et
al., 2006) lavas are dominantly silica-undersaturated Type II lavas that are located East of Lake
Turkana in the Kajong region (KJ, Figure 1). These lavas have been similarly interpreted as being
derived from metasomatized lithospheric mantle (Furman et al., 2016; Rooney, 2017, 2010). The
younger ages of these rocks suggests this style of magmatism may persist during the main flood basalt
episode in more distal portions of the province.

Amaro Basalts (45-39 Ma)

Following the Akobo Basalts, ~ 250-300 m of moderately evolved stratiform basalts were erupted to
form the Amaro Basalts. Prior studies have noted the prevalence of these Amaro Basalts in the region
surrounding the Amaro horst, and constrained the eruption of the Amaro Basalts within a window of
about 5 Ma (45.2-38.58 Ma; Ebinger et al., 1993; George et al., 1998). An important unknown in
earlier studies has been the potential wider spatial distribution of the Amaro Basalt lavas than is
currently understood. Prior to this study, the geochemical characterization necessary to assign lavas to
the Amaro Basalts was limited to sections along the flanks of the Ethiopian Rift, extending as far west
as the Mago Basin (Figure 1). We interpret these primitive lavas as representing the early stage of the
main phase of flood basalt volcanism, as defined in the tripartite division of Jerram and Widdowson
(2005).

The new dataset we present expands the spatial coverage of geochemically characterized
lavas within the province (Figure 1). Previous nomenclature for these lavas assigned them to the
undifferentiated ‘Main Series’ (~43-34 Ma) of the Pre-Rift Sequence (Davidson, 1983), which
temporally occupies the same time window assigned to both the Amaro Basalts (45.2-39.58 Ma) and
Gamo Basalts (38-34 Ma; Ebinger et al., 1993; George et al., 1998). Examination of the Main Series
samples shows that lavas with Amaro-like compositions (Figure 3) are dominantly restricted in spatial
distribution, focused on the region flanking the Ethiopian Rift (Figure 1). An important outcome of
these observations is the confirmation that the locus of volcanism during the early stages of the flood
basalt event is towards the Amaro horst (George and Rogers, 2002).

Gamo Basalts (38-34 Ma)

Following the eruption of the Amaro Basalts, there is a hiatus in basaltic volcanism that is represented
by the Arba Minch tuff from an unknown volcanic centre (>39 Ma; Ebinger et al., 1993). Flood basalt
volcanism (Gamo Basalts) recommenced with the eruption of a relatively more evolved suite of
basaltic lavas and intercalated tuffs. The age range of the Gamo Basalts (38-34 Ma; Ebinger et al.,
1993; George et al., 1998) overlaps the Main Series lavas (~43-34 Ma) of the ‘Pre-Rift Sequence’
(Davidson, 1983). Despite this temporal overlap, the genetic relationship between the two sequences
has been unclear due to the lack of geochemical constraints on Main Series lavas. Our new results
show that most Main Series lava samples geochemically resemble the Gamo Basalts. We therefore
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assign the majority of the Main Series to the Gamo Basalts, thereby refining the previous en masse
assignation of the Main Series to Amaro Basalt-Gamo Basalt Sequence (Rooney, 2017). This
observation vastly improves the constraints on the spatial distribution of the Gamo Basalt unit, which
are now shown to occupy much of the province and comprises up to 1500 m of lava flows and silicic
volcaniclastics (Davidson, 1983; Rooney, 2017). The widespread distribution of silicic volcaniclastics
erupted from unidentified volcanic centres (Amaro Tuff, Ebinger et al., 1993; Jvr unit, Tefera et al.,
1996) was used by Ebinger et al. (2000) to suggest the Gamo basalts extended into SW Ethiopia. Our
observations of similar geochemical characteristics between the Main Series of SW Ethiopia and the
Gamo Basalts support the hypothesis of Ebinger et al. (2000).

Contemporaneous stratiform lavas in the Turkana region of northern Kenya (Figure 1) also
exhibit Gamo Basalt-like geochemical characteristics. These lavas are represented in this study by a
sample from the lower-most flows of the gorge east of Lokitaung town, estimated to be ~36 Ma
(Brown and McDougall, 2011). This lava exhibits a primitive mantle normalised pattern nearly
identical to that of the Gamo Basalt suite (Figure 3). Therefore, we tentatively assign the Lokitaung
Basalts to the Gamo Basalt group and recognize that the limited geochemical data from Eocene-
Oligocene lavas in the Turkana region prevents more robust conclusions. Additional geochemical
characterization of the stratiform basalts in Turkana is required to fully evaluate the potential
connection between those lavas and the neighboring Gamo Basalts.

Makonnen Basalts (34 — 28 Ma)

The Makonnen Basalts are the youngest stratigraphic unit associated with the ‘Pre-Rift Sequence’ of
SW Ethiopia (Davidson, 1983). The prior stratigraphic separation of the Makonnen Basalts from the
underlying Main Series (now Gamo Basalts) was the result of an angular unconformity between the
two units (Davidson, 1983). This temporal break is reflected in the ca. 31.8 Ma average age
determination for the Makonnen basalts, suggesting a younger age than much of the Main Series
(Davidson and Rex, 1980) and Gamo Basalts (38-34 Ma; Ebinger et al., 1993; George et al., 1998).
As with previous stratigraphic units within the ‘Pre-Rift Sequence’, the relationship between the
Makonnen Basalts and the Amaro Basalt-Gamo Basalt Sequence has been unclear.

We have now shown that the Makonnen Basalts and the Gamo Basalts share a common
geochemical signature and are hereby treated as a single magmatic unit (Gamo-Makonnen magmatic
unit) for the purposes of exploring the magma genesis of the Eocene continental LIP. This
amalgamation has implications for the distribution of Eocene continental LIP lavas in time and space.
The Gamo-Makonnen grouping covers nearly the entire footprint of the Eocene continental LIP
(Figure 1), making this group the most volumetrically significant unit in SW Ethiopia. Additionally,
the Gamo-Makonnen unit occupies a broad time window, potentially extending from 38-28 Ma. We
interpret these homogenous, relatively evolved lavas as representing the main phase of flood basalt
volcanism, as defined in Jerram and Widdowson (2005). In the following discussion, we examine how
homogenous lava compositions could be erupted over a broad spatial and temporal window through
the examination of the magmatic processes impacting magma compositions during the Paleaogene in
East Africa.

Lithospheric Modification of Magmas in the Eocene Province

Utilizing the newly established magmatic stratigraphy for the Eocene continental LIP, (Figure 5), it is
now possible to examine the magmatic conditions present during the main phase of activity across the
whole of the province (~320,000 km?, Rooney, 2017). Prior work hypothesized that the Amaro Basalt
and Gamo Basalt primary magmas are derived from sub-lithospheric reservoirs. Heterogeneity
between the two primary magmas was thought to result from differential degrees of fractional
crystallization of a primary magma (George and Rogers, 2002). With the recognition that recharge-
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evacuation-assimilation-fractional crystallization (REAFC) processes may impose significant
heterogeneity in the composition of lavas in continental LIPs (Paces, 1990; Turner et al., 1999; Yu et
al., 2015), we explore the possibility that the Amaro and Gamo Basalts are derived from a common
primary magma.

Melt Generation during the Eocene in Southern Ethiopia

The current model explaining the origin of the Eocene continental LIP focuses upon differing
intensive parameters of melting and polybaric fractionation to generate lava compositions for the
Amaro Basalt and Gamo-Makonnen units (George and Rogers, 2002). The melting conditions during
the eruption of the Amaro Basalts were determined by George and Rogers (2002) to be consistent
with experimental compositions derived by 3-7% fractional melting of the primitive mantle between
1.5-2 GPa at approximately 1480°C. Melt fractions decrease to ~2% during the eruption of the Gamo
Basalts 5-10 m.y. later. As noted by George and Rogers (2002) the pressure and temperature of
melting require an elevated mantle potential temperature beneath southern Ethiopia at the time of
eruption, consistent with the presence of a mantle thermochemical anomaly during this time (Ebinger
and Sleep, 1998; George et al., 1998; Rooney et al., 2012).

Conceptual model of the magmatic differentiation system in the Eocene Province

The primary compositional difference between the Amaro and Gamo Basalts units is thought to be
imparted by their degree of differentiation. The Gamo Basalts are recognized as being more
differentiated than the Amaro Basalts, an interpretation supported by the lower MgO (wt. %) and
greater trace element abundances of the Gamo Basalts (George and Rogers, 2002; Stewart and
Rogers, 1997). George and Rogers (2002) indicate that assimilation is not the primary agent of
differentiation in the Amaro-Gamo magmatic system as it would require unreasonable amounts of
assimilant to be incorporated given the bulk composition of the lavas. Additionally, a simple
fractional crystallization sequence cannot be accommodated due to the seemingly contradictory
petrographic observations and major element characteristics (George and Rogers, 2002). The Amaro
and Gamo lavas are noted to contain gabbroic fractionation products that likely formed at shallow
depths. However, compositional data indicate a correlation between MgO and the ratios of Sc/Yb and
CaO/Al,Os that is contradictory to evolution in a shallow magmatic system. Both ratios decrease with
decreasing MgO, an observation consistent with deep fractionation of clinopyroxene (George and
Rogers; 2002 and citations therein). MELTS models (Ghiorso and Sack 1995) similarly demonstrate
the control of deep fractionation on Amaro-Gamo compositions which lie along the 0.5 GPa liquid
line of descent (George and Rogers, 2002). The presence of plagioclase phenocrysts formed at
shallow depths coupled with evidence of deep clinopyroxene fractionation led George and Rogers
(2002) to conclude that the Amaro-Gamo Basalts evolved by polybaric differentiation pathways. The
Amaro-Gamo primary magmas underwent deep fractionation of clinopyroxene and olivine prior to
being released to higher crustal levels where gabbroic differentiation occurred forming the crystal
cargo observed in the lavas.

Our new results based upon a series of observations of the Gamo-Makonnen magmatic unit
are difficult to interpret within the existing magma genesis model for the Eocene-Oligocene lavas in
southern Ethiopia. Firstly, our results show that the Gamo-Makonnen lavas are a single magmatic unit
representing the large volume main phase of flood basalt volcanism that began in the Eocene and
extended into the Oligocene. This observation is difficult to reconcile with the existing magma
genesis model for the Eocene continental LIP that suggests the primary magma of the Gamo-
Makonnen unit is generated by a smaller degree of mantle melting. Second, as noted by George and
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Rogers (2002) and this study, the Gamo-Makonnen unit is remarkably homogenous in terms of major
and trace element characteristics. It is unlikely, given the new broader spatial and temporal constraints
on the Gamo-Makonnen magmatic unit, that fractional crystallization can account for the observed
compositional homogeneity. The wide spatial distribution of the Gamo-Makonnen unit would require
many closed magmatic systems evolving along an identical differentiation pathway. Additionally, the
long temporal window occupied by the Gamo-Makonnen lavas requires these presumably identical
magmatic systems to either: (1) evolve only to the composition of the erupted lavas and remain there
for the duration of eruption, or (2) new magmatic systems must be formed that also follow the
identical differentiation pathway. Additional processes must be active in the magmatic system of the
Eocene continental LIP that can reconcile the differentiation pathway identified by George and
Rogers (2002) and the broad spatial and temporal constraints from this contribution.

The magmatic systems of continental LIPs are long-lived and modify transient magma
through several magmatic processes. Several lines of evidence support a largely open system, in
contrast to isolated closed ‘magma chamber’ systems. While fractional crystallization is widely
recognized as one of the primary processes contributing to magma differentiation, additional
mechanisms including assimilation of crustal material play an important role (e.g. Bohrson and Spera,
2001; Spera and Bohrson, 2001). However, there is a growing recognition that the closed magma
chamber model for differentiation may not accurately represent the large, high-flux magmatic systems
of LIPS (Bohrson et al., 2020, 2006; Krans et al., 2018; Paces, 1990; Steiner and Streck, 2019; Streck
and Grunder, 2012; Turner et al., 1999; Yu et al., 2015). The magmatic differentiation system of
continental LIPs undergo episodic recharge and evacuation that results in hybridized magmas, whose
evolutionary pathway is defined by the balance of recharge/evacuation and fractional
crystallization/assimilation. For example, where fractional crystallization outpaces the recharge of
magma into the system, the resultant lavas will progress toward more evolved compositions. During
periods of high magma-recharge rates, the influx of new, primitive magma will drive lava
compositions toward less evolved compositions, an effect not likely under closed-system
differentiation. Furthermore, when recharge and crystal fractionation are balanced, the magmatic
system reaches a steady or buffered state, erupting lavas whose composition remains constant over
time. Critically, the buffering of individual elements is strongly dependent on their degree of
compatibility, where compatible elements will quickly reach a buffered state while incompatible
elements take longer (Lee et al., 2014). Lavas erupted from a buffered REAFC dominated system can
exhibit significant enrichment and/or variability in incompatible trace elements abundances with
limited variation in compatible elements (Lee et al., 2014). This subtle interplay between the REAFC
components may explain the geochemical trends observed in the Eocene continental LIP.

Numerical modelling of magma differentiation in the Eocene Province

To probe the processes active within the Gamo-Makonnen magmatic system and to reveal constraints
as to the potential flux of magma from the mantle, we undertook REAFC modeling of the Gamo-
Makonnen magmatic system. To allow for efficient exploration of the model parameter space, we
developed a Python implementation of the base equations for a constant mass box model developed
by Lee et al. (2014). Our model examines REAFC, AFC, assimilation, and fractionation
crystallization solutions over a range of evacuation, recharge, assimilation, and crystallization
conditions. The primary model outcomes are liquid lines of descent representing each of these
processes. For AFC, assimilation, and fractionation crystallization, these liquid lines of descent
represent evolution of a single magma chamber without mass addition or subtraction. REAFC
modelling requires a persistent magma chamber where mass is continuously added (recharged) or
removed (evacuated). Lee et al. (2014) described a complete mass exchange within the magma
chamber as an ‘overturn’. Liquid lines of descent for REAFC models therefore represent the
composition of the residual liquid that has been hybridized over potentially multiple overturns. As the
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number of overturns increases, the REAFC solutions trend towards a steady state that is termed
‘buffered’.

Conceptually, we explored whether the Gamo-Makonnen Basalts can be produced by REAFC
modification from an Amaro Basalt composition. To that end, we presume the initial magma chamber
composition and recharging magma composition is equivalent to a primitive Amaro Basalt lava. We
do not utilize previously calculated primary Amaro Basalt compositions (George and Rogers, 2002)
given the presumption that some olivine loss would occur in the lower crust, prior to entering the
REAFC system. The assumed assimilant is an average middle crustal composition (Rudnick and Gao,
2003).

Fractional crystallization parameters were set to include crystallizing phases of olivine,
clinopyroxene, plagioclase, and Fe-Ti oxides, reflective of those noted in petrographic descriptions
and genetic models of previous studies (Davidson, 1983; George and Rogers, 2002). The examined
range of modal abundances for crystallizing phases are as follows: olivine 0.22-0.8, clinopyroxene
0.15-0.5, plagioclase 0-0.3, while Fe-Ti oxides were held constant at 0.05 (where the proportion of
[Im/Mt = 9).

To examine the change in magma composition as a result of REAFC processes, we examined
a suite of both compatible and incompatible elements that are sensitive to the crystallization specific
phases or are indicative of assimilation. For the compatible elements we chose to examine MgO as a
proxy for the degree of differentiation and Ni and Cr to probe the fractionation of mafic phases,
whereby Ni and Cr partition into olivine or clinopyroxene, respectively. The behavior of incompatible
elements was examined through: (1) Sr, which is affected primarily by the fractionation of
plagioclase, (2) Nb, which is sensitive to Fe-Ti oxides or assimilation, and (3) La, which behaves
incompatibly throughout the range of MgO concentrations examined by this study. Partition
coefficients between minerals and basaltic liquid used by this study are described by: (Bougault and
Hekinian, 1974; Ewart and Griffin, 1994; Green et al., 2000; McCallum and Charette, 1978;
McKenzie and O’Nions, 1991; Nielsen et al., 1992; Paster et al., 1974; Ringwood and Essene, 1970).

The REAFC model presented here assumes the system is at constant-mass requiring

equivalency of input (recharge and assimilation) and output (fractional crystallization and eruption)
parameters. This constant mass assumption results in a hybrid parameter wherein there is a continuous
balance between the degree of recharge and evacuation. Three REAFC parameters were examined
over a range of values: (1) fractional crystallization, which varied from 20-98%, (2)
eruption/recharge, which varied from 0-78%, and (3) assimilation, which varied from 0-15%. Within
this parameter space, three solutions resulted in liquid lines of descent that bracket the cluster of data
defined by the Gamo-Makonnen composition.

The modelled liquid lines of descent for fractional crystallization, pure assimilation, and AFC
fail to provide solutions that adequately reproduce the Gamo-Makonnen dataset. These solutions yield
liquid lines of descent that contain an insufficient concentration of incompatible trace elements to pass
through the Gamo-Makonnen dataset (Figure 6). In contrast, REAFC models do provide a sufficient
enrichment in incompatible trace elements such that model curves pass through the observed data.
However, a single initial/recharge magma composition cannot generate an array of curves that
circumscribe the observed dataset.

An explanation for the failure of REAFC curves to circumscribe the data, despite significant
leverage in model parameter variability, reflects an important principle of REAFC models — the
potential to fractionate the behavior of elements based upon compatibility. Specifically, the degree of
compatibility of any element within the fractionating phases impacts the point at which that element
may become buffered and no longer vary with continued REAFC processing. Each element examined
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reaches buffered conditions at different points during the evolution of the magmatic system.
Compatible trace elements and MgO become buffered within three overturns, consequently, these
elements rapidly reach steady state within the magma chamber. The results of our modelling illustrate
the necessity for three different initial/recharge magma compositions to accommodate the observed
compatible element characteristics. The rapid buffering of MgO prevents any single model solution
from exhibiting a traditional liquid line of descent whereby MgO would fall with progressive melt
evolution (Figure 6). Our REAFC model results instead reach a minimum buffered MgO value below
which the magma compositions will not fall, irrespective of further differentiation within the magma
system. These model outcomes have further implications for coupled variation in MgO versus
incompatible trace element concentrations — notably it is possible to generate a wide range of
incompatible trace element concentrations (and ratios) at common values of MgO from a single
primitive magma composition. The implication of these observations is that the initial/recharge
magma composition may vary within the Gamo-Makonnen magmatic unit.

Three solutions from our REAFC modelling bracket the majority of the Gamo-Makonnen
data (Figure 6). The primary difference among these three solutions is the composition of the initial
and recharging magma:

(1) Low MgO solution. The initial/recharge magma was ~8 wt. % MgO (sample RG93-73).
The fractionating modal assemblage was: 0.22 olivine, 0.60 clinopyroxene, 0.13 plagioclase,
0.05 ilmenite+magnetite. REAFC parameters of fractional crystallization 90%, recharge 8%,
assimilation 2%.

(2) Middle MgO solution. The initial/recharge magma was 10 wt. % MgO (sample RG93-
75). The fractionating modal assemblage was: 0.32 olivine, 0.50 clinopyroxene, 0.13
plagioclase 0.05 ilmenite+magnetite. REAFC parameters of fractional crystallization 96%,
recharge 2%, assimilation 2%.

(3) High MgO solution. The initial/recharge magma was ~11 wt. % MgO (sample RG93-74).
The fractionating modal assemblage was: 0.32 olivine, 0.50 clinopyroxene, 0.13 plagioclase
0.05 ilmenite+magnetite. REAFC parameters of fractional crystallization 92%, recharge 6%,
assimilation 2%.

While three distinctive initial/recharge magmas were required to capture the variance in the Gamo-
Makonnen geochemical data, other model parameters (REAFC proportions, modal assemblage, etc..)
did not vary significantly between solutions. The model parameters for all three best-fit solutions
showed that fractional crystallization is the dominant process controlling the liquid lines of descent
(90-96 %), while recharge/evacuation (2-8 %), and assimilation (2%) exhibited less control.

REAFC Model Validation and Implications

The REAFC modeling results presented here support a previous hypothesis explaining high Ni
concentrations within the Gamo-Makonnen lavas as the result of high-pressure fractionation of
clinopyroxene (George and Rogers, 2002). Specifically, the fractionating assemblage used for our
pure fractional crystallization, assimilation, AFC, and REAFC models is dominated by clinopyroxene
(modal abundance between 50-60%). Despite the modal abundance of clinopyroxene used, pure
fractional crystallization, assimilation, and AFC fail to replicate the Ni concentrations in the Gamo-
Makonnen lavas. However, the REAFC solutions result in the observed high Ni concentrations that
occur at modest MgO contents, comparable to the Gamo-Makonnen dataset. This effect is the result of
Ni becoming buffered in the magmatic system. A similar outcome is observed for Cr where only
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REAFC can reproduce the Cr concentrations in the Gamo-Makonnen lavas. The REAFC modeling
results confirm that fractionation of clinopyroxene played an important role in the evolution of the
Gamo-Makonnen lavas (George and Rogers, 2002), but further refine the mechanism by which
magma differentiation proceeded.

The variable buffering of individual elements within the REAFC system can explain the
observed differences in incompatible trace element ratios between the Amaro Basalts and the Gamo-
Makonnen unit. Previous study of the incompatible trace element and isotopic characteristics of the
Amaro and Gamo Basalts indicated it was not possible to generate the Gamo Basalts from the Amaro
Basalts through differentiation (George and Rogers, 2002). Our fractional crystallization results
support this assertion in that Nb/La values are insufficiently low to capture the Gamo-Makonnen
dataset. However, through REAFC, a greater diversity of Nb/La values is possible. The heterogeneity
in incompatible trace element ratios between the Amaro Basalts and the Gamo-Makonnen unit can be
explained by differential buffering of these elements. Differences in the interval at which a particular
incompatible trace element may buffer — e.g., La between 50 and 90 overturns; Nb between 40 and 60
overturns — will result in variance in the ratios of incompatible trace elements.

A final implication of the model results is the potential origin of the Gamo-Makonnen lavas.
Our initial rationale for undertaking REAFC modelling was to examine the hypothesis of whether the
Gamo-Makonnen lavas could be derived from the Amaro Basalt magmas through differentiation. The
primary difference between the Amaro Basalts and the Gamo-Makonnen unit is the incompatible trace
element enrichment. Our REAFC model resolves the origin of the observed incompatible trace
element enrichment that defines the Gamo-Makonnen magmatic unit as resulting from continued
recharge and differentiation within the magma plumbing system (Figure 6). Incompatible trace
elements fail to buffer until 20-90 overturns have occurred, while MgO buffers after three overturns.
Such modeling outcomes suggest that while MgO and compatible elements may remain constant, the
concentration of incompatible trace elements may exhibit substantial variability. The primary
outcome of our modelling is that the incompatible trace element concentrations observed in the
Gamo-Makonnen lavas can be produced from a parental magma equivalent to the composition of the
Amaro Basalt magmas (Figure 6).

Development of the of the Main phase of the Eocene Flood Basalt Magmatic System
Initial Immature Magmatic System

The maturation of a magmatic plumbing system is best probed when a temporal magmatic record
exists. The flood basalt component of continental LIPs provide an unusually complete record of
magmatic conditions within the lithosphere. The existing stratigraphic constraints show that the
earliest manifestations of volcanism within the Eocene continental LIP are represented by the Akobo
Basalts (49-46 Ma). These basalts, which exhibit a clear Type Il magma signature (Rooney et al.,
2017), are derived from the sub-continental lithospheric mantle either through direct melting or
foundering of the material into the asthenosphere. The relatively shallow depth of origin of the Akobo
Basalts (i.e., within the sub-continental lithospheric mantle) may conflict with the clear evidence of
significant fractionation of HREE within the data we present (Tben/Yben ~2.3). Such fractionation
may be considered reflective of deep mantle melting within the garnet zone, if interpreted on the basis
of a peridotite melting paradigm. However, fractionated HREE values are commonly seen within
melts derived from continental lithosphere metasomes where garnet is inferred to be absent (Rooney,
2020c; Rooney et al., 2017). With a single sample it is difficult to establish the nature of the magmatic
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plumbing system during this initial phase, but the limited distribution of this unit is indicative of a
poorly developed magmatic plumbing system.

The transition from the initial phase to the main phase of flood basalt volcanism is represented by
the Amaro Basalts (45-39 Ma). The initial conditions under which magmatic differentiation occurred
during the main phase within the African lithosphere is preserved in the geochemical characteristics
of the Amaro Basalts. We propose that the magmatic system active during Amaro Basalt event was
dominated by early crystallization of olivine; a secondary, less pronounced, nascent magma system
formed at mid-upper crustal levels wherein plagioclase, clinopyroxene, and further olivine
fractionates (George and Rogers, 2002). We interpret the diversity in the Amaro Basalt lava
compositions as reflecting the relative immaturity of this magmatic system; the lack of an extensive
and continuous mid-crustal differentiation system permits melt extraction at various degrees of
evolution from a variety of staging chambers throughout the crust (Figure 7).

It is not currently possible to probe the melting conditions within the Akobo Basalt unit due to
ambiguities as to the precise modal mineralogy of its lithospheric mantle source. However, existing
constraints on magma generation conditions during the subsequent Amaro Basalt phase indicate a
relatively high degree of melting to generate the magmas entering the nascent flood basalt plumbing
system. The primary Amaro Basalt magmas are hypothesized to be a 6-8% partial melt of a mantle
exhibiting elevated mantle potential temperature (~1500 °C) (George and Rogers, 2002; Rooney et
al., 2012). This requires a shift in the source of magmatism from the lithosphere to the sub-
lithospheric reservoir coincident with the transition from initial to main phase volcanism in the
Eocene continental LIP.

Development of a Mature Magmatic System during the Main phase

The eruption of the Gamo-Makonnen magmatic unit (38-28 Ma) is coincident with a profound change
in the regional magmatic plumbing system reflective of the maturation of the magma plumbing
system during the main phase of flood basalt volcanism. We show that the compositional
characteristics of the Gamo-Makonnen lavas can be effectively described by a mature REAFC system
within the crust. The efficiency of these magmatic plumbing systems is evident when considering the
composition of the erupted products; Gamo-Makonnen lavas are more homogenous than the prior
Amaro Basalts and are universally evolved (4.5-6 wt. % MgQ), requiring extensive magma
hybridization and fractional crystallization. Given the mass removal required during magmatic
differentiation within such a system, the flux of magma into the lithosphere during the mature main
phase (in comparison to the Amaro Basalt phase) must be far greater than the volume difference in
erupted lavas alone. We have shown that the Gamo-Makonnen lavas represent the most
volumetrically important unit within the Eocene continental LIP, with the implication that a
significantly greater volume of magma moved through the magmatic plumbing system in comparison
to the prior Amaro Basalt phase.

The inferred increase of magma volume entering the lithosphere during the Gamo-Makonnen
phase has implications for the state of the East African mantle during the main phase of flood basalt
volcanism during the Eocene and Oligocene. Increased magma volume during the Gamo-Makonnen
event may be achieved through either: (1) a greater degree of melting of the same mantle volume that
melted during the Amaro Basalt event, or (2) through melt generation in a larger volume of mantle.
The first model is improbable, as a higher degree of melting will result in primitive lavas with even
less enrichment in incompatible trace elements than the Amaro Basalts — contrary to observations of
enriched lavas from the Gamo-Makonnen unit. The second model may be achieved by decompression
melting of the plume material either through thermo-mechanical erosion of the continental lithosphere
by the plume itself, or thinning of the continental lithosphere by extension.
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George and Rogers (2002) noted that some lithospheric thinning in addition to anomalously
hot asthenosphere was required to explain the Palacogene magmatism. Confirmation of the onset of
rifting in this part of Africa is complicated by the superposition of a largely amagmatic Mesozoic rift
zone and the magma-rich Cenozoic rift system. Thermal subsidence modelling of the Mesozoic rifting
in South Sudan and NW Kenya indicate that a lithospheric thin zone most likely underlay
westernmost Ethiopia and the region of the Turkana depression (e.g. Ebinger and Sleep, 1998;
Hendrie et al., 1994; Mechie et al., 1994). Basins in the Mesozoic Anza graben east of Lake Turkana
showed uplift, erosion, and inversion in a time interval loosely bracketed between 40 and 25 Ma
(Morley et al., 1999a). Basins west of Lake Turkana experienced fault-controlled subsidence by
roughly 35 Ma, based on paleontological analyses of well data, and stratigraphic ties to surface
outcrops (Morley et al., 1999b; Talbot et al., 2004). Fission track data suggest a protracted period of
uplift and erosion from ~54 Ma, with clear indications of footwall uplift by ~30 Ma (Boone et al.,
2019). The amount of lithospheric stretching in Palacogene time predicted by subsidence modelling is
small (~10%, Emishaw and Abdelsalam, 2019; Hendrie et al., 1994)). The pre-rift lithospheric
structure as well as minor stretching within and adjacent to the Mesozoic rift system, therefore, may
have served to enhance melting across a much broader region where some minor additional extension
occurred (e.g. Ebinger and Sleep, 1998; Hendrie et al., 1994). As outlined above and in Figure 7a, the
hydration state of the subcontinental lithospheric mantle (SCLM) may have played a critical role in
the localization of the first pulse of magmatism, which occurred within NNW-trending terranes
accreted during the Pan-African orogeny (Davidson, 1983). We interpret the increase in magma
generation between 38 and 28 Ma as interaction of a deep mantle upwelling with a pre-existing
lithospheric thin zone which began to extend, focusing decompression melting of a thermochemically
anomalous material to areas with developing magmatic plumbing systems from the initial heating
phase. The dikes and sills from the Eocene continental LIP magmatism probably provided warmer,
weaker zones for subsequent intrusions, and served to localize the surface expression of magmatism,
and may explain the relatively minor crustal contamination of later sequences (George and Rogers,
2002). Thus, the long-lived Gamo-Makonnen sequence with moderate magma production rates
exploited the Akobo and Amaro horst plumbing systems, further preconditioning the lithosphere for
strain localization as Arabia separated from Africa during the Oligocene. Dynamic processes led to
initial extension in the East African rift south of Afar during the early Miocene.

While the transition to a mature plumbing system is coincident with a significant increase in
magma volumes, the magmatic system continued to evolve throughout the main phase of Eocene
volcanism. The existing dataset shows no clear spatial clustering of Main phase lavas wherein erupted
compositions at one locale are best accommodated with a specific input composition. Instead, the
variance in samples requires that the three different initial magma types are widely distributed
throughout the province. Examination of potential temporal heterogeneity in the magmatic system is
more complex and limited by the lack of clear stratigraphic constraints for most samples. Insights into
the continued development of the magmatic plumbing system is revealed by the examination of the
Bek’ule (1, Figure 1) stratigraphic section, which consists of ~200 m of stratigraphy correlating to 3.5
Ma of time (George and Rogers, 2002). A series of six Gamo Basalt lava samples from this section
show lava compositions that become gradually more evolved, decreasing from 6 wt. % MgO in the
older flows to ~4 wt. % in the younger flows. These lavas are representative of the entire range of
compositions evident within the Gamo-Makonnen dataset. Such an observation suggests some
temporal variation in the initial/recharge magma compositions entering the REAFC system, which are
becoming more evolved over time, likely reflecting increased residence time (and olivine and
clinopyroxene removal) in the deeper part of the magmatic plumbing system. Further refinement of
the temporal evolution of the magmatic plumbing system during the main phase requires more
complete stratigraphic sampling of lavas from well constrained lava sections.

Connection to the Oligocene Flood Basalt Province

Stratigraphic parallels between the Eocene and Oligocene Provinces
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The range of radiogenic age dates (34.8-28.8 Ma) recorded from the Makonnen Basalts of the Gamo-
Makonnen magmatic unit show that the eruption of this stratigraphic unit is contemporaneous with the
ca. 32-27 Ma Oligocene continental LIP described along the Red Sea margins (Abbate et al., 2014;
Baker et al., 1996; Hofmann et al., 1997; Kappelman et al., 2003). On the basis of proximity and these
existing geochronological constraints, Rooney (2017) hypothesized that the Makonnen Basalts may
have been associated with the Oligocene continental LIP but noted additional geochemical data was
needed to confirm this tentative assignation. The new geochemical data we present clearly show that
the Makonnen Basalts are magmatically continuous with the Gamo Basalts, forming the Gamo-
Makonnen magmatic unit as the predominant composition within the Eocene Province. This
conclusion, however, does not preclude a genetic association between the Gamo-Makonnen magmatic
unit and the Oligocene continental LIP.

The stratigraphic similarities between the Makonnen Basalts and the Oligocene continental

LIP warrant further exploration. The observation of an angular unconformity and paleosol suggests a
potential temporal break between the eruption of the Gamo and Makonnen Basalts; these features
have been seen elsewhere in the NW Ethiopian Plateau. The initial stratigraphic division of
magmatism on the NW Ethiopian plateau recognized that the lower Ashangi was separated from the
Aiba flood basalts by an angular unconformity (Mohr and Zanettin, 1988; Zanettin et al., 1980). This
observation resulted in the initial division of the Oligocene flood basalts, though this division was
ambiguous elsewhere in the province (Mohr, 1983). It is therefore evident that an angular
unconformity exists at ca. 30 Ma in both provinces, consistent with evidence of localized extension
throughout the region during this period (Bosworth, 1992; Bosworth and Morley, 1994; Hendrie et al.,
1994; Purcell, 2018; Tiercelin et al., 2012; Wolfenden et al., 2005).

Geochemical Parallels between the Eocene and Oligocene Provinces

One of the more pronounced features of the Oligocene continental LIP is a distinct spatial zoning of
magma types. Stratigraphic units within the flood basalts of the Oligocene continental LIP have been
divided on the basis of their magmatic composition. The Ashangi-Aiba stratigraphic units of the
Oligocene Province were divided into HT1, HT2, and LT magmatic units (Figure 1) (Beccaluva et al.,
2009; Pik et al., 1999, 1998). However, the geometry of the geochemical zonation within the
Oligocene continental LIP is complicated due to dissection of the volcanic pile during the opening of
the Red Sea and East African Rift (Bellahsen et al., 2003; Wolfenden et al., 2005). Several zonation
geometries have been proposed for the Oligocene continental LIP including an E-W bilateral
arrangement (Pik et al., 1998) and a “bullseye pattern” of magma types (Furman et al., 2016). On the
NW Ethiopian plateau, there is a well-defined bilateral zonation between the LT and HT magma
types, where the LT lavas occur only in the west and the HT lavas occur in the east (Pik et al., 1998).
Subsequent refinement of the distribution of the HT1 and HT2 lavas resulted in the recognition of a
radial component, whereby the HT2 lavas appear to be centered on a volcanic plateau that once linked
Ethiopia and Yemen (Beccaluva et al., 2009; Natali et al., 2011). These observations were later
reinterpreted by Furman et al. (2016) to represent a bullseye pattern, where the HT2 lavas are
centrally located. Examination of flood basalts on the southeastern plateau indicates that volcanism
may have initiated somewhat later than the rest of the province and dominantly erupted lavas of an
HT affinity (Nelson et al., 2019). These studies thus demonstrate that there is a spatial component to
the distribution of magma types in the Oligocene continental LIP , but the geometry of this zonation
may differ depending on which magma types are being compared.

Defining a parallel zonation within the Eocene continental LIP has not previously been
possible due to a lack of geographically distributed geochemical sampling. Our results suggest there is
some ambiguity as to whether the Eocene continental LIP could be considered to be zoned in the same
manner. There are three broad magma types within the Eocene continental LIP: the Type Il magmas


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on September 15, 2021

of the Akobo Basalts and the Balsea Koromto lavas; the depleted-Type Ib of the Amaro Basalts; and
the enriched-Type Ib of the Gamo-Makonnen magmatic unit (Rooney, 2017). The Type II lavas in the
Eocene continental LIP, which are compositionally equivalent to the HT2 lavas from the Oligocene
continental LIP, appear to be volumetrically minor components. The limited volume of Eocene Type
II magmas is in stark contrast to the compositionally equivalent HT2 Oligocene lavas, which occupy a
large portion of the northern Oligocene continental LIP, extending into Yemen (Beccaluva et al.,
2009; Natali et al., 2016; Pik et al., 1999). This dichotomy may relate to the mechanism by which
HT2 Oligocene magmas were formed — either through lithosphere foundering (Furman et al., 2016),
or in situ melting of the lithospheric mantle (Rooney, 2017; Rooney et al., 2014). Regardless of the
potential mechanisms of origin, it is evident that Type II lavas within the Eocene continental LIP do
not form a clear spatial domain. If interpreted solely on spatial distribution, it is possible that the more
primitive Type Ib Amaro Basalts appear spatially constrained in comparison to the more evolved
Type Ib Gamo-Makonnen lavas. However, this spatial zonation is also temporal. Therefore, the
Eocene continental LIP does not exhibit the same type of zonation evident within the Oligocene
continental LIP.

HT1 lavas from the Oligocene continental LIP compositionally overlap with the Gamo-
Makonnen magmatic unit; the HT1 and Gamo-Makonnen lavas exhibit primitive mantle normalised
patterns that are broadly sub-parallel (Figure 3). There is a subtle variance between the majority of
samples within the Gamo-Makonnen magmatic unit, which exhibit a less fractionated MREE/LREE
slope, and the HT1 lavas, which exhibit a more fractionated pattern. This dichotomy is particularly
acute when considering the Gamo-Makonnen lava samples from the southern part of the Eocene
continental LIP (Main Series/Gamo Basalt stratigraphic unit), which exhibit the least fractionated
REE profile. Curiously, as we have noted above, fractionation of REEs within the Gamo-Makonnen
magmatic unit increases with proximity to the Oligocene continental LIP (i.e., the Makonnen Basalt
stratigraphic unit). A significant barrier in properly comparing the Gamo-Makonnen unit to the HT1
unit is poor sample coverage and the great diversity of lava compositions exhibited by the HT1 lavas.
Notably, the broad diversity in compositions evident within the HT1 lava suite is distinct from the
relative homogeneity of the Gamo-Makonnen unit. It remains unclear if the HT1 lava samples
actually represent the main phase of volcanism within the continental LIP. Therefore, comparison
with the Gamo-Makonnen unit may be of limited utility.

The LT lavas of the Oligocene continental LIP exhibit some parallels to the Gamo-Makonnen
magmatic unit. Specifically, relative homogeneity of the LT lavas suggests the potential operation of
an REAFC system. The LT lavas are classified as Type la (Rooney, 2017) and therefore show some
broad similarities with the Type Ib magmas of the Gamo-Makonnen unit. However, Type la lavas
tend to exhibit a greater depletion in most incompatible trace elements with significant anomalies in
Ba and Sr in comparison with Type Ib magmas. These observations could tentatively point to
similarities in the lavas contributing to the Eocene and Oligocene continental LIP , with some degree
of heterogeneity imposed by differing REAFC systems. However, the lack of parallel REAFC
modeling on the Oligocene continental LIP prevents more firm conclusions at this time.

Structure of the Magma System and Implications for Rifting of the African Continent

Well-developed magmatic plumbing systems are recognized as being open, transcrustal systems
consisting of interconnected intrusions extending from, in some cases, the upper mantle to the upper-
most kilometers of the crust (e.g. Cashman et al., 2017). Our work provides new insights into the
initiation and evolution of these lithospheric-scale systems, and, indirectly, their role in extensional
strain localization. Resolving the crustal levels at which magmas stall are particularly important for
understanding how the crust may respond to the large volume of magmas that transit the lithosphere
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during LIP events, and those magmas may change the composition of the continental crust. Insight
into the distribution of intrusions can be drawn from the mineral modes crystallizing within those
intrusions (Morse, 1980). Shallow portions of a continental flood basalt magmatic system,
exemplified by the Duluth Complex of Northern Minnesota (Miller and Ripley, 1996; Miller et al.
2002), are dominated by plagioclase crystallization forming troctolites and gabbros (Morse, 1980).
However, in the deeper parts of the plumbing system, clinopyroxene is favored (Morse, 1980). The
Seiland Igneous Complex in Norway is an example of a lower crustal-upper mantle conduit system
that transported tens of thousands of km? of magma into the shallower parts of the system (Larsen et
al. 2018; Bennet et al., 1986; Grant et al. 2016). Olivine-clinopyroxene cumulates are the predominant
rock type in the Seiland Igneous Complex (Larsen et al., 2018) and are inferred to exemplify the
deeper portions of the magmatic plumbing system in a continental LIP that transitions to a rift zone.
When interpreted within this conceptual framework, the mineral modes required to explain
magmatism within the Eocene province are evidence of deep fractionation. Specifically, we have
demonstrated that the mass fraction of crystallizing phases required to form the geochemical
compositions of lavas within Eocene continental LIP are dominated by clinopyroxene and olivine:
0.22-0.32 ol, 0.5-0.6 cpx, 0.13 plag, and 0.05 oxides. These mass fractions of minerals are consistent
with previous studies that interpreted deep-fractionation of clinopyroxene and olivine as strong
controls on lava compositions (George and Rogers, 2002). Consequently, we propose that the deep,
clinopyroxene-rich component of the magma system feeding the Eocene continental LIP makes up a
larger proportion of the fractionating system than the shallower, plagioclase rich component.

Considering the proportions of minerals crystallizing from the REAFC models, and the likely
lithologies predicted from the Duluth Complex (shallow) and from the ultramafic component of the
Seiland Igneous Complex (deep), we can estimate the volume of material trapped in shallow and deep
parts of the magmatic system. Before estimations of the proportion of deep versus shallow intrusion
can be performed, the total volume of intruded material needs to be determined. Our REAFC
calculations require 2-8% of the total magma be erupted meaning 92-98 % of the total magma
remains in the lithosphere as fractionated products. Estimates on the amount of erupted material in the
Eocene continental LIP are ~350,000 km? (Rooney, 2017). These eruptive volumes translate to a total
magma volume ~7 million km?, of which ~6.65 million km? form intrusions throughout the
transcrustal magmatic system. If we then assume that the mass fractions of fractionated products
calculated by REAFC models presented in this study reflect the approximate depth of emplacement of
magmas, it is possible to estimate the volume of intrusive material at left behind at shallow and deep
crustal levels as well as in the SCLM.

Crystallization within the Duluth Complex is thought to have occurred between 7.4 and 11.1
km (Miller and Weiblen, 1990) and is dominated by plagioclase-rich assemblages with lesser olivine
(dominantly troctolites; Miller et al. 2002). For this reason, we consider the mass fraction of minerals
sequestered within the Eocene continental LIP’s shallow system to be plagioclase (mass fraction =
0.13) and a portion of olivine (mass fraction = 0.0325), representing a troctolite lithology crystallizing
80% plagioclase and 20% olivine. This translates to an intrusive volume of 1.4 x10° km? (equivalent
to a mass of ~4.8 x 10'® kg). The ultramafic intrusions of the Seiland Igneous complex are considered
to be the deep crustal roots of Central Iapetus Magmatic Province, intruding between 25-35 km depth,
spanning the crust-mantle boundary (Larsen et al. 2018). These deep ultramafic conduits are
dominated by clinopyroxene and olivine cumulates (see citations in Larsen et al. 2018). Therefore, we
ascribe the crystallizing mass fraction in the deep component of the Eocene continental LIP to
dominantly clinopyroxene (mass fraction = 0.6) with the remaining balance assigned to olivine (mass
fraction = 0.2875). The deep portion of the magmatic system contains the remaining balance of
magma, 5.2 X 10% km® (equivalent to a mass of ~1.8 x 10" kg). The conclusion that deeper parts of
the LIP magmatic system are larger and, therefore, sequester more mass is unsurprising considering
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geophysical observations of ~10 km-thick high-velocity underplates beneath Ethiopian plateau and
LIPs (Farnetani et al., 1996; Maguire et al., 2006; Thybo and Artemieva, 2013).

The volume of magma released from these deep fractionation systems to shallower crustal
levels may be relatively small, but these magmas can have a disproportionate effect on the thermal
state of the upper crust. Compared to the relatively hot and dense lower crust, even small volumes of
magma intruded in the relatively cool and less dense shallow crust can have a significant impact on
crustal rheology (Blundy and Annen, 2016; Schmeling and Wallner, 2012).

Eocene Continental Large Igneous Province and the African LLSVP

The redefined stratigraphy for the Eocene continental LIP requires the main phase of eruption to have
taken place over ~10 m.y., far exceeding the <1-3 m.y. main phase of some LIPs. The observation of
a 10 m.y.-long main phase is most likely linked to the initiation of extension and lithospheric
stretching, and be linked to mantle upwelling beneath cold, stable continental lithosphere. High melt
production rates for 2-3 m.y. above a 1000 km-wide plume head is predicted from models (e.g.
Campbell and Griffiths, 1990), and observed in some areas (e.g. Jerram and Widdowson, 2005). The
rate of melt extraction from the plume head and entrained ambient mantle during the main phase
decreases rapidly with time due to either loss of thermal energy or buoyancy to rise and undergo
decompression melting (Campbell and Griffiths 1990). In the case of the Deccan and Parana-
Etendeka LIPs, each undergo a period of <1-3 m.y characterized by high volcanic flux consistent with
rapid melting of the hot mantle plume, yet both are associated with lithospheric thinning during the
high magma production phase. The main phase of flood basalt volcanism within the Deccan LIP may
have been as short as 750,000 years (Schoene et al., 2019). For the Parana-Etendeka region,
significant lithospheric extension occurred during plume head dissipation (e.g., Harry & Sawyer,
1992). The key difference in NE Africa is that little or no lithospheric stretching occurred during the
10 m.y. of slow magma production rates. The highest magma production rates at 32-27 Ma in the
Oligocene continental LIP correspond to the onset of crustal extension in what is now the southern
Red Sea and Gulf of Aden (Wolfenden et al., 2005), whereas extension in East Africa initiated much
later, and exploited the pre-existing crustal magmatic plumbing systems which may have been
thermally weakened.

Our results suggest that upwellings from the African LLSVP, often termed the African
Superplume (e.g., Ebinger and Sleep, 1998), impinged on cold thick lithosphere which was too strong
to extend, or where far-field extension was weak. Instead, melting occurred within pre-existing thin
zones of the Mesozoic-Paleaogene Central African rift zone. Lithospheric imaging beneath the area
shows a NW-SE-trending high-wavespeed band in southern Ethiopia at <200 km depth, interpreted as
refractory Proterozoic lithosphere that has likely influenced the localization of rifting (Kounidis et al.,
2021). Only with 10 m.y. of thermal thinning of the lithosphere, and with the development of a
widespread system of dikes and sills did lithosphere weaken (e.g., Bialas et al., 2010) to enable rift
initiation between 30 and 25 Ma. We present evidence from REAFC models showing that recharge of
fresh magma into the magmatic system of the Eocene continental LIP is required to form the erupted
lava compositions. The consistency of these lavas compositions through time means that the input of
new magma into the system, and by necessity melt generation in the upper mantle, must have been
persistent throughout the duration of mafic volcanism. Persistent melting is consistent with elevated
mantle potential temperature recorded in lavas in throughout East Africa (Rooney et al., 2012)
indicating broad contamination of the upper mantle by warm, upwelling material, potentially derived
from the African LLSVP. Contamination of the East African upper mantle by the African LLSVP
appears to be widespread, as evidenced by noble gas isotopic characterizations (Haldorssen et al.
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2014) and the convergence of radiogenic isotope arrays on a composition broadly equivalent to the
Afar Plume (Rooney, 2020c). The broad distribution of high-temperature, LLSVP derived material is
consistent with geophysical observations of a broad thermochemical anomaly present within the East
African upper mantle (e.g. Bastow et al., 2008; Boyce et al., 2021; Chang et al., 2020). The modern,
widespread thermochemical anomaly may have first interacted with the African lithosphere during the
Eocene, providing a means to generate the magma supply required to maintain the long-lived
magmatic system that formed the Eocene continental LIP in East Africa.

Conclusions

The Eocene continental LIP of SW Ethiopia and northern Kenya is the earliest volcanic manifestation
of the interaction between a rising mantle thermochemical anomaly associated with the African
LLSVP and the East African lithosphere. The dataset presented herein represents the most
geographically distributed suite of lava samples from the Eocene continental LIP, and thus presents an
opportunity to resolve an outstanding question of whether geochemical zonation exists within this
province that is similar to that observed within the later Oligocene continental LIP . We find that the
geochemical variability across the Eocene continental LIP is rather limited — most of the erupted lavas
exhibit a trace element pattern that is broadly consistent with the previously characterized Gamo
Basalts. An important exception to this homogenous distribution are the Amaro Basalts, which occur
in a small area in the east of the province but predate the main phase represented by the Gamo
Basalts. The existing data thus show that the Eocene continental LIP lacks the strong geochemical
zonation found in the Oligocene continental LIP.

We have shown that lavas of the Eocene continental LIP can be united under a single
volcano-stratigraphic framework that records the magmatic evolution of the province. The Cenozoic
volcano-stratigraphic record in SW Ethiopia begins at ~49 Ma with the small-volume eruption of the
alkaline Akobo Basalts, which we interpret as the result of melting of destabilized mantle metasomes
derived from continental lithosphere (Beccaluva et al., 2009; Rooney, 2020c; Rooney et al., 2017,
2014). The occurrence of early-alkaline volcanism is observed in other LIPs (e.g. Parana-Entendeka,
Jerram and Widdowson, 2005) including the neighboring province on the NW Ethiopian plateau but is
eventually overwhelmed by more voluminous magmas associated with flood basalt eruptions (Jerram
et al., 1999, 2000). Prior geochronologic studies have shown that subsequent flood basalt-style
volcanism begins with the eruption of the Amaro Basalt (~45-39 Ma), which we suggest is derived
from a relatively immature magmatic plumbing system. Subsequent widespread magmatism (~38-28
Ma) is the amalgamation of several stratigraphic units: the Gamo Basalts, the Main Series, and the
Makonnen Basalts. We have shown that the major and trace element characteristics of all three
stratigraphic units show limited variability and are thus geochemically indistinguishable.
Consequently, we combine the Gamo Basalts, the Main Series, and the Makonnen Basalts into a
single magmatic unit termed the Gamo-Makonnen magmatic unit.

With an increasing awareness that lavas erupted during main phase volcanism within a LIP
may be impacted by complex differentiation (Bohrson et al., 2020, 2014; Lee et al., 2014; Yu et al.,
2015) processes, we undertook REAFC magma modelling to constrain the origin of the Gamo-
Makonnen magmatic unit. We find that the erupted compositional range of the Gamo-Makonnen
Magmatic unit can be produced via REAFC processes. Critically, our modelling shows that the
Gamo-Makonnen lavas may be produced from starting compositions equivalent to Amaro Basalt
lavas. The implication of these results is the potential continuity of primitive magma compositions
supplying the magma differentiation system during the main phase of volcanism for the Eocene
continental LIP. The continuity of magma supply during the eruption of the Gamo-Makonnen
magmatic unit indicates prolonged melting of mantle-derived material, exceeding the main phase
eruptive cycle for a typical continental LIP. Such an observation provides valuable insight into the
character of the East African upper mantle.
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Cenozoic flood basalts in East Africa provide an unusual opportunity to probe material rising
from one of the largest structures on the planet — the African LLSVP (Rooney, 2017). Prolonged
magma supply feeding the Gamo-Makonnen magmatic unit combined with the subsequent eruption of
the neighboring Oligocene continental LIP is suggestive an upper mantle that is being influenced by
thermo-chemically anomalous material over broad spatial and temporal scales. It is possible that
material rising from the African LLSVP has contaminated much of East African upper mantle, a
hypothesis supported by the widespread isotopic signatures of plume-like material and elevated
mantle potential temperatures throughout the region (Rooney, 2020c). The eruption of the Eocene
continental LIP marks start of a relationship between the African lithosphere and material derived
from the deep mantle that will impact the geologic history of East Africa through modern times.
Magmas generated as a result of the interaction of material derived from the African LLSVP and the
African lithosphere during the Palacogene had a profound impact on the thermal and compositional
state of the East African crust, contributing to the rupture of the African continent and the formation
of the East African Rift system. The intrusion of magmas that would erupt to form Akobo and Amaro
basalts created preferred conduits for subsequent main phase lavas of the Gamo-Makonnen magmatic
unit. The relative homogeneity of the Gamo-Makonnen lavas is evidence for a magmatic system that
underwent magma recharge and mixing, processes that require magma injections into existing magma
bodies. Critically, the 10 m.y. long period of magma injection during this phase was required to create
the zones of weakness in the African lithosphere and SCLM that would focus strain during Oligo-
Miocene extension. These zones of weakness may have been an important component in focusing
strain, facilitating the initiation of the East African Rift system.
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Figure Captions

Figure 1. Distribution of the Eocene and Oligoene flood basalt provinces in East Africa.
Abbreviations: Akobo Basalts (AK), Amaro Region (AM), Chebera (CH), Gidole Horst (GH), Gura Ferda
(GF), Kajong (KJ), Lokitaung town (LK), Lotikipi Basin (LT), Nabwal Hills (NB), Yerer Tullu-Wellel
Volcanic Lineament (YTVL). Locations for sections 1-7 described in figure 5 correspond to numerals.
The distribution of the Akobo Basalts and the Amaro Basalts are not pictured due to their small
footprint at the map scale presented here.

Figure 2. Selected bivariant diagrams showing the major and trace element distribution of
Eocene flood basalts. Main Series and Makonnen samples broadly conform to the existing
geochemical framework of the Amaro Basalt and Gamo Basalt units. The Akobo Basalt is similar to
those of the Turkana Eocene lavas (Furman et al., 2006).

Figure 3. Primitive mantle normalised spider diagrams showing the incompatible trace
element patterns for flood basalt samples from the Eocene and Oligocene Ethiopian flood basalt
provinces with greater than 4% MgO. Fields for existing Amaro, Gamo, and Oligocene HT1 lava
compositions were calculated from the 1st and 3rd quartiles. Primitive mantle composition from Sun
and McDonough (1989).

Figure 4. Chondrite normalised spider diagrams showing the REE patterns for flood basalt
samples from the Eocene and Oligocene Ethiopian flood basalt provinces with greater than 4% MgO.
Fields for existing Amaro Basalt, Gamo Basalt, and Oligocene HT1 lava compositions were calculated
from the 1st and 3rd quartiles. Chondrite normalization from Boynton (1984). (Pm calculated from
geometric mean of Nd-Sm and does not represent analytical values)

Figure 5. Idealized magmatic stratigraphy of southern Ethiopia modified from Rooney
(2017). Stratigraphic relationships derived from field observations and geochronology (Davidson and
Rex, 1980; Davidson, 1983; Ebinger et al., 1993; George et al., 1998; George and Rogers, 2002;
WoldeGabriel et al., 1991). The Akobo Basalt are included in section 4 only to show the temporal
relationship between the Gamo-Makonnen unit and the Akobo Basalts.

Figure 6. REAFC controlled-liquid lines of descent (LLD) were calculated for several
Amaro lava compositions resulting in a series of solutions that bracket samples of the Gamo-
Makonnen magmatic unit. Through REAFC magmatic differentiation, Gamo-Makonnen lava
compositions can be derived from a primitive Amaro magma.

Figure 7. Cartoon describing the evolution of the magmatic plumbing system of the Eocene
continental LIP. The Akobo Basalts were derived from the destabilization metasomes within the
lithospheric mantle in response to the impingement of a mantle plume on the base of the lithosphere.
These initial phase lavas are small in volume and restricted in spatial distribution. The Amaro Basalts
represent the onset of main phase of volcanism and are the first Eocene continental LIP lavas derived
predominantly from sub-lithospheric reservoirs. Increased melt contributions from the plume feed a
magmatic plumbing system that is poorly connected and inefficient at processing magmas. The
resultant lavas are mostly primitive but heterogenous in composition. Poor conductivity of recharging
magma results in localized advanced differentiation evidenced by the Arba Minch Tuff. The early
stages of the Gamo-Makonnen were the onset of an efficient magma plumbing system likely fed by an
increased supply of magma. Abundant, interconnected magma chambers efficiently differentiate and
homogenize magmas during this period. The resulting lavas were homogenous and modestly lava
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compositions observed in the Gamo-Makonnen magmatic unit. During the Gamo-Makonnen late
stage, the magmatic plumbing system was more efficient at differentiating magmas, resulting in the
progressively more evolved lavas observed in the Gamo Basalts (George and Rogers, 2002). Eventual
shut-down of the magmatic system is heralded by the eruption of the widespread Amaro Tuff, the
result of advanced differentiation possible due to a lack of magma recharge.
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