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ABSTRACT
DECIPHERING SOURCE AND LITHOSPHERIC IMPRINTS ON MAGMAS FORMED IN A

CONTINENTAL FLOOD BASALT PROVINCE USING PETROLOGICAL AND
GEOCHEMICAL INDICIES: NW ETHIOPIAN LOW-TI FLOOD BASALT PROVINCE

By
Susan R. Krans
Continental Flood Basalt (CFB) provinces typically erupt low-Ti (LT) and high-Ti (HT)
lavas. LT lavas typically dominate the erupted volume in CFBs; however, their magmatic origin
is not well understood. This is in part because CFB lavas are not primary magmas; rather they
are differentiated products which result from large volumes of melt migrating and stalling in the
lithosphere prior to eruption. In addition, the magmatic plumbing systems that feed continental
flood basalts are complex networks of intrusive magma bodies in the crust undergoing frequent
cycling of inputs (magma recharge, assimilation), outputs (fractional crystallization, eruption),
and mixing/mingling of magmas. A temporal sequence of lava flows exposed at the surface does
not represent an evolving magma chamber, but rather snapshots of individual plumbing system
pathways at a given point in time. For this reason, geochemistry of lava flows observed in a
stratigraphic context will result in an apparently inconsistent liquid line of descent. Developing a
more complete understanding of the overall system that creates CFB provinces first requires
insight into how lithospheric processes impact the geochemical evolution of these magmas, and a
relatively complete flow sequence is needed to accurately evaluate how the magma system

evolves over time.

The Ethiopian LT flood basalt province is an ideal location to probe the lithospheric
processes that impact CFB magmas because the flow-stratigraphy is well-preserved and the

geochemical distinctions between LT basalt and HT basalt are well characterized. In this body



of work, 190 lava samples were collected from the LT province and analyzed by a combination
of methods including petrographic analysis, bulk rock geochemical analysis, and Sr-Nd-Pb-Hf

isotope analysis.

The approach of this dissertation is to use stratigraphic, petrographic, and bulk-rock
geochemical datasets to first evaluate the role of lithospheric processes on the geochemical
evolution of the LT province. Chapter 1 provides the theoretical framework on how magma
evolves in the lithosphere and how different processes (fractional crystallization, assimilation,
magma recharge, and magma evacuation) impact the liquid line of descent. Chapter 2 establishes
the temporal framework, the petrographic taxonomy, and broader magmatic processes impacting
the LT lavas from flood basalt initiation to termination. The results of this work establish 3 main
divisions and 3 subdivisions within the LT province based on petrologic transitions observed in
the stratigraphy. The transitions in the petrostratigraphic groups indicate a shallowing of the
magmatic plumbing system over time. Chapter 3 evaluates the geochemical evolution of the LT
basalts within the main phase of volcanism using the petrostratigraphic subdivisions determined
in Chapter 2. Geochemical models are then used to constrain the depth of magma storage and
relative contribution of recharge, evacuation, assimilation of crust, and fractional crystallization

acting upon the plumbing system over time.

After establishing the lithospheric imprint on the LT magma evolution, a multi-component
melt source is evaluated using Sr-Nd-Pb-Hf isotopic data (Chapter 4). Mixing models and
assimilation and fractional crystallization models illustrate that the LT magmas originated from a
multi-component melt source which includes depleted upper mantle, a known regional plume
component, and a lithospheric component. It is also shown that the relative contribution of each

component varies over time, from flood basalt initiation toward flood basalt termination.
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1. INTRODUCTION AND BACKGROUND

1.1 INTRODUCTION

Continental Flood Basalts (CFBs) are among the largest volcanic deposits on Earth with
extrusion rates that far exceed observed historical eruptions, and yet the origin of these
voluminous lavas is among the least constrained (Bryan et al., 2010). Though the lavas are
dominantly basaltic, they are by no means primary magmas (the original melt composition
derived from the mantle) (Cox, 1980; Hawkesworth et al., 1988; Lightfoot et al., 1993; Pik et al.,
1998; Xu et al., 2001; Sheth et al., 2004; lvanov et al., 2008). The magmatic plumbing systems
that feed continental flood basalts are complex networks of intrusive magma bodies in the crust
undergoing frequent cycling of inputs (magma recharge, assimilation), outputs (fractional
crystallization, eruption), and mixing/mingling of magmas (Miller and Ripley, 1996, 1996;
Bohrson and Spera, 2001; Spera and Bohrson, 2001; Ernst et al., 2001; VVanderkluysen et al.,
2011). Unlike oceanic large igneous provinces (LIPs), continental LIPs to which CFBs belong,
are considerably more difficult to interpret in terms of lithospheric imprints on magmatism
(Bryan et al., 2010). For this reason, it has been difficult to constrain the origin and melt
parameters responsible for producing CFBs (Baker et al., 1996b; Pik et al., 1999; Bohrson and
Spera, 2001; Kieffer et al., 2004; Melluso et al., 2006; Ivanov et al., 2008).

Continental flood basalt (CFB) provinces typically erupt two distinct basalt
compositions—Low-Ti basalts and High-Ti basalts (Hawkesworth et al., 1988; Lightfoot et al.,
1993; Sweeney et al., 1994; Melluso et al., 1995; Gibson et al., 1995; Pik et al., 1998; Xu et al.,

2001; Jourdan et al., 2007; Ivanov et al., 2008; Peate and Hawkesworth, 1994). High-Ti and



Low-Ti provinces can either be temporally or spatially divided; the Ethiopian Flood Basalt
province is among the latter (Pik et al., 1998, 1999). The origin of High-Ti basalts has typically
been attributed to plume derived sources whereas the origin of Low-Ti basalts remains unclear
(Hawkesworth et al., 1988; Lightfoot et al., 1993; Peng et al., 1994; Sweeney et al., 1994;
Gibson et al., 1995; Pik et al., 1999; Xu et al., 2001; Kieffer et al., 2004; lvanov et al., 2008).
Low-Ti basalts are thought to be easily susceptible to enrichment of incompatible elements by
crustal contamination due to the overall depletion in incompatible elements in the magmas
themselves (Hawkesworth et al., 1988; Lightfoot et al., 1993; Pik et al., 1999).The large volume
of erupted Low-Ti lavas with nearly homogeneous composition (Peate and Hawkesworth, 1994;
Pik et al., 1998; Ivanov et al., 2008) requires an efficient magma plumbing system with
continuous magma recharge and evacuation (Bryan et al., 2010; Lee et al., 2014). There are three
prevailing interpretations to the origin of Low-Ti basalts in LIPs: 1) melt-crust interaction (Peng
et al., 1994; Pik et al., 1999; Meshesha and Shinjo, 2007), 2) melt-subcontinental lithospheric
mantle interaction(Hawkesworth et al., 1988; Lightfoot et al., 1993; Sweeney et al., 1994; lvanov
et al., 2008), or 3) heterogeneities in the melt source (Kieffer et al., 2004; Beccaluva et al.,
2009).

Prior work shows that the Ethiopian Flood Basalt Province is spatially divided into
separate, geochemically distinct, low-Ti (LT) and high-Ti (HT) provinces (Pik et al., 1998, 1999;
Kieffer et al., 2004) (Figure 1.4). The clear distinction between LT and HT lava types has led to
investigations of their magmatic origins using geochemical and isotopic datasets (Pik et al.,
1999; Kieffer et al., 2004; Beccaluva et al., 2009; Natali et al., 2016). While the source of HT

lavas has been attributed to melting of the Afar plume (Pik et al., 1999; Natali et al., 2016) or



destabilization of metasomatized lithosphere (Furman et al., 2016), the origin of LT lavas
remains a topic of debate (Pik et al., 1999; Kieffer et al., 2004; Beccaluva et al., 2009).

Figure 1.1. Map of study area. a) Map of Oligocene basalts in Ethiopia and Yemen (modified
from Rooney, 2017). The HT flood basalt provinces (purple) are restricted to the eastern half of
the NW plateau and Yemen. The LT flood basalt province (blue) is restricted to the western half
of the Ethiopian plateau. Previous studies of LT basalt are from the Lima Limo section in the
north and have been reported at the base of the flood basalt sequence near Sekota (Pik et al.,
1998, 1999; Kieffer et al., 2004). This study is focused west and northwest of Lake Tana (inset
b). b) Inset shows location of new samples collected and studied in this work.
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Relative depletion of Nb, Ta, and Ti, along with relative enrichment in Ba and Pb are
observed in Ethiopian LT lavas. While some interpret this geochemical signature as evidence of
crustal contamination (Pik et al., 1998), others suggest this signature can be derived from

heterogeneities in the melt source (Kieffer et al., 2004; Beccaluva et al., 2009). Fractional



crystallization models using normative mineralogy (Wright and Doherty, 1970) have been used
to suggest that LT magmas were derived through shallow fractionation processes (Pik et al.,
1998). Subsequent trace element and isotopic analyses were used to propose a two-stage AFC
process for LT magmas, indicating a lower crustal and upper crustal component influencing the
geochemical trends (Pik et al., 1999). The process of assimilation of continental crust has been
previously assessed using trace element ratios (Nb/La, Ce/Pb, Ba/Th) and isotopic tracers (Sr-
Nd-Pb systems) (Pik et al., 1999; Kieffer et al., 2004). While some studies attribute the low
Nb/La and low 2%Pb/2%Pb of LT magmas to crustal contamination (Pik et al., 1999; Meshesha
and Shinjo, 2007) others suggest the low Nb/La and low 2%°Pb/2%Pb could reflect source
composition (Kieffer et al., 2004; Beccaluva et al., 2009). Thus, the melt source origin for LT
lavas in Ethiopia remains unresolved.

The approach of this dissertation is to use stratigraphic, petrographic, and bulk-rock
geochemical datasets to evaluate the role of lithospheric processes on the geochemical evolution
of the LT CFB province in Ethiopia. The first of the following three chapters (Chapter 2) will
establish the temporal framework, the petrographic taxonomy, and broader magmatic processes
impacting the LT lavas from flood basalt initiation to termination. The next chapter (Chapter 3)
will evaluate more precisely the impact of multiple lithospheric processes on the magmatic
system by focusing on the most continuous lava sequence-- the middle or main-phase of flood
volcanism. In this chapter, the evolution of the TL magmas will be modeled first using
crystallization-only models (Rayleigh, 1896; Gualda et al., 2012), followed by more complex
assimilation and fractional crystallization models (DePaolo, 1981), and finally by recharge-
evacuation-assimilation-fractional crystallization models (Lee et al., 2014). The parameters

estimated for magma evolution of LT basalt in chapter 3 will be used as independent constraints



while exploring a multi-component source for LT lavas in chapter 4. Chapter 4 will emphasize
the importance of Sr-Nd-Pb-Hf isotopic compositions in identifying the potential origin of LT
magma in Ethiopia. Potential source components have previously been defined for Ethiopian
flood basalts in Sr-Nd-Pb isotopic space (Pik et al., 1999; Rooney et al., 2012a). This final
chapter will evaluate the relative contribution of these previously defined source components
using an assimilation and fractional crystallization model (DePaolo, 1981) and a series of binary
mixing models (Powell, 1984). To understand how each chapter builds upon the preceding
chapter, the next section provides fundamental background on how a magma transitions from

source to surface by differentiation.

1.2 MAGMA DIFFERENTIATION

Lavas produced in LIPs are physical products of the differentiation processes that acted
upon the magmatic system as it traversed the lithosphere(Cox, 1980). The ability to model the
relative contribution of each of these processes and how they impact the evolution of a magma is
an essential first step in tracing the original source of melt (O’Hara and Herzberg, 2002).
Understanding the degree to which a magma has been imprinted by a differentiation process
allows us to mathematically correct for that process to arrive at a melt composition close to
primary(DePaolo, 1981; O’Hara and Herzberg, 2002; Lee et al., 2014; Bohrson et al., 2014). The
most common of these corrections applied is for fractional crystallization, in which the least
differentiated magma is targeted and early forming mineral phases are added to back-calculate
the original primary liquid composition (Wright and Doherty, 1970; Herzberg and Asimow,
2008). For this correction to be successful, one would need to assume that the influence of all

other differentiation processes (assimilation, recharge-eruption, and mixing) is insignificant



(O’Hara and Herzberg, 2002). So how does one evaluate the relative contribution of these
differentiation processes?

Petrographic observations reveal direct evidence of mineral phases in equilibrium with the
magma at the time of eruption (i.e., crystallization; Morse, 1980), foreign materials transported
by and interacting with the host magma (i.e., assimilation; Grove et al., 1988)(assimilation), and
interactions between magmas (i.e., mixing/mingling; Jerram et al., 2018). Specifically, the nature
of the boundary between a crystal or aggregate of crystals (solid material) and the groundmass
(the liquid portion of the magma prior to eruption) in a rock can reveal a wealth of information
regarding the processes that brought the magma to the surface (Jerram et al., 2018). For example,
the mineral phases that crystallize from the magma are a direct result of the pressure-
temperature-composition of the magma (Ghiorso and Sack, 1995). Textures, such as size of
minerals, spatial distribution of minerals, and boundaries between mineral-mineral and mineral-
groundmass reveal how fast the magma ascended, if it stalled for a significant period of time in
the crust (residence time), and if it interacted with another magma or host rock (mixing and
assimilation)(Bennett et al., 2019).

Geochemical data provide cryptic evidence of cumulative differentiation processes that
acted upon the magma over time; these processes include fractional crystallization, recharge,
mixing, eruption (Rayleigh, 1896; DePaolo, 1981; Powell, 1984; Lee et al., 2014; Bohrson et al.,
2014). Geochemical patterns in cogenetic suites of intrusive and volcanic rocks from LIPs are
commonly used to identify these processes as potential influences on the magma evolution (Cox,
1980; Lightfoot et al., 1990; Pik et al., 1998; Mahoney et al., 2000; Kieffer et al., 2004; Ivanov et
al., 2008; Jean, 2013; Rooney et al., 2018). Extensive experimental and empirical observations

have led to the development of mathematical models used to evaluate the role of fractional



crystallization, assimilation, mixing and recharge on the major element, trace element. and
isotopic ratios in these systems (Rayleigh, 1896; Anderson and Greenland, 1969; O’Hara, 1977,
1977; DePaolo, 1981; O’Hara and Mathews, 1981; Powell, 1984; Albarede, 1985; Bohrson and
Spera, 2001; Spera and Bohrson, 2001; Nishimura, 2009, 2013). More recent work focuses on
the role of evacuation/eruption coupled with recharge, assimilation, and fractional crystallization
has been recognized as an important influence on the evolution of LIPs (Lee et al., 2014; Yu et
al., 2015; Grant et al., 2020; Davis et al., 2021).

These two datasets (petrographic and geochemical) are not mutually exclusive and should
be analyzed in tandem to reveal a more comprehensive history of the magmatic evolution of
LIPs. More importantly, these observations need to have temporal constraints to give meaningful

insight as to how LIPs evolve if we are to ever understand their source.

1.2.1 Fractional Crystallization

When a mineral begins to crystallize in a magma, the composition of that newly formed
phase is subtracted from the initial magma composition, and the remaining liquid is called the
“residual liquid” (Morse, 1980). This process, in which the crystallization of mineral phases
drives the residual liquid composition away from the initial starting composition of the magma is
called “fractional crystallization”, and the geochemical path formed by the evolving residual
liquid is called the “liquid line of descent” (Bowen, 1928). A cogenetic suite of lavas that range
from parental to evolved composition is thus needed to evaluate the liquid line of descent for a
magmatic system (Bowen, 1928; Cox, 1980). The suite of lavas is typically plotted on several
bivariant diagrams with a common indicator of differentiation on the x-axis (e.g., MgO decreases
with evolution, SiOz increases with evolution). It is common practice to use major element

geochemistry to track the removal of mineral phases during equilibrium or fractional
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crystallization since the relative proportion of these elements are stoichiometrically fixed in the
mineral structure (Ghiorso and Sack, 1995). Trace element concentrations in the residual liquid
are also affected by crystallization, and the preference of any given trace element to prefer a
mineral over the liquid phase is known as a partition coefficient (K;), where K, is equal to the
concentration of an element in the mineral divided by the concentration of that same element in
the liquid (Mclntire, 1963). We can use the weighted sum of partition coefficients for multiple
phases acting upon a liquid to estimate how fractional crystallization will influence the
concentration of a trace element in the residual liquid using the Rayleigh Law (Rayleigh, 1896):
C,/C, = FP~D Eq. 1
where (C,) is the concentration of the element in the liquid, (C,) is the initial concentration of the
element in the parental liquid, (F) is the fraction of melt remaining, and (D) is the bulk
distribution coefficient of the fractionating phases. If we find the most parental lava in a volcanic
suite and assume that fractional crystallization is the dominant processes by which the magma
differentiates, then applying this model should predict the observed liquid line of descent.

A parental melt is typically the least differentiated lava among a suite, and may be selected
based upon bulk rock geochemical indicators that most closely approach a magma in equilibrium
with a peridotite - a primary magma (Roeder and Emslie, 1970; Green, 1971: Mg# 66 — 75 Ni >
400 -500 ppm, and Cr > 1000 ppm). If we assume that the most parental lava in a suite of basalts
has only been modified by removal of mineral phases by fractional crystallization, then the lava
composition can be corrected to the primary melt composition by adding back in the composition
of the phases which are assumed to have been removed (Wright and Doherty, 1970; Herzberg
and Asimow, 2008). Ideally, only olivine would need to be added to a basaltic lava composition

to arrive at the primary melt composition, but more complex methods have been applied when



the parental magma is suspected of having multiple phases removed (e.g., olivine
+clinopyroxene; Herzberg and Asimow, 2008). In either a single-phase or multi-phase
correction, the assumption that the magma composition has only been modified by removal of
those phases rarely applies to the more complex magmatic provinces such as CFBs (Cox, 1980).
The inability to satisfy this assumption has complicated our ability to understand the origin of
melt in some of the largest magmatic provinces on Earth, and requires additional parameters to
model alongside fractional crystallization. (Cox, 1980; DePaolo, 1981; Lee et al., 2014; Bohrson
etal., 2014).

Figure 1.2. Simplified schematic of magma evolution by fractional crystallization (FC). Model
inputs include a parental magma composition (PM) and composition of mineral phases removing
a proportion of elements from the magma chamber by the process of fractional crystallization
(FC). Model output is the evolved magma composition (EM) as a function of crystallizing phases
removing a proportion of elements from the magma chamber. A basaltic magma chamber will
crystallize olivine (ol) regardless of depth, however the crystallization of clinopyroxene (cpx) is
favored over plagioclase (pl) in systems deeper than 0.5 GPa (Morse, 1980). Therefore, the

evolved magma resulting from a shallow crustal magma chamber (EMs) will have a different
composition than an evolved magma resulting from a deeper crustal magma chamber (EMp).
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1.2.2 Assimilation

The heat of a magma intrusion coupled with the latent heat of crystallization has the
potential to incorporate modal and cryptic signatures of the neighboring host rock (Bowen,
1928). The concentration of a trace element in a system undergoing assimilation-fractional
crystallization (AFC) can be modeled if the starting concentration of the magma and
concentration of the element in the wall rock assimilant are known (DePaolo, 1981):

Lo g Bq. 2
(r—1+D) co(l f)

CL/Co=f"+
The ratio of the concentration of the element in the liquid (C;) over the initial concentration of
the element in the parental liquid (C,) is a function of the concentration of the element in the
parental liquid (C,), the concentration of the element in the wall rock being assimilated (C,), the
bulk distribution coefficient of the crystallizing phases (D), the ratio of the rate of assimilation
over the rate of crystallization (r), and the fraction of liquid remaining (/") (DePaolo, 1981,
Rollinson, 1993). In cases where the concentration in the parental liquid and wall rock assimilant
are similar, the effects of AFC will be virtually indistinguishable, therefore a strong contrast in
element behavior is necessary to decipher AFC processes (Rollinson, 1993).

There is considerable geochemical and petrographic evidence to suggest that CFB
magmas stall in the crust at various depths and undergo crustal assimilation in addition to
fractional crystallization with in the crust (Cox, 1980; Bryan et al., 2010). For this reason, AFC
models are commonly used to assess the relative contribution of crustal assimilation in the
evolution of CFB magmas (Peng et al., 1994; Baker et al., 2000; Xu et al., 2001; Kieffer et al.,

2004; Jourdan et al., 2007). Isotopic compositions of the magma and host rock can be modeled

using AFC and used as an independent check of trace element AFC modeling (DePaolo, 1981).
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Even still, some challenges remain—For example, how does magma composition evolve as a
consequence of cyclic recharge (new magma enters the system) and evacuation (old magma
leaves the system)?

Figure 1.3. Simplified schematic of magma evolution by assimilation with fractional
crystallization (AFC). Model inputs include a parental magma composition (PM), composition
of crustal material adding a proportion of elements to the magma chamber by the process of
assimilation (A), and composition of mineral phases removing a proportion of elements from the
magma chamber by the process of fractional crystallization (FC). All other symbols are the same
as in Figure 1.2.
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1.2.3 Recharge-Eruption-Assimilation-Fractional Crystallization

The general concept behind the REAFC model presented by Lee et al. (2014) is that the
concentration of an element in a magma chamber will eventually achieve steady state as a result

of ongoing recharge. When the mass of inputs (recharge and assimilation) is balanced by the
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mass of outputs (evacuation and fractional crystallization), a constant mass magma chamber
model can be applied.
The behavior of a trace element in a magma undergoing REAFC can be modeled using the

following equation defined by Lee et al, (2014):

_A_re X e
CREAFC _ Cre + ac.Cec B Cre + @prCop e [~AMy e (Dax+ae)] Eq. 3
ch Da, + a, Da, + a, ch

where (CREAFC) is the concentration of an element in a magma chamber that has undergone
REAFC, (C%,) is the initial starting composition of the magma chamber, (C..) is the
concentration of the element in the assimilant, (C,..) is the concentration of the element in the
recharging magma, (a,), (a..), («.) are the relative proportions of crystallization, assimilation,
and evacuation (respectively), and (AM,..) is a time-integrated step-function as a system
approaches steady-state. Specific details of this model are further discussed in chapter 3 and
Appendix B, but the general take-away is that the REAFC equation allows us to track the mass
balance of trace elements entering and leaving the magmatic system, and the primary take-away
is that some elements may become more enriched or more depleted in a seemingly parental
magma than previously thought. The consequence of the operation of REAFC is that the primary
melts previously estimated for CFB provinces using other methods may not provide an accurate
indication of primary magma composition. In this dissertation | explore a more comprehensive
way to address this issue by combining petrographic observations and geochemical observations

in a temporal framework.

12



Figure 1.4. Simplified schematic of magma evolution by recharge, eruption, assimilation, and
fractional crystallization (REAFC). Model inputs include a parental magma composition (PM),
recharging magma composition (R), proportion of magma expelled by eruption from the magma
chamber, composition of crustal material adding a proportion of elements to the magma
chamber by the process of assimilation (A), and composition of mineral phases removing a
proportion of elements from the magma chamber by the process of fractional crystallization
(FC). All other symbols are the same as in Figure 1.2.
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1.3 DECIPHERING LITHOSPHERIC IMPRITS ON MAGMA CHEMISTRY

Chapter 2 will establish the dominant lithospheric processes the LT magmas have been
exposed to enroute to the surface by evaluating variations in modal mineralogy (what phases are
crystallizing) and micro textures (if phases are in equilibrium with the magma). The observed
mode and textures in basalt are necessary pieces of information for constraining fractional
crystallization and equilibrium crystallization models used to evaluate chemical evolution of
parental magmas in a magmatic plumbing system. In addition, textural evidence of phases that

are not in equilibrium with the host lava reveal information about how magma moves through
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the lithosphere. For example, the presence of cumulates indicates magma is stalling,
crystallizing, and re-mobilizing previously crystallized phases (Passmore et al., 2012; Oskarsson
et al., 2017); this is direct evidence that recharge and evacuation occurred in the magma

plumbing system.

The NW Ethiopian plateau offers a well-preserved stratigraphic sequence from flood basalt
initiation to termination and is thus an important target for study of CFBs. Chapter 2 examines
modal observations within a stratigraphic framework and places these observations within the
context of the magmatic evolution of the Ethiopian CFB province. The petrostratigraphic data
demonstrate multiple pulses of magma recharge punctuated by brief shut-down events, with
initial flows fed by magmas that experienced deeper fractionation (lower crust). Broad changes
in modal mineralogy and flow cyclicity are consistent with fluctuating changes in magmatic flux
through a complex plumbing system, indicating pulsed magma flux and an overall shallowing of
the magmatic plumbing system over time. The composition of plagioclase megacrysts suggests a
constant replenishing of new primitive magma recharging the shallow plumbing system during

the main phase of volcanism, reaching an apex prior to flood basalt termination.

The results of chapter 2 provide constraints for modeling recharge (R), eruption (E), and
fractional crystallization (FC) in chapter 3 that could not have been determined through bulk
rock chemistry alone. In particular, the results provide quantified ratios of mineral phases that
crystallized in the magmas at a given time (FC over time), cumulate evidence for a polybaric
magma plumbing system (R, E, and FC occur at multiple level in the crust), and changes in
dominant modal mineralogy over time (changes in rate or R, E, and FC over time). Having
constraints on the R, E, and FC parameters limits the amount of non-unique solutions when

attempting to resolve these processes combined with assimilation (A).
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Chapter 3 focuses on the main phase of volcanism in the NW Ethiopian Plateau, where the
flow-stratigraphy is relatively young (~30Ma) and well-preserved. Bulk rock geochemistry is
examined within the petrostratigraphic framework established in Chapter 2. MELTS models are
applied to infer the depths of a polybaric magmatic plumbing system. In addition, recharge-
evacuation-assimilation-fractional crystallization (REAFC) models are used to capture the
differentiation trends observed in the LT lavas. This chapter focuses primarily on the lavas that
erupted during the EFB main phase of volcanism because the stratigraphy is the most complete

(flow by flow) and they share a similar parental melt (as shown in Chapter 3).

Both deep and shallow magmatic plumbing systems are active throughout the main phase
of LT volcanism in Ethiopia. MELTS models show that LT lavas are erupted from mid-crustal
(~0.6 GPa) to shallow crustal (<0.2 GPa) depths during the main phase of volcanism. The
pressure predicted by MELTS are in agreement with previous interpretations from modal

mineralogy (Pik et al., 1998; Krans et al., 2018; Chapter 2).

REAFC models show that the main phase of LT flood volcanism began with lower relative
proportions of evacuation from both the deep and shallow system in Middle group A, followed
by an increase in evacuation in both the deep and shallow system in Middle group B, and finally
a loss of evacuation from the deep system in Middle group C. As the magma plumbing system
matures, the shallower systems contribute more to eruptions than deeper systems. The combined
results of the MELTS and REAFC modeling results suggest that the LT magma plumbing system
is shallowing over time as the system begins to transition toward the wanning stage of
volcanism. These results are consistent with petrostratigraphic observations made by Krans et al.
(2018; Chapter 2). The REAFC models also indicate that the amount of crustal contamination

needed to produce the trace element enrichment patterns observed in LT lavas is less than
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previously predicted from isotopic models: 4 — 10 % (Chapter 3), as opposed to the 12-25%

(Baker et al., 2000; Kieffer et al., 2004).

The combined effects of lithospheric processes (REAFC) with regards to incompatible
element enrichment of a magmatic system have profound implications for future investigations
into the origin of LT lavas in CFB provinces, especially with regards to the role of continental
crust on the geochemical imprints of LT magmas. For instance, CFBs are indeed the products of
magmatic systems undergoing continuous or pulsed magma recharge and eruption in addition to
fractional crystallization * assimilation (Bryan et al., 2010), and therefore there is a need to
model these systems using a combined process model such as REAFC. Furthermore, it has been
shown that the effects of recharge and eruption on magma evolution can enrich a magma in
incompatible trace elements at higher MgO concentrations than typically predicted using FC, or
AFC alone (O’Hara, 1977; O’Hara and Mathews, 1981; Albarede, 1985; O’Neill and Jennar,
2012; Lee et al., 2014). In this case, the primary magmas previously presumed for LT basalts
may have been overestimating the concentration of incompatible elements in the primary liquid,
making the search for the melt source composition, and related pressure and temperature

conditions of melting difficult.

1.4 APPROACHING THE SOURCE OF LT BASALTS

Chapter 4 will evaluate the relative contribution of different potential melt/contamination
sources for the LT magmas using Sr-Nd-Pb-Hf isotopes. The potential sources that will be
evaluated are a depleted mantle source (DM), an enriched mantle plume source (Afar Plume), the
sub-continental lithospheric mantle (SCLM), and the Pan African lithosphere (PAL). Parental
and evolved lavas are used in this study from the lower, middle and upper portions of the LT
stratigraphy and will be used to assess degree of contamination and source mixing over time.
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After evaluation of the LT lavas in isotopic/trace element space, an SCLM component is
precluded from modeling since the lavas do not deviate from the mantle array as would be
expected with contribution from the SCLM. A binary mixing model (Powell, 1984) is then used
to assess the relative contribution of a DM component and Afar Plume component in the source
melt, and the results of this model are entered in to a second missing model that uses PAL as a
third mixing component. Finally, an assimilation with fractional crystallization (AFC) model
(DePaolo, 1981) will be used to evaluate the relative influence of the PAL on melts from a mixed
mantle source. Estimates for crustal assimilation determined from REAFC modeling (Chapter 3)

are used as a constraint while modeling isotopic AFC in Chapter 4.

The results of this study show that the variability in the LT flood basalt isotopic
compositions of the LT flood basalt is better explained using a three-component mixing model
than a two-component mixing model, or AFC model. The results of the isotopic mixing models
show that the relative contribution of the Afar Plume component on melt source decreases over
the eruptive sequence (20 — 30 % in the lower flood basalt sequence and 10 — 20 % in the upper
flood basalt sequence), while the relative contribution of the depleted mantle component
increases. This shift away from the Afar Plume component toward more DM component is
consistent with thermochemical erosion of the lithospheric mantle by the impinging plume head,
as suggested by others. In addition, the contribution of Pan African lithosphere is greatest during
the Middle flood basalt sequence (10-20 % during the main phase of volcanism) and lowest
during the Upper flood basalt sequence (<10 % during the wanning phase of volcanism). The
exact lithospheric component driving LT magmas away from a two-component DM-Afar Plume
mixed source, either by AFC or by source mixing ,is yet to be constrained. However, a lower

crustal origin may be likely.
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2. FROM INITIATION TO TERMINATION: APETROSTRATIGRAPHIC TOUR OF

THE ETHIOPIAN LOW-TI FLOOD BASALT PROVINCE

Reprinted by permission from Copyright Clearance Center: Springer Nature, Contributions to
Mineralogy and Petrology, From initiation to termination: a petrostratigraphic tour of the
Ethiopian Low-Ti Flood Basalt Province, S. R. Krans et al, 2018

2.1 INTRODUCTION

The most significant manifestation of the interaction between an upwelling thermo-
chemical anomaly and the continental lithosphere is the formation of a continental flood basalt
(CFB) province (Ernst, 2014). CFBs are voluminous outpourings of dominantly basaltic lava (>
100,000 km? area, > 1 km thick) that erupt over geologically short time intervals (1 — 5 Ma, with
the greatest volume erupted over ~1 Ma) (Self et al., 1997; Jerram and Widdowson, 2005). Much
focus has been placed on constraining the intensive and extensive parameters of melt generation
associated with upwelling plumes (Kogiso et al., 2003; Davaille et al., 2005; Herzberg and
Asimow, 2008; Kimura and Kawabata, 2015). However, lavas erupted in CFBs are rarely
primary, and exhibit geochemical evidence of extended residence time in the continental crust
(Cox, 1980; Villiger, 2004). It is thus apparent that CFB lavas, which are preserved as well-
constrained temporal sequences, reveal insights into the development of the magmatic plumbing
system of a large igneous province (LIP), and by extension, the mechanisms of plume-
lithosphere interaction.

Constraints as to the processes active within the plumbing system of CFBs has relied
upon the extensive geochemical datasets that now exist within most LIPs (Lightfoot et al., 1990;

Arndt et al., 1993; Peng et al., 1994; Pik et al., 1998, 1999; Baker et al., 2000; Mahoney et al.,
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2000; Walker et al., 2002; Wolff and Ramos, 2013). These geochemical datasets provide broad
constraints on the processes that control magma evolution in CFBs, namely — recharge,
assimilation, and fractional crystallization (RAFC) (Lee et al., 2014; Bohrson et al., 2014). In a
complex magma plumbing system, with multiple pathways of differentiation, it becomes
increasingly difficult to interpret the relative influence of RAFC on magma evolution. Indeed, an
assessment of existing phase assemblages and evaluation of which phases are in equilibrium with
the liquid is needed to elucidate these processes. Thus, despite the utility of geochemical datasets
in inferring magma differentiation processes within the magmatic plumbing system of LIPs,
further refinement of these models is dependent on alternate constraints. The petrographic
properties of a lava, which provide direct confirmation of phases present during the evolution of
a given magma, provides such constraints.

While the utility of petrographic constraints in assessing CFB magma evolution is clearly
evident, there remains a paucity of such datasets within the literature. Given the new
geochemically defined frameworks for flood basalt provinces, it is timely to examine how
petrographic datasets can enhance and refine conceptual models of magmatic plumbing systems
in these environments. In this paper we present a petro-stratigraphic reconstruction of the
western portion of the Ethiopian-Yemen flood basalt province with a detailed, flow-by-flow
petrographic analysis from initiation to termination. Modal analyses indicate evidence of two
fractionation regimes, one near the base of the crust (dominated by the crystallization of
clinopyroxene cumulates in the absence of plagioclase), and a second in the mid- to shallow crust
(dominated by plagioclase cumulates). The distribution of these cumulates through the flood
basalt section facilitates a reconstruction of the magmatic plumbing system. We see distinct

cycles in the evolution of the magmatic plumbing system which, over time, result in the
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shallowing of magma storage from flood basalt onset to termination. Our model has broad
application beyond the Ethiopian-Yemen flood basalts and provides an explanation for the
frequent observation in CFBs of an initial phase of largely picritic flows followed by a main
phase of compositionally homogenous flows, and which is terminated by explosive silicic

volcanism.

2.2 BACKGROUND

Cenozoic plume-dominated magmatism in East Africa, extends from Turkana in the south,
the southeastern Ethiopian plateau in the east, Yemen in the northeast, Ethiopia and Eritrea in the
north, and Sudan in the west, and preserving a rich stratigraphic record of magmatism over the
past 45 Ma (Rooney, 2017). Basaltic magmatism is divided into three time periods: Eocene
initial phase (45 — 34 Ma), Oligocene trap phase (~33.9 — 27 Ma), and the Early Miocene
resurgence phase (~26.9 — 22 Ma) which is later followed by bimodal lavas and silicic volcanism
(Rooney, 2017). During the Eocene initial phase, volcanism was restricted to southern Ethiopia
and northern Kenya and dominantly basaltic (George and Rogers, 2002; Furman et al., 2006;
Rooney, 2017). Estimated magmatic flux from the Eocene initial phase is significantly lower
than the Oligocene trap phase (~3 x 104 km®/yr vs. 6 x 102— 1.5 x 10 km®/yr, respectively)
(Ebinger et al., 1993; George et al., 1998; Rooney, 2017). During the Oligocene trap phase, the
eruption of the Ethiopian-Arabian plateau flood basalts significantly increased the aerial extent
of volcanism to include northern Ethiopia and Yemen (Baker et al., 1996a; Hofmann et al., 1997;
Rochette et al., 1998; Rooney, 2017). There is some ambiguity as to the earliest onset of flood
basalt activity in the Ethiopian-Yemen province, estimated at ~33 Ma in Turkana (Zanettin et al.,
1983; Morley et al., 1992), 31.2 Ma (x 1.2 Ma) in NW Ethiopia (Hofmann et al., 1997; Rochette
et al., 1998; Ukstins et al., 2002) and 30.9 Ma (£ 0.24 Ma) (Baker et al., 1996a), and it could be
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even earlier (Ukstins et al., 2002), The largest volume was extruded between 30 — 29 Ma (Baker
et al., 1996a; Hofmann et al., 1997; Abbate et al., 2014). Following the termination of the flood
basalts, volcanic activity is relatively rare except for focused activity in Turkana (Brown and
Mcdougall, 2011) and sparse silicic activity and diking along the evolving Ethiopian-Yemen rift
margin (Peate and Bryan, 2008; Rooney et al., 2013). In the early Miocene, a resurgence in
basaltic activity occurred in the form of shield building activity in the NW Ethiopian plateau,
fissure eruptions on the SE Ethiopian plateau, and increased eruptions in the Turkana region
(Kieffer et al., 2004; Furman et al., 2006; Brown and Mcdougall, 2011; Rooney, 2017). Recent
estimates for total lava volumes erupted from 45 — 22 Ma in the African Arabian LIP are
~720,000 km?®, placing this province between Emeishan and Deccan LIPs in terms of overall

volume (Rooney, 2017).

2.2.1 Stratigraphy

Initial stratigraphic studies, centered on the Northeastern region of the Ethiopian plateau,
divided the Ethiopian flood basalts into four-divisions from oldest to youngest: Ashange basalt,
Aiba fissure basalt, Alaji basalts and rhyolites, and the Termaber basalts (Zanettin et al., 1980).
The Ashange is characterized by thin (~5 m) dipping flows restricted to only a few kilometers in
extent. These flows are locally zeolitized and are unconformably overlain by flat-lying flows.
The Aiba Formation is characterized by massive flows (up to 100 m when ponded) that are
generally olivine basalt with columnar jointing common. Locally, sparse interbedded pyroclastic
deposits of varying thickness are observed in this Formation at Amba Aiba. This Formation is
overlain by the Alaji and Termaber Formations which are characterized by ignimbrites with
sparsely interbedded basalt flows, and shield volcanism, respectively (Mohr and Zanettin, 1988).
This initial stratigraphic division between the lower Ashange and upper Aiba was recognized as
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being of limited regional utility due to the local characteristics of the type sections (deformed
beds overlain by an unconformity) which are not observed elsewhere (Mohr, 1983). Subsequent
research by Hoffman et al. (1997) uses the 1950 m thick Lima-Limo section north of Lake Tana
to divide the Province into upper and lower units based on morphological boundaries: 1) a lower
900 m thick section of lavas capped by 150 m of differentiated products forming a significant
regional terrace; and 2) an upper 1000 m thick section intercalated with silicic tuffs forming
another erosional terrace. The work of Kieffer et al. (2004) assesses the transition from main-
phase LT and HT flood basalt through the development of Miocene shield volcanoes, including a
lower 1470 m thickness of flood basalt and nearly 300 m of overlying shield flows from three
regions on the plateau. Kieffer et al. (2004) adopt the “lower” and “upper” stratigraphic divisions

of Hoffman et al. (1997) and do not report significant compositional heterogeneity over time.

2.2.2 Spatial Compositional Variability

A spatial division based on geochemical differences has been assigned for flood basalts of
the northwest Ethiopian plateau and includes a western Low-Ti (LT) sub-province (the focus of
this study), and an eastern High-Ti (HT) sub-province(Pik et al., 1998). The LT basalts are
tholeiitic with characteristically low TiO2 (1 — 2.6 wt. %), low Nb/La (0.55 — 0.85), and higher
SiO2 (47 — 51 wt. %) (Pik et al., 1998). The LT basalts are characterized petrographically as
having hypocrystalline coarser-grained (intergranular and aphyric-ophitic) textures, 0 — 10%
phenocrysts that are predominately plagioclase + olivine, and often glomerophyric (Pik et al.,
1998; Beccaluva et al., 2009; Natali et al., 2016). Groundmass contains plagioclase, interstitial
clinopyroxene (colorless in PPL), and Fe-Ti oxides (Pik et al., 1998); these characteristics are
consistent among tholeiitic magmas. The HT basalts are further subdivided into HT1 and HT2,
where HT1 lavas represent a continuum between LT and HT2 magma types. The HT1 basalts are
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aphyric to ol-phyric and range from microcrystalline to coarser-grained textures. Plagioclase is
rare as a phenocryst phase and tends to exhibit sieve texture when present. Olivine is common in
the groundmass, along with pinkish clinopyroxene (in PPL) and abundant Fe-Ti oxides,
consistent with more alkaline magmas with respect to LT magmas. HT2 lavas are transitional
basalts and picrites with higher TiO2 (2.6-5 wt. %), higher Nb/La (1.1 — 1.4), and lower SiO- (44
—48.3 wt. %) (Pik et al., 1998). HT2 basalts are typically porphyritic with olivine as the
dominant phenocryst phase + pinkish Ti-rich clinopyroxene, Cr-spinel, and rare plagioclase,
again consistent with transitional to alkaline lavas (Pik et al., 1998). The groundmass contains
similar phases plus Ti-magnetite with rare alkali feldspar and phlogopite (Beccaluva et al.,
2009).

The clear distinction between LT and HT lava types has led to investigations of their
magmatic origins using geochemical and isotopic datasets (Pik et al., 1999; Kieffer et al., 2004;
Beccaluva et al., 2009; Natali et al., 2016). While the source of HT lavas has been attributed to
melting of the Afar plume (Pik et al., 1999; Natali et al., 2016), the origin of LT lavas remains a
topic of debate (Pik et al., 1999; Kieffer et al., 2004; Beccaluva et al., 2009). Fractional
crystallization models using normative mineralogy originally proposed by Pik et al. (1998)
suggested that LT magmas were derived through shallow fractionation processes. Subsequent
trace element and isotopic analysis proposed a two-stage AFC process for LT magmas,
indicating a lower crustal and upper crustal component influencing geochemical trends (Pik et
al., 1999). Assimilation of continental crust has been assessed using trace element ratios (Nb/La,
Ce/Pb, Ba/Th) and isotopic ratios (Sr-Nd-Pb systems) (Pik et al., 1999; Kieffer et al., 2004).
While some studies attribute the low Nb/La and low 2%Pb/2%*Pb of LT magmas to crustal

contamination (Pik et al., 1999; Meshesha and Shinjo, 2007) others suggest the low Nb/La and
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unradiogenic Pb could reflect source composition (Kieffer et al., 2004; Beccaluva et al., 2009).
The issue regarding the origin of LT magmas remains largely unresolved due to the difficulty of
constraining AFC processes using whole rock geochemistry. We present petrography of
individual flows within the LT stratigraphy of the NW Ethiopian plateau and use these datasets
to evaluate magma-lithosphere interactions.

Figure 2.1. Sample location map. a) Map of Oligocene basalts in Ethiopia and Yemen
(modified from Rooney, 2017). The HT flood basalt provinces (purple) are restricted to the
eastern half of the NW plateau and Yemen. The LT flood basalt province (blue) is restricted to
the western half of the Ethiopian plateau. Previous studies of LT basalt are from the Lima Limo
section in the north and have been reported at the base of the flood basalt sequence near Sekota
(Pik et al., 1998, 1999; Kieffer et al., 2004). This study is focused west and northwest of Lake
Tana (inset b). b) Topographic relief map showing sample locations in this study including
exposure of the underlying Pan African granite (basement) and tuff near base of sequence.
Symbols represent different stratigraphic transects. The upper limit of the Tana escarpment is
shown by dashed line. Gondar graben boarder fault near Aykel town (solid line) as noted in
Mege and Korme (2004). The division between the escarpment and lowlands occurs just below
1000 masl.
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Figure 2.1. (cont’d)
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2.3 METHODS

2.3.1 Stratigraphic Sampling

Samples were collected from the far western region of the northwest Ethiopian plateau
erosional escarpment and lowlands over the course of two field seasons (2010 and 2014; Figure
2.1a and 2.1b). Because flood basalt in this region is predominately flat lying (Figure 2.2a), the
superpositional relationship of individually sampled flows was clear, especially when stacks of
flows could be traced from one exposure to another, sometimes over several 100 m. Sample
sites were recorded with a handheld GPS (see Supplementary Table A.1 in Appendix A).
Elevation was also recorded and used as a proxy to log stratigraphic sequences over short
distances at the outcrop scale; however, given the large error (~+ 10 m) inherent with most

handheld GPS units, elevation was used as a rough proxy within a new series of exposed flows,
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and this value was paired with visual confirmation between flow contacts and height estimates of
individual flows in the field over outcrop scales.

Continuous sampling of individual flows within the 1635 m thick sequence was performed
at generally fresh road-cuts along five transects (Figure 2.2.1b). At higher elevations (> 950
masl), the deeply eroded upper flood basalt sequence forms steep competent slopes and cliffs
along the Tana escarpment (see Kappelman et al., 2014, Figure 2.2). Flood basalt flows are also
found exposed across the top of the plateau but faulting near Aykel town and north of Lake Tana
disrupt the stratigraphic relationship of these flows (Chorowicz et al., 1998; Mege and Korme,
2004). For this reason, we elect to use the western top of the escarpment as the upper boundary
of our stratigraphic transects. The NW-SE trending NW Escarpment transect covers ~30 km
from 2175 masl near Aykel town, down the erosional escarpment to 987 masl at the start of the
lowlands. This section is well-preserved and exposes >1100 m of lava flows over ~30 kms in
length. At ~1260 masl there is a relatively flat segment that extends for ~ 8 km along this
transect; continuity in lava flows was traced along this segment and no samples were collected.
At lower elevations (< 950 masl), the slope is much more gradual, and outcrops are usually
isolated (Figure 2.2 1b; also see Kappelman et al., 2014, Figure 2.2). The NW Lowlands transect
continues west for another 65 km from 940 to 720 masl, ending just east of the Ethio-Sudan
border. The Maganan transect trends NE-SW and covers ~ 30 km of lowland flows from 900 —
610 masl. The Shinfa transect trends E-W and covers ~21 km of the lowest flood basalt exposure
(589 — 540 masl). The Galegu transect trends N-S and covers ~38 km from 932 — 564 masl.

A total of 190 of the freshest basalt lava flows were sampled from the LT province. A
sledgehammer was used to break through exposed surfaces, and this sampling protocol served to

avoid areas of alteration and weathering rinds. Flow facies mostly resemble compound-braided
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sequences of competent lobes in weathered vesicular basalt (Figure 2.2b) with rare thick tabular
flow facies with columnar jointing observed between 1770-1870 masl (Figure 2.2c). Less
vesicular, competent portions of flows (e.g., solid lobe cores or massive horizons) were
preferentially sampled within highly vesicular flows to avoid alteration. Flow contacts were
commonly seen as continuous red horizons within competent portions of flow stacks and
typically resemble pahoehoe flow tops (Figure 2.2d and 2e). In rare cases, rubbly flow tops (aa,
or agglomerate) were observed. Thicker horizons of red, friable material were interpreted as
weathering horizons. Similar red horizons seen in the Columbia River basalt province have been
identified as paleosols (Sheldon, 2003). Unlike the weathering horizons in the Columbia River
basalts, we did not observe root structures or fossils, but we still use the term paleosol (psol) to
describe these horizons since they are thick (>30) cm and composed of clay-size material with
hackly jointing (Figure 2.2f). These paleosols vary in color from red to green to tan. Because the
basalts in some sections were more vesicular and weathered than others, flow contacts were not
always preserved. In these cases, sampling occurred when changes in flow morphology, texture,
and mineralogy were observed. In the lowlands, where outcrops were more isolated, sampling
occurred whenever there was fresh exposure.

Proterozoic basement (Pan African granite) is exposed ~20 km west of Galegu at 622 masl
but its surface varies in elevation. A thorough inspection of the far western landscape and
especially the bottoms of the river channels that are exposed only during the dry season
permitted the collection of a dozen flood basalt samples between 540 - 622 masl with these

representing the base of the sequence.
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Figure 2.2. Field photos. a) View of the Upper and Middle flood basalts exposed on the NW
Escarpment looking east. Note that flows are flat lying. Photo was taking at an elevation of
~1560 masl near sampling location of 3495. b) Complex braided flow facies with inflated lobe
structure with solid cores and vesicular rims. Photo taken from Middle Group A along NW
Escarpment at ~ 980 masl in unsampled portion just below sample 3380. Note hammer for scale.
c) Columnar jointing observed in tabular flow facies near top of Middle flood basalt sequence.
Photo taken along NW Escarpment from sampling site of 3362. Note person for scale. d)
Pahoehoe flow surface with hammer for scale. This photo was taken during the second field
season at a location along a more southern transect (not reported here) and resembles flow
surfaces observed in the NW Escarpment. e) Red flow contacts in stacked 1 m thick flows from
Middle Group B in the NW Escarpment (~1465 masl). f) Red paleosol (psol) at 1844 masl
dividing the Middle Group C and Upper flood basalt sequences in the NW Escarpment. The
paleosol is ~0.5 m thick, overlying sample 3361 and underlying sample 3360.

u pp.ér;ﬂa‘(;q_‘_bésal =




2.3.2 Petrography

Thin sections were prepared for 178 samples and compared in terms of phenocryst
abundances, mineralogical assemblages, and micro-textures. The Ethiopian LT flood basalts can
be classified into three textural groups, three modal mineralogical groups based on hand sample
and thin section observations. Two additional terms describing the presence of glomerocrysts
and megacrysts in lava flows are used as modifiers. Many of these petrographic observations
(plag-megacrystic, intergranular, aphyric-ophitic, and cpx-cumulophyric) have been reported in
other CFBs including the Columbia River Basalts (Bondre and Hart, 2008; Camp et al., 2013),
the Mid-continent rift (Annells, 1973; Huber, 1973; Berg and Klewin, 1988), Siberian Traps
(Lightfoot et al., 1990; Renne and Basu, 1991), Deccan Traps (Beane et al., 1986; Hooper et al.,
1988; Duraiswami et al., 2001), the Ethiopian flood basalt province (Beccaluva et al., 2009) and
older CFBs (Anderson and Dunham, 1966; Emeleus and Bell, 2005; Cheng et al., 2014; Sheth,
2016). Existing literature on CFBs reveal a consistent nomenclature is required. For this reason,

the nomenclature used to establish petrographic groups in this study is defined as follows:

2.3.2.1 Textures

Aphyric-microcrystalline. —A rock that is aphyric in hand sample and microcrystalline in
thin section (Figure 2.3a). In hand sample, these rocks appear dark gray and are often glassy in
appearance. In thin section they contain few to no phenocrysts (< 3%) with indistinguishable
mineralogy in groundmass (plagioclase 0.25mm, other phases < 0.5mm). Groundmass textures
vary between felty and trachytic. Rare phenocrysts, when present, are subhedral to euhedral

plagioclase less than 1 mm.
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Aphyric- intergranular. — A rock that is aphyric in hand sample but having discrete grains
of olivine £ pyroxene filling the interstices between larger plagioclase lathes (Figure 2.3b). In
hand sample, these rocks appear coarser grained than aphyric-microcrystalline rocks, and similar
range in grain size as aphyric-ophitic rocks. Phases often include larger plagioclase (0.3mm —
1mm) and smaller ol + cpx + oxides (0.1 — 0.5mm).

Aphyric-ophitic. — This texture is often gradational with aphyric-intergranular, but the
term is used when plagioclase lathes are partially to fully enclosed by larger (> 0.3mm)
interstitial clinopyroxene (Figure 2.3c), giving the rock a mottled appearance in thin section that
can be visible in hand sample when texture is coarser grain (cpx > 1mm). Porphyritic samples

(plag % ol- phyric) were occasionally observed with aphyric-ophitic groundmass.

2.3.2.2 Modal Mineralogy

In this study, porphyritic rocks are termed -phyric when they contain > 3 % phenocrysts in
an aphyric matrix. Volume % phenocrysts are approximations from visual inspection of thin
sections and hand sample. We define the cutoff range for phenocrysts as 0.3mm to < 1000mm.

Ol-phyric. —Porphyritic rock with > 70% olivine in the phenocryst phase (Figure 2.39).
Total phenocryst abundances are 5 — 15% with groundmass from microcrystalline to
intergranular, and in rare cases aphyric-ophitic. Olivines are 0.6mm — 2mm, commonly euhedral,
and in rare cases skeletal. In many cases the olivine is partially or completely altered to
iddingsite (goethite + smectite). Completely altered olivine was only recognized in cases where
the euhedral phenocryst shape was preserved and found pervasively throughout the sample.

Plag-ol-phyric. —Porphyritic rock with nearly equal proportions of plagioclase and olivine
in the phenocryst phase (Figure 2.3h). Total phenocryst abundances are 5 — 25% and up to 40%
in coarser grained rocks. Groundmass textures alternate between microcrystalline and
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intergranular. Plagioclase ranges 0.3mm — 3.5mm, euhedral to subhedral with sieve texture
common in larger subhedral grains. Olivine is generally smaller (0.3mm — 1.5mm), euhedral, and
partially or completely altered to iddingsite.

Plag-phyric. —Porphyritic rock with > 70% plagioclase in the phenocryst phase (Figure
2.3i). Total phenocryst abundances are 5 — 25% with predominately microcrystalline groundmass
with rare intergranular to aphyric-ophitic groundmass textures. Plagioclase range from 0.5mm —
5mm, euhedral to subhedral, and can occur in irregular or radial clusters. Plagioclase
composition determined by the Michel Lévy method ranges from andesine to bytownite (An40 —
An70). Olivine micro-phenocrysts are sometimes included in larger plagioclase. Strong sieve

texture is common in subhedral grains; in rare cases, sieved cores are mantled by euhedral rims.
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Figure 2.3. Photomicrographs of representative textures and modal mineralogy in the LT
flood basalts. All images are in XPL unless noted otherwise. a) Aphyric-cryptocrystalline texture
(3387-2). Sample is Lower flood basalt, NW Lowlands section (742 masl).
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Figure 2.3. (cont’d)

b) Aphyric-intergranular texture (3382 T). Sample is from Middle flood basalt Group A, NW
Lowlands section (925 — 930 masl). ¢) aphyric-ophitic texture with interstitial clinopyroxene up

to 1 mm (3460 B). Sample is from Middle flood basalt Group B, NW Escarpment (1240 — 1255
masl).
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Figure 2.3. (cont’d)

d) Plag-megacrystic texture with cm-size plagioclase with oscillatory zoning (3500). Sample is
from Middle flood basalt Group B, NW Escarpment (1605 — 1615 masl). e) Cpx-cumulophyric
texture with 5 mm clinopyroxene glomerocrysts (3433). Sample is from Lower flood basalt,
Galegu section (710 masl). f) Plag-megacrystic texture in hand sample (3500, same as in 3d). g)
Olivine-phyric flow with 1 — 3 mm subhedral olivine in intergranular groundmass (3452).
Sample is from Middle flood basalt Group A, NW Escarpment (1160 masl). h) Plagioclase- and
olivine-phyric flow with up to 5 mm sieved plagioclase, 0.5 — 1 mm subhedral olivine, and
cryptocrystalline groundmass (3477). Sample is from Middle flood basalt Group B, NW
Escarpment (1450 masl). i) Plagioclase-phyric flow with up to 3 mm plagioclase glomerocrysts
in cryptocrystalline groundmass (3422). Sample is from Middle flood basalt Group A, Maganan
section (900 masl). j) Intergranular texture in transitional basalt from Shinfa (3443). Sample is
from Lower flood basalt (565 masl). k) Olivine-rich transitional basalt from Shinfa (3515 A).
Sample is from Lower flood basalt (561 masl). I) Same image as 3j, but in PPL. Note the pinkish-
brown interstitial titaniferous augite and abundant Fe-Ti oxides.

2.3.2.3 Glomerocrysts and Megacrysts

Glomerocrystic material and megacrysts are found in several lava flows in this study.
Glomerocrysts are either clinopyroxene-rich * olivine or plagioclase-rich £ olivine, while
megacrysts are usually plagioclase. Below is a detailed description of these modifying terms:

Plag-megacrystic. —This term is used as a modifier to describe flows containing
megacrystic plagioclase > 1 cm and up to 4 cm in length (Figures 3d and 3f). Flows containing
megacrystic plagioclase are between 25 — 35 volume % phenocrysts. Plagioclase megacrysts are
mostly euhedral to subhedral and exhibit extensive oscillatory zoning. Mineral and melt
inclusions, when present, occur along growth zones. Sieve texture, when present, also occurs
along growth zones and rarely in the core of plagioclase. The megacrysts can occur isolated or
clustered and lack preferred orientation. In rare cases, clusters of plagioclase megacrysts are
radial. Plagioclase composition for megacrysts determined by Michel Lévy are mostly
labradorite (An64 — An72) (see Supplementary Table A.2 in Appendix A). Occasionally,

clinopyroxene and olivine were observed within clusters of plagioclase megacrysts.
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Cpx-cumulophyric. —A term used when glomerocrysts of clinopyroxene + olivine is
observed (Figure 2.3e). These glomerocrysts range in size from 1-4 mm in diameter, are
dominantly clinopyroxene with characteristic augite twinning, and clear in PPL. The
glomerocrysts do not appear to be in equilibrium with the groundmass (resorbed edges, undulose
extinction, recrystallization). This term is used as a modifier since these glomerocrysts are found

in a variety of flow modes and textures.

24 RESULTS

The majority of flows are petrographically consistent with LT magmas (as described in
section 2.2 above). Only a few intermittent flows (7 in total) restricted to the lower 200 meters of
the stratigraphy did not fall into the above categories (Figure 2.3j-I). These flows are rich in
euhedral to skeletal olivine that lacks alteration to iddingsite. They tend to have intergranular
textures with pink-ish brown clinopyroxene (in PPL) and abundant Fe-Ti oxides. These
observations are consistent with the more transitional-alkaline compositions of HT magmas

(described in section 2.2) and are hence-forth referred to as transitional basalts.

2.4.1 Stratigraphy of the NW LT Flood Basalts

The petro-stratigraphic column is coded using the petrographic nomenclature described
above, where color denotes mode and symbols denote textures (Figure 2.4 and Supplementary
Table A.2 in Appendix A). The earlier published distinction between the Ashange, Aiba, Alaji,
and Termaber flood basalts (Mohr and Zanettin, 1988) is not entirely clear in these new data,
probably because the characteristics used to define the upper and lower units relied on local
observations that are not consistent across the entire flood basalt province. The morphological

distinction between Upper and Lower flood basalt suggested by Hofmann et al. (1997) is an
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improvement but lacked petrological constraint. Based on petrographic differences observed in

this study, we define three stratigraphic divisions: Lower, Middle, and Upper flood basalts.

2.4.1.1 Lower Flood Basalts (540 — 940 masl)

The Lower flood basalt sequence consists of 400 m of flows and includes the Shinfa,
Galegu, and Maganan sections, and lower half of the NW Lowland section. The precise number
of flows is difficult to determine because it is not possible to correlate the flows between and
among these widely separated sections. The basal exposures of this sequence reflect the
underlying basement topography and the elevation varies among stratigraphic sections (Figure
2.4a-d). For example, and as noted above, the Proterozoic Pan African granite outcrops ~20 km
west of the lowest flows at Galegu; both occur at 622 masl (Figure 2.4a), and another flow is
found 24 km SW of this area at 564 masl.

Shinfa (540 — 589 masl). —The lava flows of the Shinfa section (Figure 2.4b) are among
the lowest elevation flows observed (540 — 589 masl). The number of flows is estimated between
7 — 9 based on the observation of vesicular flow tops, a rare agglomerate flow top, and
petrographic variation. A 2-m thick dike crosscuts the flow unit directly below the agglomerate
flow. Flow thicknesses are not well constrained due to an absence of exposed contacts but are
estimated between 5 — 15 m. Flows at Shinfa are dominantly ol-phyric, and alternate between
tholeiitic and transitional magma types. Total phenocryst abundances range from 3 — 7% with
intergranular to ophitic groundmass.

Galegu (564 — 932) masl. —The Galegu section includes the exposure of the Pan African
basement and serves to illustrate the variable topography that forms the base of the flood basalts
(Figure 2.4a). This exposure is one of the few examples where basement is exposed in close
proximity (tens of meters) to the lowest exposed flows. The lower flows in this section range
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from aphyric (glassy to aphyric-ophitic) to plag-phyric. From 653 — 785 masl, flows are
dominantly plag-ol-phyric and sometimes exhibit cpx-cumulophyric texture. A large hill near
Galegu exposes over 200 m of continuous section that grades from porphyritic flows to aphyric-
ophitic flows separated by thick packages (20 — 25 m) of weathered vesicular basalt and rare
aphyric-microcrystalline flows (2 — 5 m thick). The upper portions of the hill (800 — 932 masl)
are dominated by thick (10 — 18 m) aphyric-ophitic flows and capped by an eroded aphyric-
intergranular flow.

Maganan (610 — 900 masl). —The Maganan section has sparse outcrops because of its
undulating topography and is therefore difficult to characterize in terms of flow number, flow
thickness, and absolute variation in flow composition and textures (Figure 2.4c). The few
exposures below 750 masl alternate between tholeiitic and transitional magma types and are
mostly ol-phyric to aphyric with varying coarseness in groundmass (microcrystalline to aphyric-
ophitic). The lowest exposure (3408 A) is a rare ol-phyric flow with coarsely aphyric-ophitic
groundmass and is nearly identical petrographically to the upper eroded flow at Shinfa (3407).
While these two exposures (3407 and 3408 A) are separated by ~ 12 km distance, they are
suspected to be the same flow or originate from a similar eruptive event. Flows exposed above
800 masl are dominantly plag-phyric and often display columnar jointing. Two 30 cm paleosols
are observed at 686 and 849 masl. A 4-m tuff is also observed at 853 masl and overlies the
higher paleosol.

NW Lowlands (720 — 850 masl). —The NW Lowlands are separated by a ~ 50-m covered
interval between sample 3405 and 3403 (Figure 2.4d). Below the covered interval, inflated lobe
structures are commonly observed with rare columnar jointing. The exact number of flows is

difficult to determine due to complex inflated lobe structures, but ~22 flow packages are
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estimated based on variation in mode and textures. Flows are usually 2 — 5 m thick, alternating
between porphyritic and aphyric-microcrystalline flow packages with rare cpx-rich
glomerocrysts. Porphyritic flows are usually plag-phyric to plag-ol-phyric with 8 — 20 %
phenocrysts in a microcrystalline groundmass. A tuff of variable thickness (2 — 10 m) is observed
at ~776 masl. A thick (0.5 — 1 m) paleosol is observed at 792 masl. The basalts above this

paleosol are mostly aphyric flows up until the 50-m covered interval.

2.4.1.2 Middle Flood Basalts (850 — 1844 masl)

The Middle flood basalts are the thickest portion of the LT flood basalts and include nearly
1000 m of flows, including the upper half of the NW Lowlands section (Figure 2.4d) and most of
the NW Escarpment section (Figure 2.4e). Plagioclase plag-megacrystic flows first appear above
850 masl (sample 3402); a significant petrological change that defines the start of the Middle
flood basalts. The division between Lower and Middle flood basalt occurs roughly at the
topographic transition from steep sloping escarpment to gradual sloping lowlands, similar to the
morphological boundary in the Lima Limo section described by Hofmann et al. (1997). The
covered interval in the NW Lowlands section makes it difficult to place a precise division
between Lower and Middle flood basalt, and therefore an extrapolation is made using the
neighboring Maganan section, beginning ~ 3 km south of the NW Lowlands section. In the
Maganan section, a tuff and paleosol occur just 10 m below the elevation of the plagioclase plag-
megacrystic basalt observed in the NW Lowlands section (Figure 2.4c and d). We have chosen to
draw the division within the covered interval so that it coincides with the elevation of this tuff
and paleosol.

The NW Escarpment consists of ~1200 m of flood basalts with preserved flow contacts
exposed in fresh road cuts that were densely sampled (Figures 2a and 4e). Variation in flow
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thickness, mineralogy, and textures does not appear to vary systematically over short vertical
intervals but can be grouped over large (250 — 350 m) intervals throughout the section. The
boundary between Middle and Upper flood basalts occurs in this section at 1844 masl. We define
three flow groups within the Middle flood basalts based on the presence of glomerocrysts and
megacrysts, modal cycling of flows, and flow thicknesses.

Group A occurs between 863 — 1212 masl and is defined by the first appearance of
plagioclase plag-megacrystic basalt followed by alternating ol-phyric to plag-phyric basalt.
Group A includes the upper portion of the NW Lowlands section above the covered interval
(Figure 2.4d) up through the lower 1000 m of flows in the NW Escarpment (Figure 2.4e). Flow
thicknesses are usually between 2 — 16 m but can be as thick as 24 m. Packages of thin (1 -2 m
thick) stacked flows and highly vesicular packages with solid cores are common. At the base of
this group is a 25 m thick plagioclase plag-megacrystic flow overlying a thin aphyric-
microcrystalline flow at ~860 masl (3403). Above the plagioclase plag-megacrystic flow, flows
are thinner (2 — 5 m), ol-phyric to aphyric with coarser groundmass textures (intergranular to
aphyric-ophitic) and separated by 10 — 20 m covered intervals with no exposed flows. Cpx-
cumulophyric texture is more common between 1000 — 1040 masl, but then disappears.
Alternating plag-phyric and ol+plag-phyric stacked thin flows and braided pahoehoe flow
packages are found in the upper 150 m of this group.

Group B (Figure 2.4e) occurs between 1216 — 1561 masl and is defined by the presence of
thick aphyric-ophitic and intergranular basalt alternating with aphyric to porphyritic basalt.
Aphyric-ophitic to aphyric-intergranular basalt flows separated by thick (25 — 50 m) packages of
weathered vesicular basalt differentiate group B from group A. Plag-phyric, plag-ol-phyric, ol-

phyric, and aphyric-microcrystalline basalt are also observed, with groundmass textures varying
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from microcrystalline to intergranular and aphyric-ophitic. Cpx-cumulophyric texture occurs in
the middle and top of this sequence. Flow thicknesses are usually between 4 — 11 m and up to 19
m, although packages of thin (< 1 m) stacked flows are also observed. Multiple 2 — 5 m thick
dikes are observed in this sequence. The sequence is terminated by a 30 cm paleosol.

Group C occurs between 1561 — 1844 masl and is defined by the recommencement of
plagioclase plag-megacrystic basalt (3496) after the 30 cm paleosol (Figure 2.4e). Thick
plagioclase plag-megacrystic basalt and alternating aphyric basalt are common. Cpx-
cumulophyric texture is observed in flows directly overlying paleosols. Flow thicknesses in this
sequence increase from 4 — 10 m, to 15 — 20 m, to 37 m at the top. The capping flow is columnar

jointed with a cpx-cumulophyric agglomerate flow top overlain by a 50 cm paleosol.

2.4.1.3 Upper Flood Basalts (1844 — 2175 masl)

The Upper flood basalt sequence (Figure 2.4e) includes ~330 m of flows and is truncated
at the top of the plateau where the stratigraphic relationships are difficult to discern because of
faulting north of Lake Tana near Aykel town. This sequence has 21 observed flows and one
silicic tuff. The lower boundary of the Upper sequence is defined by the disappearance of cpx-
glomerocrysts, coincident with a 50 cm paleosol, and the disappearance of megacrystic
plagioclase. Above the 50 cm paleosol (1844 masl), the first flows are thicker (10 — 21 m) and
are aphyric-microcrystalline. Continuing up the sequence, flows are consistently 5 — 6 m thick
and are dominantly plag-phyric to aphyric-microcrystalline. Coarse groundmass textures

(aphyric-ophitic and intergranular) are rare.
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Figure 2.4. Petro-stratigraphic column for flood basalt transects in this study. Elevation in
masl is listed on the left of column and sample numbers are listed on the right. Sample numbers
with an * indicate transitional basalt. a) Galegu section showing basement topography. b)
Shinfa section with interbedded transitional basalt flows. A single flow (3408 A) at the base of
the Maganan section appears petrographically similar to the uppermost flow of the Shinfa
section (3407); they are separated by ~12 km distance. c) Maganan section. Four transitional
basalt flows are found interbedded with LT lavas between 650 and 750 masl. The boundary
between Lower and Middle flood basalts is extrapolated at ~850 masl (psol and tuff). d) The NW
Lowlands section. Middle flood basalt sequence begins approximately when plagioclase plag-
megacrystic basalt appears (~865 masl).
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Figure 2.4. (cont’d)

e) The NW Escarpment section. The Boundary between the Middle and Upper flood basalts is observed at 1844 masl (psol). The
boundaries within the Middle flood basalt groups occur at ~1210 masl (A — B) and ~1550 masl (B - C) which is separated by a
paleosol.
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2.5 DISCUSSION

2.5.1 Decoding Magmatic Processes from Petrography and Stratigraphy

The use petrography and stratigraphy to evaluate magmatic processes first requires an
assessment of the parameters that control crystallization of phases in a basaltic magma. These
parameters include: 1) the starting composition of the parental magma, 2) pressure of
crystallization, and 3) the presence of volatiles. The composition of the parental magma controls
the mode and order of crystallization along the liquid line of decent (Bartels et al., 1991; Shi and
Libourel, 1991), thus explaining the observation of ol+plag phenocrysts in LT lavas, and ol+cpx
in HT lavas (Pik et al., 1998; Kieffer et al., 2004; Beccaluva et al., 2009; Natali et al., 2016).
Within the NW Ethiopian plateau there is a limited diversity in magma compositions — defined
by existing literature as either HT or LT provinces which are spatially restricted to the western
and eastern half of the NW Ethiopian Plateau, respectively (Pik et al., 1998; Kieffer et al., 2004;
Beccaluva et al., 2009). While a thin layer of LT lavas has been found, at the base of a
predominately HT1 sequence in the NE portion of the Ethiopian plateau (Kieffer et al., 2004),
there is no evidence to suggest cyclicity between HT and LT magma types throughout the
duration of flood basalt activity (Pik et al., 1998; Kieffer et al., 2004; Beccaluva et al., 2009),
therefore a continuous sequence of flows with similar compositional properties can be treated as
a single magma type from a petrographic perspective. On the basis of our current understanding
of the behavior of magmas with a broadly basaltic composition, the crystallization of
clinopyroxene is favored at higher pressures (10 — 20 kbar), at the expense of plagioclase and
olivine (Morse 1980). The same magmas at lower pressures (<5 kbar) will favor the
crystallization of plagioclase over clinopyroxene (Morse, 1980). Such observations are valid for
relatively dry magmas, as the presence of water (> 3wt. %) can facilitate the crystallization of
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clinopyroxene over plagioclase at shallow crustal pressures (Feig et al., 2006). Since the LT
flood basalts are reportedly dry (Kieffer et al., 2004), a preferred crystallization of clinopyroxene
versus plagioclase can indicate a relative difference in depth of stalled magmas. Within the
stratigraphy presented in this paper, the majority of flows are petrographically consistent with LT
lavas. Only ten flows, restricted to the lower 200 m of the stratigraphy, are observed as
transitional basalts similar to HT lavas. For the purposes of the discussion that follows, only LT

lavas will be considered.

2.5.2 Conceptual Model for the Evolution of LT Flood Basalts

Petrographic observations presented in this study demonstrate three divisions within the
Ethiopian flood basalt province, defined broadly as the Lower flood basalt which is dominantly
ol-phyric with cpx-cumulates, the Middle flood basalt which exhibits plag-megacrystic flows and
oscillation between plag-phyric and ol-phyric flows, and the Upper flood basalt which is
dominantly plag-phyric and devoid of cumulates (Figure 2.5a). We propose that these distinctive
petrographic heterogeneities reflect differences in the depth of fractionation and magnitude of

magma flux into the lithosphere.
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Figure 2.5. Simplified petro-stratigraphic column of Ethiopian NW plateau LT flood basalts.
a) Relative percentages of modal phases for each unit and group are shown on the right.
Percentages for Lower flood basalts are the mean of all stratigraphic sections (Lowlands,
Maganan, Shinfa, and Galegu). b) Modal variation between different stratigraphic sections in
Lower flood basalts.
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2.5.2.1 Lower Flood Basalt: Deep fractionation and early evolution

The most distinctive feature observed in the Lower flood basalt is the presence of ol-phyric
flows and clinopyroxene-rich glomerocrysts. Cpx-cumulophyric texture occurs throughout the
Lower and Middle flood basalt sequences with no correlation to modal mineralogy or flow
texture. The clinopyroxene-rich glomerocrysts contain minor olivine and are devoid of
plagioclase. Considering the clinopyroxene-rich glomerocrysts are of LT magma origin, their
presence and phase assemblage suggest they crystallized at higher pressures more consistent with
mid- deep crust rather than shallow crust. Initial melts derived from the impinging plume head
would have migrated up through the sub-continental lithospheric mantle due to their negative
buoyancy until the melts reached the density contrast where they would accumulate. The stalled,
LT parental magma would begin to crystallize cpx+opx + olivine. Existing seismic and gravity
data supports the presence of a large mafic cumulate body beneath the NW Ethiopian Plateau
(Mackenzie et al., 2005; Cornwell et al., 2006, 2010; Stuart et al., 2006; Mammo, 2013) overlain
by large mafic dike swarms (Mege and Korme, 2004). The presence of large mafic cumulates
underlying CFBs has been shown in other LIPs (Holm and Przegel, 2006; Ridley and Richards,
2010). Recent petrologic studies of pyroxenite xenoliths from Cenozoic volcanism on the
Ethiopian plateau show equilibrium pressures consistent with the crust/mantle boundary and
suggest a linkage between opx+cpx-rich cumulates and LT flood basalt magmatism (Rooney et
al., 2017). However, the cpx-glomerocrysts observed in this study lack orthopyroxene and are
therefore further along the liquid-line of decent. For this reason, we interpret the clinopyroxene
cumulates observed in this study as having crystallized from stalled magmas in the lower to
middle crust (Figure 2.6). These lower to middle crust staging chambers are fed by more

primitive magmas derived from lower in the lithosphere.
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The second most distinctive feature is the presence of paleosols that punctuate eruption of
lava flows in the Lower flood basalt. The paleosols represent weathering horizons of basalt
(and/or silicic tuff) during pauses in flood basalt eruption. These pauses suggest a decrease in
magma flux; magma may still be fluxing into the lithosphere, but the rate may not be high
enough to cause them to erupt at the surface.

The transition from ol-phyric to plag-phyric flows in the Lower flood basalt sequence
appears to be a case for simple fractional crystallization of a single pulse of magmatism.
However, paleosols and tuffs are found intercalated with these flows suggesting pulsed magma
flux into the lithosphere and lower-volume eruptive events. Likewise, modal variation between
local stratigraphy (Figure 2.5b) suggest isolated fractionation paths for magma traversing the
lithosphere. It is more likely that the overall transition from ol-phyric to plag-phyric trend
observed in the Lower section reflects the early formation of a shallowing magmatic plumbing
system in which initial lavas traversed the crust quickly, experiencing limited differentiation and
producing ol-phyric flows (Figure 2.6a). Over time, magmas began to stall in the shallow crust
where they differentiated to form plag-phyric magmas prior to eruption (Figure 2.6a). A pause in
flood basalt extrusion, defined by a 30-cm thick paleosol and 4-m thick silicic tuff, occurs

following the Lower flood basalt emplacement (Figure 2.6b).
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Figure 2.6. Model for magmatism in Lower flood basalt. a) Lower flood basalt eruptive phase.
Isolated eruptive centers exploit pre-existing weaknesses in lithosphere. Low magma flux and
low-volume eruptions. Initial flows fill topographic lows and are ol-phyric with transitional
basalt characteristics. Cpx-glomerocrysts found in flows are derived from stalled magmas in the
mid- to lower crust. Transition toward plag-phyric possibly related to early formation of sill
complex in the shallow crust. b) Lower flood basalt hiatus prior to Middle flood basalt phase.
Shallow reservoir forms plagioclase mush with oscillatory zoned plag-megacrysts during pause
in flood basalt eruption. Silicic volcanism (tuff) results from fractionation in shallow reservoir.
Paleosol develops due to weathering of flood basalts and/or tuff.
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2.5.2.2 Middle Flood Basalt: Cyclicity, polybaric fractionation, and increasing flux

In the Lower flood basalts, we observe an increase in plag-phyric flows interrupted by
several pauses. This sequence was succeeded by eruption of the Middle flood basalt. The most
striking feature of the Middle flood basalt is the appearance of plagioclase- megacrystic flows
with high An-plagioclase megacrysts (mostly labradorite) and strong oscillatory zoning. Sieve
texture (although rare) is usually restricted to zones between the core and rim, suggesting some
perturbation in equilibrium conditions midway through crystal growth. Thick plagioclase-
megacrystic flows often occur above paleosols and alternate with aphyric flows which can

contain sparse plagioclase macrocrysts. Despite the high crystal cargo in plag-megacrystic flows
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(up to 35 %) these flows are commonly observed with pahoehoe flow tops which suggest they
are relatively low viscosity upon emplacement.

The occurrence of plagioclase-megacrystic basalt flows in other CFBs has been attributed
to the presence of a shallow magma plumbing system that undergoes periods of longer residence
between eruptive episodes (Hansen and Gronvold, 2000; Sen, 2001; Sen et al., 2006; Higgins
and Chandrasekharam, 2007; Borges et al., 2014) and the high An-contents of plagioclase
megacrysts has been explained by multiple recharge events into the shallow crystal mush zone
(Oskarsson et al., 2017). The low viscosity nature of plag-megacrystic flows has been explained
by processes related to disaggregation and eruption of the crystal cargo as a result of recharge
(Oskarsson et al., 2017). From here on, we propose that the plag-megacrystic flows in this study
are evidence of an established shallow mush zone undergoing frequent recharge.

Despite clear evidence of a shallowing fractionation system within the Middle flood basalt,
significant complexities in modal abundances require subdivisions of the Middle group in order
to resolve differentiation processes within this interval. On the flow-by-flow scale, there is no
apparent systematic variation in modal mineralogy or flow thickness over time, indicating the
magma plumbing system is too complex to assume simple differentiation by crystallization.
However, when comparing large flow packages, a broader shift in plumbing system dynamics
can be observed petrographically (e.g., Middle flood basalt Groups A — C). The alternating
occurrence of cpx-cumulophyric and plag-megacrystic texture attest to varying contributions
from the deeper and shallower staging chambers, respectively. The presence of cpx-
glomerocrysts suggests pulses of magma recharge from the deeper staging chamber. Cyclical
variation from ol-phyric = plag-ol-phyric=> plag-phyric suggests either multiple episodes of

magma differentiation due to recharge pulses or that the sequence of flows are tapping magmas
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from a variety of differentiation pathways within the magmatic plumbing system. We will
attempt to deconvolute the complexity in cyclicity by addressing petrographic patterns observed
in each sub-group of the Middle flood basalt sequence.

Group A of the Middle flood basalts represents a new pulse of magmatism that followed
the Lower flood basalt hiatus (Figure 2.7a). It began with the extrusion of a thin aphyric flow
immediately followed by a 24 m thick plag-megacrystic flow. As the shallow reservoir was
perturbed by newly injected magma, it disaggregated and mobilized the plagioclase mush,
resulting in a plagioclase megacrystic cargo with up to 35 % plagioclase by volume (Figure
2.7b). Ol-phyric flows were likely fed by dikes that bypassed the crystal mush, while aphyric
flows may have bypassed the mush zone or erupted through feeders that previously cleared the
loose crystal cargo from mush zones. Clinopyroxene glomerocrysts restricted to flows between
1000 — 1100 masl suggest an increase in magma supply feeding the shallow plumbing system
from the lower crustal chamber. Alternating modal mineralogy of flows in this group reflect
variation in magma differentiation by crystal fractionation which can either be explained by
isolated feeder systems that have independent fractionation paths and/or by frequent injection of
new magmas into the plumbing system (Figure 2.7c¢).

Group B of the Middle flood basalt represents both high magmatic flux and eruptive
volume (Figure 2.7d). These flows are predominantly thick, coarser-grained flows (8 — 16 m;
intergranular to aphyric-ophitic textures) with stacked, thin, aphyric to plagzol-phyric flows.
Cpx-glomerocrysts are common and occur with increasing frequency toward the top of the flow
group, suggesting that magma flux into the lower staging chambers was high while extrusion
rates increased as the plumbing system reached maturity (wider conduits and interconnected,

homogenized magma plumbing system)(Figure 2.7d). High extrusion rates resulted in thick

50



flows with slow-cooling textures (intergranular to aphyric-ophitic), compared to the more phyric
and aphyric-microcrystalline flows of Group A. These characteristics appear to indicate higher
flux of magma into the plumbing system and higher extrusion rates than previously erupted
groups.

A pause in flood basalt extrusion occurs between Group B and Group C of the Middle
flood basalts (Figure 2.7¢e). During this hiatus, a plagioclase mush developed again in the shallow
reservoir and formed oscillatory zoned plagioclase megacrysts. Some of the shallow reservoirs
likely froze depending on volume and connectivity. A 30 cm paleosol formed at the surface of
the Middle flood basalt- Group B.

Group C of the Middle flood basalt began with a new pulse of magma introduced to the
shallow plumbing system from the deeper crustal magmas (Figure 2.7f) and another episode of
mush remobilization. This pulse produced alternating flows of plag-megacrystic, aphyric, and
plag-phyric basalts. Cpx-glomerocrysts occurred at the beginning and in the middle of this flow
group, suggesting there was still new magma recharging the deeper staging chambers. Flow
thickness increases over time, from 8 — 10 m to nearly 40 m, with columnar jointing toward the
top of the flow group. The dramatic increase in flow thickness seen in this flow group is not seen
anywhere else in the stratigraphy presented here and attests to an apex in flood basalt eruption.
There is an abrupt cessation in flood basalt eruptions immediately following Group C (Figure

2.8a). During this hiatus, a 50 cm paleosol forms on the uppermost surface of Group C.
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Figure 2.7. Model for magmatism in Middle flood basalt. a) Middle flood basalt: Group A.
Early eruption of thick plag-megacrystic basalt followed by ol-phyric and aphyric flows. Plag-
megacrystic flows are produced when new dikes from lower crustal magmas are captured by the
shallow crystal mush zone which triggers an eruption carrying the megacrystic cargo to the
surface. Olivine-phyric flows are fed by dikes that by-pass mush zones. Aphyric flows may be fed
by dikes directly from lower crustal magmas or after a pathway through the plagioclase mush
zone is cleared. b) Inset showing injection of new magma into plagioclase mush zone, mobilizing
zoned plagioclase megacrysts and producing a plag-megacrystic flow with up to 30 % plag by
volume. c¢) Middle flood basalt: Group A (continued). Continuing eruptions are fed by isolated
fractionation pathways producing alternating flow packages of plag+ol-phyric and plag-phyric.
Cpx-glomerocrysts are restricted to flows between 1000 — 1100 masl and suggest a continuing
increase in magma flux. The shallow plumbing system continues to mature during influx of new
magma. d) Middle flood basalt: Group B. Magmatic plumbing system achieves maturity and
becomes an interconnected, homogenized, shallow dike and sill complex. Magma supply to
surface is likely rapid to produces thick, insulated flows that form slow-cooling textures
(intergranular to aphyric-ophitic). Cpx-glomerocrysts are common in flows and occur in
increasing frequency toward the top of this flow group, suggesting that magma recharging the
lower crustal system is achieving an apex in flux. e) Middle flood basalt hiatus between Middle
flood basalt: Groups B and C. Temporary pause in flood basalt eruption and formation of
paleosol. Plagioclase mush develops in shallow reservoir and forms oscillatory zoned
plagioclase megacrysts. Some portions of sill complex begin to freeze in the crust and no longer
offer pathways for new magma. f) Middle flood basalt: Group C. New magma pulse re-mobilizes
and disaggregates plagioclase mush and produces thick plag-megacrystic flows interbedded with
thin aphyric flows fed by feeders that by-pass the mush zone. Cpx-glomerocrysts observed in this
flow group suggest there are still significant volumes of magma recharging the lower crustal
magma system. The final eruptions in this group produce very thick (>35 m) aphyric flows with
columnar jointing and cpx-glomerocrysts. This event represents the apex of flood basalt
volcanism.
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Figure 2.7. (cont’d)
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2.5.2.3 Upper Flood Basalt: The death of a flood basalt

Above the 50 cm psol, the Upper flood basalt sequence is characterized by an initial
eruption of a 20-m thick aphyric flow followed by predominantly plag-phyric and aphyric flows
of consistent thickness (~5 m). The Upper flood basalts began erupting after the hiatus and

represent the onset of flood basalt termination (Figure 2.9b). In addition to the fairly uniform
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modal composition and thickness, the Upper flood basalts are devoid of cpx-glomerocrysts and
megacrystic plagioclase. We hypothesize that lower flux of magma into the lithosphere could no
longer produce the recharge volumes necessary to sustain the growth of large megacrystic
plagioclase and allowed the shallow mush zones to freeze. The dominance of plagioclase in these
flows also suggests lower flux since a decrease in magma recharge would facilitate fractionation
of the magmas residing in the lithosphere. The absence of cpx-glomerocrysts may also be
explained by a decrease in flux into the deeper staging chambers, since higher volumes of newly
injected magma would be more capable of disaggregating cumulate. As flood basalt activity
terminated, volcanism transitioned to localized shield building activity across the plateau,
beginning with the 30 Ma Simien shield near the LT flood basalts at Lima Limo (Kieffer et al.,
2004). The transition from flood basalt eruptions to shield activity is further evidence of the

decrease in magma flux associated with flood basalt termination.

54



Figure 2.8. Model for magmatism in Upper flood basalt. a) Hiatus between Middle and Upper
flood basalts. Pause in flood basalt eruptions allows for formation of paleosol. Magma flux into
magmatic system has decreased, b) and the lower crustal stalled magmas begins to crystallize.
As recharge to the shallow reservoirs shuts down, the plumbing system is no longer capable of
sustaining a mush zone and the dike and sill complex freezes completely. ¢) Upper flood basalt
eruptive phase signifies termination of flood basalts. Flows are uniformly thin (~5m), dominantly
plag-phyric or aphyric, and devoid of cpx-glomerocrysts and plag-megacrysts. The plagioclase-
phyric flows indicate that magma is once again stalling and fractionating in the shallow crust,
but not long enough to produce large megacrystic plagioclase.
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2.5.3 Comparison with Other CFBs

Continental flood basalt provinces are typically divided into three phases: 1) an initiation
phase characterized by low-volume, transitional-alkaline lavas erupted via pre-existing
weaknesses in the lithosphere; 2) a main phase characterized by high-flux and large volume,
fissure-fed, tholeiitic lavas with approximately 80 — 90% of the erupted volume extruded during
this phase; and 3) a waning or termination phase characterized by a rapid reduction in volume
and frequency of eruption, intercalated with silicic-explosive eruptions and more widely
distributed volcanic centers (Jerram and Widdowson, 2005). The transition between these phases
reflects changes in the magmatic plumbing system in terms of the flux of magma entering and

leaving the lithosphere.
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During the initiation phase, early lavas tend to be more primitive, lower volume (in
comparison to main phase), and intercalated with weathering horizons (Beane et al., 1986;
Lightfoot et al., 1993; Jerram et al., 2000; Jerram and Stollhofen, 2002; Sheldon, 2003; Jerram
and Widdowson, 2005; Zhang et al., 2006; Beccaluva et al., 2009). These characteristics indicate
that magma involved in early eruptions 1) experienced limited fractionation in comparison to
later predominately plagioclase-phyric flood basalt eruptions, and 2) eruptions occur in short
pulses separated by pauses. The observed variability in modal mineralogy found in the Lower
flood basalts in this study supports the idea of isolated feeder systems during early development
of the magmatic plumbing system. As the magmatic plumbing system evolved, there is evidence
of shallow fractionation in concert with evidence for deep fractionation. Geochemical and
petrologic studies (Cox, 1980; Mohr, 1983; Lightfoot et al., 1990) provide evidence for polybaric
fractionation in the evolution of CFB magmas and suggest that the depth of crustal storage
shallows over time (Peate and Bryan, 2008).

The largest volumes of basalt are erupted during main phase volcanism (Self et al., 1997,
Thordarson and Self, 1998; Duraiswami et al., 2001; Bondre et al., 2004; Jerram and
Widdowson, 2005). This observation has led to debate over the rate of flood basalt eruption
which has focused on dating, volume estimates, and flow-morphology (Courtillot et al., 1986;
Self et al., 1997; Rochette et al., 1998; Thordarson and Self, 1998; Duraiswami et al., 2001;
Bondre et al., 2004; Jerram and Widdowson, 2005; Sen et al., 2006; Chenet et al., 2008; Barry et
al., 2010; Reidel et al., 2013). Classic tabular flow facies with rubbly flow tops, thought to
indicate high extrusion rates as in the Parana-Etendeka main phase (Jerram and Widdowson,
2005), are generally rare in the NW Ethiopian flood basalt province. Conversely, braided lobe

facies observed in the Deccan and Columbia River are thought to indicate prolonged, episodic
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eruptions (Self et al., 1997; Thordarson and Self, 1998; Duraiswami et al., 2001; Bondre et al.,
2004; Jerram and Widdowson, 2005). Braided lobe facies were more common that classic
tabular flow facies in the NW Ethiopian plateau, and an episodic main phase is supported by the
oscillation of modal mineralogy and alternating occurrence of glomerocrysts and zoned
megacrysts observed in this study. The growth of large, zoned plagioclase megacrysts requires
some duration of residence time in between eruptions, but frequent recharge into the mush is
necessary to maintain crystal cargo mobility for future transport during eruptions. Similarly, the
high An-content commonly observed in plagioclase megacrysts from CFBs requires frequent
recharge of more primitive magmas into the mush zone. The occurrence of cpx-rich
glomerocrysts is evidence of this recharge. Using the detailed petro-stratigraphic analysis of
consecutive flows documents a general increase in magma flux throughout the main phase, as
evidenced by the increasing frequency of cpx-glomerocrysts and thicker lava flows that produce
the greatest basalt volume prior to flood basalt termination.

During the termination phase, a general transition toward more evolved lavas is typically
observed in CFBs; this is consistent with a magma plumbing system that is shutting down. For
example, the late-stage eruptions of the Ethiopian-Yemen, Emeishan, and Parana-Etendeka
CFBs are interbedded with silicic tuffs (Mohr and Zanettin, 1988; Piccirillo, 1988; Ayalew et al.,
1999, 2002; Ukstins et al., 2002; Zhang et al., 2006). In the Upper flood basalts, we observe
flows that are dominantly plag-phyric to aphyric and an absence of plagioclase megacrysts and
cpx-glomerocrysts. This composition indicates two things: 1) the plumbing system feeding the
Upper flood basalt is dominated by shallow fractionation; and 2) recharge of new primitive
magma into the shallow plumbing system is significantly reduced in comparison to the Middle

flood basalts. The tendency for flood lavas to be more plag-phyric toward the upper part of the
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sequence is consistent with observations made throughout the Ethiopian-Yemen CFB province
(Mohr, 1983; Pik et al., 1998; Kieffer et al., 2004) as well as the Deccan and Emeishan (Beane et
al., 1986; Zhang et al., 2006). A decrease in magma flux is consistent with the transition from

flood basalt eruption to shield activity in Ethiopia, and more broadly the termination of CFBs.

2.6 CONCLUSIONS

This study’s detailed petrographic analyses of a ~1600 m flow-by-flow stratigraphy
provides critical insights into the evolution of the magmatic plumbing system of CFBs. Initial
flows are fed by magmas that have experienced deeper fractionation (mid- to deep crust).
Overtime, the fractionation became polybaric thus reflecting the stalling of magmas in both the
shallow and deeper crust. Overall, the flux of new primitive magma appears to have been
continuous throughout the eruption of the Middle flood basalts, but its magnitude changed over
time. Changes in flux magnitude control how much lava erupts at the surface as well as hiatuses
in eruption. During hiatuses, megacrystic plagioclase with high An-content (labradorite) and
oscillatory zoning form, indicating constant feeding of the shallow plumbing system by more
primitive magmas. In contrast, the very high extrusion rate witnessed during Group B of the
main eruptive phase suggests an apex in magma flux through the lithosphere. Shallowing of the
magma plumbing system toward the end of the eruptive phase is consistent with observations of
increased silicic volcanism in Ethiopian flood basalt Province and other CFBs. Furthermore,
changes in magma flux are consistent with the typical observation that CFBs undergo a transition
from fissure-fed flood basalt eruptions to magmatism centered on large volcanic shields.

The data presented here suggest that the main phase of flood basalt eruption is better
explained by pulses of high flux, rather than continuous high flux. The origin of these pulses
remains enigmatic and may relate to heterogeneities in plume composition, variation in
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upwelling rate, or mantle potential temperature. The results of this study provide new
petrographic constraints that require revision of existing models of plume-lithosphere interaction
in terms of pulsed versus continuous magma flux. Although the details of the magmatic
plumbing model presented herein may prove to be unique to the Ethiopian-Yemen CFB
province, these petrographic observations and lithologic associations are commonly found in
other CFBs. These detailed petrographic analyses, framed within a well-constrained stratigraphy,
have provided new geochemical insights into the initiation and evolution of the Ethiopian flood

basalt province, and offer a new approach for understanding magma evolution in other CFBs.
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3. MAGMA EVOLUTION DURING MAIN-PHASE CONTINENTAL FLOOD BASALT
VOLCANISM: A CASE FOR RECHARGE-ERUPTION-ASSIMILATION-

FRACTIONAL CRYSTALLIZATION IN THE ETHIOPIAN LOW-TI PROVINCE

3.1 INTRODUCTION

Continental flood basalt (CFB) provinces, including the Ethiopian-Yemen, Parana-
Etendeka, Karoo-Ferrar, Siberian Traps, Deccan Traps, and Emeishan Large Igneous Provinces
(LIPs), typically erupt two distinct basalt compositions—Low-Ti basalts and High-Ti basalts
(Hawkesworth et al., 1988; Lightfoot et al., 1993; Sweeney et al., 1994; Melluso et al., 1995;
Gibson et al., 1995; Pik et al., 1998; Xu et al., 2001; Jourdan et al., 2007; lvanov et al., 2008).
While there is some overlap in composition across these LIPs, there are striking similarities
among High-Ti and Low-Ti lavas. In general, High-Ti (HT) basalts usually produce transitional
to alkaline liquid lines of descent and are geochemically characterized as having >2 wt. % TiOg,
higher Ti/Y (> 400), and tend to be more enriched in incompatible trace elements than Low-Ti
(LT) basalts (Hawkesworth et al., 1988; Lightfoot et al., 1993; Sweeney et al., 1994; Melluso et
al., 1995; Gibson et al., 1995; Pik et al., 1998; Xu et al., 2001; Jourdan et al., 2007). Low-Ti
basalts are characterized as having < 2 wt.% TiO2, lower Ti/Y (<400), and are less enriched in
incompatible trace elements than High-Ti basalts (Hawkesworth et al., 1988; Lightfoot et al.,
1993; Sweeney et al., 1994; Melluso et al., 1995; Gibson et al., 1995; Pik et al., 1998; Xu et al.,
2001; Jourdan et al., 2007; Ivanov et al., 2008). These geochemical distinctions have been used
to support and model a variety of potential origins of CFBs, including thermo-chemical

heterogeneities in the asthenosphere, and heterogeneities in the lithospheric mantle (Lightfoot et
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al., 1993; Melluso et al., 1995; Gibson et al., 1995; Pik et al., 1998, 1999; Xu et al., 2001; Kieffer
et al., 2004; Jourdan et al., 2007; Ivanov et al., 2008; Beccaluva et al., 2009; Heinonen et al.,
2016).

Probing the origin of melt in CFBs is complicated by the lack of primitive magmas. The
erupted flows that constitute CFB provinces are not primary magmas, having experienced
extensive differentiation as a result of large volumes of melt migrating and stalling in the
lithosphere prior to eruption (Cox, 1980; Farentani et al., 1996). (Thus, developing a more
complete understanding of the overall system that creates CFB provinces requires insight into
how lithospheric processes impact the CFB magmas. For example, the relative enrichment and
depletion of trace elements in a magma is not only sensitive to the mantle melting conditions
(pressure, temperature, and composition of melt source (Herzberg and Asimow, 2008; Kimura
and Kawabata, 2015), but also to differentiation processes such as fractional crystallization,
crustal assimilation, magma recharge and evacuation (Rayleigh, 1896; O’Hara, 1977; DePaolo,
1981; O’Hara and Mathews, 1981; Albarede, 1985; Lee et al., 2014). A major limitation in
evaluating the effects of lithospheric processes on CFB magma evolution are the complexities
inherent to their differentiation system (Cox, 1980; Bryan et al., 2010). For example, if the
magma plumbing system is undergoing fractional crystallization, but is also periodically
recharged over time while simultaneously losing mass due to eruption, the resulting liquid line of
descent is no longer linear. A relatively complete flow sequence can more accurately evaluate
how the magma system evolves over time, however most CFBs erupt via large dike swarms in
the form of fissure eruptions (Ernst et al., 2001), which means a sequence of overlapping flows
may represent differentiation trends among several magma pathways, further complicating a

temporal analysis of magma evolution.
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The NW Ethiopian Plateau is an ideal location to probe the lithospheric processes that
control CFB magma evolution, and the potential origin of LT and HT magmas. In this region, the
flow-stratigraphy is well-preserved and the separation between LT and HT dike swarms is ~400
km apart, resulting in little to no overlap between the two plumbing systems (Rooney et al.,
2018). Moreover, the geochemical distinctions between Low-Ti (LT) basalt and High-Ti (HT)
basalt are well characterized (Pik et al., 1998, 1999; Kieffer et al., 2004; Beccaluva et al., 2009).
While the origin of HT basalts has been attributed to plume derived sources (Beccaluva et al.,
2009; Rooney et al., 2013; Natali et al., 2016), the origin of LT basalts remains unclear, occluded
by an overall depletion in incompatible elements (Pik et al., 1998, 1999; Kieffer et al., 2004;
Beccaluva et al., 2009; Rooney, 2017) and geochemical indications of crustal contamination (e.g.
enriched Ba, Sr and Pb, elevated 87Sr/2éSr, and lower 2°6Pb/?%4Pb).

Existing constraints show that the LT lavas are more voluminous than HT lavas, exhibit
complex cumulate textures, and exhibit tight grouping on trace element variation diagrams
despite the range in MgO (~4 — 12 wt. %). To achieve large volume eruptions of relatively
evolved homogeneous lavas containing cumulates requires an efficient magma plumbing system
with consistent melt input (Oskarsson et al., 2017). Specifically, geochemical modeling of trace
element enrichment by Recharge-Eruption-Assimilation-Fractional Crystallization (REAFC) has
shown that different elements in a magma chamber undergoing recharge and eruption will
achieve steady-state at different intervals based on their bulk partition coefficient (Lee et al.,
2014).

In this paper, we utilize the existing conceptual petrographic framework to evaluate the
origin of geochemical trends of LT lavas from the NW Ethiopian Plateau through time. We

explore the possible mechanisms for the trace element characteristics of the LT lavas by
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processes of magma differentiation by modeling the following: 1) Equilibrium crystallization
using MELTS, 2) Fractional Crystallization (FC) (Rayleigh, 1896), 3) Assimilation with
Fractional Crystallization (AFC) (DePaolo, 1981), and finally 4) REAFC (Lee et al., 2014). We
find that trace element enrichment patterns in LT lavas from the Ethiopian CFB province can
only be achieved at the MgO ranges observed when the effects of recharge and eruption are
coupled with AFC processes. The results of REAFC modeling of the Middle LT flood basalt
groups support a polybaric magma plumbing system that shallows over time. In addition,
REAFC shows that the highest flux occurs midway through the main phase of flood volcanism
(Middle group B), were the deeper system increases from 57% to 65% eruption of magma
entering the system, and the shallow system increases from 30 % to 55% eruption. Lastly, we
find that the amount of assimilation of Pan African Crust based on REAFC modeling ranges
between 3-4 % during the highest flux events to as much as 10% as the system begins to shut

down.

3.2 BACKGROUND

The Ethiopian-Yemen Large Igneous Province (LIP) comprises the two conjugate rift
margins in East Africa (Figure 3.1a). Large-scale basaltic magmatism within the LIP is divided
into three time periods: Eocene Initial phase (45 — 34 Ma), Oligocene Traps phase (~33.9 — 27
Ma), and the Early Miocene Resurgence phase (~26.9 — 22 Ma), after which time magmatic
activity became more restricted to the evolving East African Rift System (Rooney, 2017).
Magmatic activity during the Eocene Initial phase was restricted to southern Ethiopia and
northern Kenya. During the Oligocene Traps phase, the eruption of the Ethiopian-Arabian
plateau flood basalts expanded volcanism to include northern Ethiopia and Yemen (Baker et al.,

1996a; Hofmann et al., 1997; Rochette et al., 1998; Rooney, 2017). After a magmatic hiatus,
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renewed volcanism during the Early Miocene Resurgence phase was geographically more
widespread but volumetrically less significant than the prior two phases of activity. Recent
estimates for total lava volumes erupted from 45 — 22 Ma in the African Arabian LIP are
~720,000 km?3, placing this province between Emeishan and Deccan LIPs in terms of overall
volume (Rooney, 2017).

The Oligocene Traps phase flood basalts of the NW Ethiopian plateau have been spatially
divided on the basis of two distinct compositions: a western Low-Ti (LT) sub-province (the
focus of this study), and an eastern High-Ti (HT) sub-province (Pik et al., 1998). The LT basalts
are tholeiitic with characteristically low TiO2 (1 — 2.6 wt. %), low Nb/La (0.55 — 0.85), and
higher SiO2 (47 — 51 wt. %) (Pik et al., 1998). The LT lavas are enriched in large ion lithophile
(LIL) elements like Ba, Sr, and Pb that has been interpreted as evidence of crustal contamination
(Pik et al., 1998, 1999; Kieffer et al., 2004), however a mantle component previously enriched
by subduction fluids has not been excluded as a possible source of the enrichment (Beccaluva et
al., 2009).

The clear distinction between LT and HT lava types has led to investigations of their
magmatic origins using geochemical and isotopic datasets (Pik et al., 1999; Kieffer et al., 2004;
Beccaluva et al., 2009; Natali et al., 2016; Furman et al., 2016). While the source of HT lavas
has been attributed to melting of the Afar plume (Pik et al., 1999; Natali et al., 2016), the origin
of LT lavas remains a topic of debate (Pik et al., 1999; Kieffer et al., 2004; Beccaluva et al.,
2009). Fractional crystallization models using normative mineralogy originally proposed by (Pik
et al., 1998) suggested that LT magmas were derived through shallow fractionation processes.
Subsequent trace element and isotopic analysis was used to propose two-stage AFC process for

LT magmas, indicating a lower crustal and upper crustal component influencing geochemical
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trends (Pik et al., 1999). Assimilation of continental crust has been assessed using trace element
ratios (Nb/La, Ce/Pb, Ba/Th) and isotopic ratios (Sr-Nd-Pb systems) (Pik et al., 1999; Kieffer et
al., 2004). While some studies attribute the low Nb/La and low 2°°Pb/?%Pb of LT magmas to
crustal contamination (Pik et al., 1999; Meshesha and Shinjo, 2007) others suggest the low
Nb/La and nonradiogenic Pb could reflect source composition (Kieffer et al., 2004; Beccaluva et
al., 2009). Thus, the origin of LT magmas remains largely unresolved due to the difficulty of
constraining AFC processes using whole rock geochemistry in the absence of a petro-
stratigraphic framework.

Within the LT province, lava groups have been recently subdivided on the basis of
petrographic and stratigraphic similarities (Krans et al., 2018): 1) a Lower flood basalt which is
dominantly ol-phyric with cpx-cumulates; 2) A Middle flood basalt which exhibits plag-
megacrystic flows and oscillation between plag-phyric and ol-phyric flows; and 3) an Upper
flood basalt which is dominantly plag-phyric and devoid of cumulates. The Middle flood basalt
group is the most continuous flow-series preserved and is further subdivided by Krans et al.
(2018) into group A (increasing flux stage), B (the apex of flux stage), and C (the waning stage).
By utilizing this petro-stratigraphic framework in the interpretation of whole rock geochemistry,

this study provides a novel integrative probe into the evolution of the LT flood basalts.
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Figure 3.1. Sample location map. a) Map of Oligocene basalts in Ethiopia and Yemen (modified

from Rooney, 2017). b) Location of middle and upper flood basalts lavas used in this study.
Figure modified from Krans et al. (2018).
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3.3 SAMPLES AND METHODS

In this paper we focus on flood basalt lavas from the NW Ethiopian plateau in order to
examine the role of lithospheric process on magma evolution. In particular, this study examines a
nearly continuous, 1307-m thick sequence of stratigraphically constrained flows in the LT sub-
province. This sequence includes the main phase of flood volcanism and the transition to the
termination of flood basalt activity (Figure 3.1). Flow groups, initially defined on the basis of
petrographic and stratigraphic similarities (Krans et al., 2018), are retained in this study. The
Middle and Upper flood basalt groups are the focus of this study, since they preserve the best
stratigraphic continuity, making them ideal to evaluate temporal evolution of the magmatic
system.

107 mafic lava samples were prepared for major and trace element analysis. Samples
were cut in to ~30g representative billets, avoiding large crystals and alteration. The billets were
then polished to remove saw marks and crushed in a steel jaw crusher. The resulting chips were
powdered in a Bico disk pulverizer with ceramic plates to minimize contamination. Fused glass
disks were prepared from the powder using a lithium tetraborate flux following procedures
outlined elsewhere (Rooney et al., 2012b). Major element data were obtained using a Bruker S4
Pioneer XRF at Michigan State University (Supplementary Table B.1). Standards were analyzed
as unknowns throughout the data collection period and are presented in Supplementary Table
B.2. Following major element analysis, each disk was analyzed three times for trace elements
using a Photon Machines G2 excimer laser coupled to a Thermo iCap ICP-MS following the
procedures outlined in Rooney et al. (2015). Standard information, relative standard deviation of
samples, and full procedural replicates (denoted with suffix _X) are presented in Supplementary

Table B.3).

67



3.4 RESULTS

3.4.1 Major and Trace Element Analysis

Geochemical results are presented in Supplementary Table B.1 and are divided on the
basis of petrostratigraphic groups as defined in Krans et al. (2018). These groups include Middle
groups A-C and Upper flood basalts. All of the flows analyzed in this study are subalkaline and
exhibit strong affinity with LT flood basalts observed in Ethiopia (Pik et al., 1998; Kieffer et al.,
2004; Beccaluva et al., 2009; Rooney et al., 2018) in terms of major element and trace element
variation as a function of MgO (Figure 3.2). Chondrite normalized rare earth element diagrams
for all upper and middle flood basalts greater than 6.0 wt.% MgO are relatively flat lying with a
mean value of (La/Yb)cn= 2.6 + 0.55; 1o; n=85) (Figure 3.2). The chondrite normalized data
stack mostly parallel, which is consistent with variation in MgO (Figure 3.3b, suggesting the
majority of flows share a similar parental magma. Collectively, extended trace element diagrams
show a broadly flat lying profile that follows 10-times primitive mantle enrichment with
enrichments in Ba, Pb, and Sr and depletion in P (Figure 3.4). In terms of Cenozoic magmatism
in East Africa, these are consistent with Group la magma types (Rooney, 2017).

Petrostratigraphic groups show clear distinction between Middle and Upper flood basalts
when comparing means + 16 standard deviation (Supplementary Table B.4 in Appendix B). The
Upper flood basalts exhibit high Nb/La (0.88 + 0.07), CaO/Al>03 (0.75 + 0.05), TiO2/P20s (12.4
+1.21), Ce/Pb (16.8 + 2.78), Sc (42.3 + 4.4 ppm), and low SiO, (48.4 + 0.73 wt.%), Ba/La (9.31
+ 2.35). In contrast, the Middle flood basalts exhibit low Nb/La (0.66 = 0.07), CaO/Al>03 (0.69 +
0.05), TiO2/P205(9.28 + 1.11), Ce/Pb (12.3 + 2.54), Sc (31.6 + 3.0 ppm), and high SiO> (50.5 +

0.97 wt.%), Ba/La (17.3 + 3.82). In addition, Upper flood basalts have flatter chondrite
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normalized REE slopes (La/Yb)cn (1.61 £+ 0.18) compared to Middle flood basalts (La/YDb)cn
(2.80 £ 0.33) (Figure 3.2).

Broad, overlapping geochemical shifts are observed within the Middle flood basalt
groups (A-C). Most notable is the decreasing Ti/Y from group A (381 £ 26.3) to group B (367
21.5) to group C (353 £ 25.0) and decreasing (La/Yb)cn from group A (2.95 + 0.33) to group B
(2.69 £ 0.27) to group C (2.27 £ 0.01). In addition, Middle group C exhibits the lowest Cr/Ni
(1.72 +0.75), CaO/Al,03 (0.64 + 0.07), Ce/Pb (9.01 + 1.37) and highest Ba/La (20.0 + 3.34)
compared to other Middle Flood basalts. In contrast, Middle group B has the highest Ce/Pb (13.9
+ 1.98) and lowest Ba/La (15.0 + 3.0).

When plotted against elevation, lava chemistry exhibits distinct changes near the
petrostratigraphic boundaries. Among the more notable are the sudden split between more
evolved lavas (~4 wt. % MgO, 8 — 9 wt. % CaO, ~100 ppm Cr, <80 ppm Ni, <12 Ce/Pb) and
less evolved lavas (~8 wt. % MgO, 11 — 12 wt. % CaO, ~250 ppm Cr, >100 ppm Ni, >14 Ce/Pb)
at the base of Middle group A, Middle group A-B boundary, and Middle group B-C boundary
(Figure 3.5). There is also a distinct shift in lava chemistry in the Upper lavas compared to the
Middle, as noted earlier. Another notable change is the clear decoupling of elements such as
Ca0, TiOy, Fe203, AlLO3, K20, SiO3, Sc, and Sr between plag-megacrystic flows and associated
aphyric flows despite having similar low MgO values of ~ 4 wt. % (Figure 3.5). Finally, some
sections appear to show temporal trends in element enrichment and depletion (i.e., Middle Group
A and Upper) while in other sections trends are more obscure (i.e., Middle group B and C).

These inconsistencies will be explored in more detail in the discussion (3.5.1).
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Figure 3.2. Bivariant geochemical plots. a) Variation of select major and elements (plotted on a
volatile-free basis with measured Fe.O3 Total converted to FeO (85%) and Fe203 (15%), then
normalized to 100%) and compatible trace elements versus MgO as an index for differentiation.
Data Sources: Supplementary Table B.1 for this study; all other published LT flood basalt data
for Ethiopian Plateau— Pik et al. (1999), Kieffer et al. (2004), Teklay et al. (2005), Beccaluva et
al. (2009), Rooney et al. (2018).
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Figure 3.2. (cont’d)

b) Variation of select trace elements in ppm versus MgO in wt.% as an index for differentiation.
Data from this study are presented in Supplementary Table B.1. Data sources for LT Flood
basalts are the same as Figure 3.2a. ¢) Variation of select trace element ratios. Data from this
study are presented in Supplementary Table B.1. Data sources for LT Flood basalts are the same
as Figure 3.2a. The Ti/Y versus Nb/Y plot is used to classify low Ti (LT) or high Ti (HT1 and
HT2) basalt in Ethiopia (after Pik et al., 1998).

e Upper O Middle- group B (b)
@ High Cr/Ni Middle subgroup & Middle- group A

4 High Nb/La Middle subgroup = LT

€ Middle- group C

507...|....|..._H7|............600
45 - . 7°00
g 40 L, i _,400 g
S 1 4300 T
— 35 - o
0 L i T 3
w 30 - ssaas al 1.—_ 200 —
25 _”. ® :m ;3_5 100
i |. I ] o i
500 Eg T T T :_n o T T T | 15
400 uiy ] _
= A + - 10
§ g’ 5 Z% i g
= 300 F I 1 8
73} [ 1 ® y 2
C u o¥] . s
200 [ 1
N R R T S ey ]
250 [ o . e 150
[ ‘gs‘mg ::tg.ass»-rs ]
200 = .'!'1:% T ]
T bl F 1% =
g0 e 1 1 3
N ; T 730 2
100 ¢ ] 1
. T ]
L + - 20
50 C ' u 1 ) i
Te ]
e 720
— —H e ]
5 IR {155
o i ] T
S T 310 3
w g ] ~
o 1s
12 4 12

MgO (wt. %) MgO (Wt. %)

71



Figure 3.2. (cont’d)

The La/Nb vs. Ce/Pb plot is used to examine potential crustal influence on magmatic rocks
(Hofmann et al., 1986). The solid and dashed lines represent the suggested average and
standard deviation (respectively) for Ce/Pb in mantle rocks, as suggested by Hofmann et al.
(1986). All samples from this study plot within ranges of published Ethiopian LT flood basalts.
Note separation of LT basalts coded by petrostratigraphic groups (this study) in various plots—
Middle group C has the lowest Ce/Pb and highest La/Nb. Conversely, the Upper flood basalts
have the highest Ce/Pb and lowest La/Nb.
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Figure 3.3. Chondrite normalized variation diagrams. Variation diagrams showing the

behavior of REEs normalized to chondrite values (Boynton, 1984) for flood basalt lavas in this

study > 6 wt.% MgO. Gray lines represent entire dataset restricted to 6 wt.% MgO and greater

from this study. a) Data organized by the original petrostratigraphic groups defined by Krans et

al (2018). b) Data organized by the new geochemical groups defined in this paper. (La/Yb)cn

values shown to compare steepness/flatness of REE patterns (values reported as mean £ lo

standard deviation with number of flows in parentheses). Note that within the Middle flood

basalt low Nb/La subgroup (La/Yb)cn decreases(becomes flatter) over time (from group A to B to

C). The Upper flood basalt have the lowest (La/Yb)cn and are suspected to be from a different
parental melt than the Middle flood basalts.
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Figure 3.3. (cont’d)
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3.4.2 New Geochemical Groups

Systematic variation in major and trace elements is observed within the Middle flood

basalts that transgresses the existing petrostratigraphic groupings (Figure 3.5). For this reason,

further subdivision of the Middle flood basalt groups has been assigned on the basis of trace
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element clustering in bivariant diagrams and in primitive mantle normalized trace element
diagrams (Figures 3.3a and 3.3b. The three new geochemical subgroups are: 1) the low Nb/La
subgroup; 2) the high Nb/La subgroup; and 3) the high Cr/Ni subgroup.

The majority of flows (n=59) fall within the Low Nb/La subgroup. This subgroup
exhibits low Nb/La (0.62 + 0.07), Ti/Y (361 + 19.7), TiO2/P.Os (8.87 + 0.84) and somewhat
higher SiO2 (50.8 £ 0.99 wt.%) when compared to the high Nb/La subgroup (n=22): Nb/La (0.76
+0.04), TilY (397 + 27.6), TiO2/P20s (10.5 + 1.07) and lower SiOz (49.7 + 0.57 wt.%). The high
Cr/Ni subgroup is nearly identical to the Low Nb/La subgroup except it is higher in Cr/Ni (3.75
+ 0.19) and lower in Ba/La (11.83 + 1.14), compared to Cr/Ni (2.19 + 0.57) and Ba/La (18.39

3.72) in the Low Nb/La subgroup.
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Figure 3.4. Primitive mantle normalized variation diagrams. Variation diagrams showing the
behavior of incompatible trace elements normalized to primitive mantle (Sun and McDonough,
1989) for flood basalt lavas > 6 wt.% MgO (solid lines) and < 6 wt.% MgO (dashed lines). Gray
lines represent entire dataset from this study. Thick solid line (yellow) is a Pan-African granite
from west of Lake Tana (Rooney et al., 2018). Thick dotted and dashed line (dark red) is the
proposed parental magma from Group A (discussed in section 3.5.2).
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Figure 3.4. (cont’d)

a) Data organized by original petrostratigraphic groups defined by Krans et al. (2018). Number
of flows given in parentheses. Solid lines are > 6 wt.% MgO and dashed lines are < 6 wt.%
MgO.
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Figure 3.4. (cont’d)

Note that Middle group B has the tightest clustering of data despite having roughly the same
number of flows as Middle group A. In contrast, Middle group C has the most range in data,
including the most evolved samples. b) New geochemical groups defined in this paper, all are >
6 wt.% MgO. Number of flows given in parentheses. Note the overall patterns between the three
geochemical subgroups are similar, which supports the concept that they have a similar parent
magma. The distinction between these groups is, however, important when modeling
differentiation processes. c) Plagioclase-megacrystic flows (dotted lines) and intercalated
aphyric flows from Middle groups A and C. All samples exhibit MgO restricted to ~4.4 wt.%.
Note the aphyric flows are more enriched than the plagioclase-megacrystic flows, despite having
identical MgO values. This suggests interactions between liquid and crystal mush zone are
occurring in this system.
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Figure 3.5. Chemostratigraphy of Middle and Upper LT basalts from the NW Ethiopian Plateau. Elevation of flow base is noted in
meters above sea-level on the y-axis against select major elements (a) and select trace elements and trace element ratios (b).
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Figure 3.5. (cont’d)

Flow elevation is used as a proxy for time since the flows are flat-lying and lack evidence of tectonic disturbance to sequence (Krans
et al., 2018; Chapter 2).
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Figure 3.5. (cont’d)

Petrostratigraphic groups are the same as defined in Chapter 2 (Middle-group A, Middle-group
B, Middle-group C, and Upper). Plagioclase-megacrystic flows and co-existing aphyric flows
are symbolized to show de-coupling behavior in chemistry despite similar low MgO (~4.4 wt.
%). New geochemical subgroups within each petrostratigraphic group are emphasized with
overlapping symbols for high Nb/La and high Cr/Ni; Low Nb/La lavas have no overlapping
symbol. The dashed lines represent the inferred boundary between petrostratigraphic groups as
defined in Chapter 2, Figure 2.4. Colors denote primary mineral mode of flow and patterns
denote key textural observations as defined in Krans e al., (2018) (See Figure 2.4 in Chapter 2
for higher resolution Petrostratigraphy). Paleosols (psol) and tuffs are labeled to highlight
pauses in volcanic activity. Weathered vesicular basalt that was not sampled for geochemical
analysis appears as white boxes with dot fill.

3.5 DISCUSSION

Prior work shows that the Ethiopian Flood Basalt Province is spatially divided into
separate, geochemically distinct, LT and HT provinces (Pik et al., 1998, 1999; Kieffer et al.,
2004). Other than a thin layer of LT lavas found at the base of a predominately HT sequence in
the NE portion of the Ethiopian plateau (Kieffer et al., 2004), cyclicity between LT and HT
magma types over the duration of flood basalt activity has not been observed.

To date, few studies have evaluated the stratigraphy of the Oligocene LT flood basalt
province in Ethiopia (Kieffer et al., 2004; Prave, 2016; Krans et al., 2018). Prave et al. (2016)
reports stratigraphy and ages for basalt units in the Lake Tana region, but it is unclear where
these samples lie in the context of the LT flood basalt sequence and overlying shield activity.
Kieffer et al. (2004) addresses petrogenesis of LT and HT lavas at large with the goal of pointing
to source melt conditions and influence from crustal contamination. Kieffer et al. (2004) presents
petrostratigraphic logs for various sections in LT and HT provinces, as well as geochemical
variations with altitude distinguishing between lower and upper flood basalts in addition to
overlying shield lavas. This dataset has been used to establish distinct, spatially separated

volcanic centers where shield activity represents a decrease in magmatic flux over time and is
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geochemically similar to underlying flood basalts (LT in the west, HT in the east). The Kieffer et
al. (2004)dataset has not been used to evaluate the role of lithospheric processes within the upper
and lower divisions of the LT sequence. The study by Krans et al. (2018) is the only detailed
flow-by-flow analysis of the LT-province that investigates the evolution of the magmatic
plumbing system. Krans et al. (2018) further divides the LT basalts into a Lower, Middle, and
Upper sequence on the basis of broad petrographic changes in lavas with elevation and proposes
a shallowing magma-plumbing system over time.

A two-stage AFC process for LT magma evolution has been suggested by Pik et al.
(1999) in which assimilation of crustal components occurs in the lower and upper crust.
However, no depth estimates have been made for the proposed polybaric plumbing system, and
the lower and upper crustal components involved in assimilation are loosely defined.
Furthermore, there is ongoing debate as to whether the chemical signature of LT lavas are the
result of melt-crust interactions, melt-SCLM interactions, or related to heterogeneities in the
source melt (Pik et al., 1999; Kieffer et al., 2004; Beccaluva et al., 2009).

The factors that limit resolution of this debate include trace element and isotopic
compositions that are non-unique to any one case. In particular, the observed relative depletion
of Nb, Ta, and Ti, along with relative enrichment in Ba and Pb observed in LT lavas is strikingly
similar to that observed in the Pan African basement granite underlying the flood basalts
(Rooney et al., 2018). However, similar enrichment and depletion is observed in arc-derived
magmas where the mantle becomes enriched by fluids from the subducting slab. Therefore, the
observed enrichment observed in LT basalts could be caused by melting of a metasomatically
enriched SCLM as suggested by Beccaluva et al. (2009) or from recycled crust entrained in

rising mantle plumes. Aside from variations in potential melt sources, fractionation of HFSE-
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bearing oxide phases in the magma can also contribute to depletion of Nb, Ta, and Ti. Indeed,
CFB lavas are not primary melts and have experienced significant differentiation within the
lithosphere, therefore it is reasonable to assume some combination of the proposed
enrichment/depletion trends typically observed in LT lavas. Understanding the origin of LT lavas
thus requires a more detailed investigation of the lithospheric impact on the geochemistry of the
magmatic system.

In the discussion that follows, we will attempt to 1) describe the geochemical changes
that occur in Ethiopian LT lavas over time; 2) establish the depths of the polybaric plumbing
system via MELTS using bulk-rock compositions as proxies for the liquid line of decent; 3)
deconvolute the relative influence of lithospheric processes, such as fractionation, assimilation,
recharge, and evacuation from the magma chamber (REAFC); and, 4) re-evaluate the conceptual

model for evolution of the LT magmatic system in Ethiopia.

3.5.1 Insights from the Magmatic Stratigraphy

Before we can model differentiation trends in the LT lavas, we must first evaluate the
occurrence of the new geochemical subgroups within the stratigraphy to determine if all three
can be treated as products than can be modeled by differentiation. The high Cr/Ni lavas plot in
the same ranges as the low Nb/La lavas with the exception of being higher in Cr/Ni.
Stratigraphically, the high Cr/Ni subgroup is restricted to the upper portion of Middle group B
and is associated primarily with aphyric flows with coarse-grained textures (ophitic and
intergranular). The restricted range in composition observed in high Cr/Ni flows (Figure 3.2,
Figure 3.3, Figure 3.4, Figure 3.5, and Supplementary Table 3.2) are consistent with the existing
petrostratigraphic interpretation that these flows erupted during the apex of flood basalt

volcanism (Krans et al., 2018). While the high Nb/La and low Nb/La subgroups occur
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interspersed throughout the Middle flood basalt subgroups (Figure 3.5), the distribution is not
entirely random. The low Nb/La subgroup, which comprises the majority of flows, is found
throughout the stratigraphic section. However, the volumetrically less significant high Nb/La
subgroup is highly concentrated near the beginning and ends of petrostratigraphic groups (e.g.,
Middle group A etc.), as well as when cumulate cargo is observed (clinopyroxene glomerocrysts
and/or plagioclase megacrysts) (Figure 3.5). Since the High Nb/La lavas appear to share a
common parental magma as the Low Nb/La (see convergence of Nb/La at MgO > 8.0 wt. % in
Figure 3.2¢), it is likely the case that these two subgroups diverge as a result of differentiation
processes.

An increase in Nb/La with differentiation would require either fractionation of a phase
that prefers La over Nb, or assimilation of a crustal component that has higher Nb/La. The
former scenario would be difficult since the only observed phase that prefers La over Nb is
plagioclase (see Supplementary Table C.1. and explanation of distribution coefficients in
Appendix C). Since the difference in trace element compatibility between Nb (D=0.01) and La
(D=0.2) in plagioclase is small, and that other phases like olivine, clinopyroxene, magnetite, and
ilmenite would drive Nb/La down, this would require plagioclase to be the only phase
fractionating to drive the Nb/La ratios up. It is unlikely that this is the case based on the
observed modal mineralogy of the lavas (see section 2.3.2.2., Figure 2.4, and Figure 2.5 in
Chapter 2). For the case of assimilation, measured crustal components tend to have lower Nb/La
(0.19 - 0.65)(Pik et al., 1999; Rooney et al., 2018) than the high Nb/La LT lavas in this study
(>0.7). A third possibility is that the high Nb/La signature could be related to solid-melt
interaction between the crystal mush and residual liquid (Passmore et al., 2012). The association

of high Nb/La lavas with cumulate cargo, and their placement in the stratigraphy is consistent
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with periods of lower flux, and we propose they represent residual liquids chemically exchanging
with the crystal mush. Since this is not a process, we can accurately evaluate using bulk rock
geochemistry alone, we will omit the high Nb/La lavas while modeling in the remainder of this
discussion.

Focusing now on the low Nb/La lavas, broad geochemical variations from Middle flood
basalts are consistent with temporal changes in magmatic flux originally interpreted from
petrostratigraphic evidence (Krans et al., 2018).Therefore, our initial conceptual model is that the
LT lavas represent eruptions from a single magma chamber undergoing multiple recharge events
from a similar parental magma source, and following each recharge event, the magma chamber
evolves by a process of fractional crystallization. In this case, each flow erupted in sequence
would represent a snapshot of the magmatic evolution of the chamber over time. In this
simplified model, we could expect to see recharge events as abrupt increases in MgO, Ni, and Cr
coupled with abrupt decreases in SiO2, Al,03 Na2O, and K2O. The subsequent differentiation of
the magma chamber by fractional crystallization of mafic mineral phases (forsterite + diopside +
anorthite) would show gradual depletion of MgO, Cr, and Ni coupled with gradual enrichment of
SiO2, Al03, Na20, and K-0.

Beginning with Middle group A, we instead see a gradual increase in MgO, Ni, and Cr
followed by an abrupt drop in these elements (Figure 3.5). Likewise, SiO2, Al.O3, and NaO are
gradually decreasing, followed by abrupt increases in these elements. These chemostratigraphic
observations indicate the magma in the chamber becomes progressively more primitive over
time, then abruptly transitions to more evolved lavas. These evolved lavas dominantly occur at
the boundary between petrostratigraphic group (dashed lines in Figure 4.3), representing the first

flows following a weathered horizon (i.e., paleosol prior to Middle group A, the unsampled
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highly weathered basalt between Middle groups A and B, or the paleosol between Middle groups
B and C; Figure 3.5). We suggest that a new pulse of flood basalt activity is stimulated by the
recharge of more parental magmas, and initially expels the more evolved residual magma
residing in the chamber after a hiatus. In this case, the residual magma would evolve during
periods of low flux and low eruption. The gradual increase toward less evolved lavas over time
can be explained by the continual removal of residual liquid being expelled from the magma
chamber as the recharging magma progressively replaces the expelled liquid.

The above proposed simplified model for LT magma evolution has several
inconsistencies if a single magma chamber undergoing recharge and fractional crystallization is
assumed. The most notable inconsistency is the loss of clear evolutionary trends in Middle
groups B and C (Figure 3.5). Additionally, elements such as Fe and Ti, which we only expect to
fractionate significantly if the system is forming Fe-Ti oxides, are increasing in tandem with
MgO in Middle group A (Figure 3.5a). This relationship between Fe, Ti, and MgO in Middle
groups B and C seems to either disappear or become masked by other processes. By Middle
group C, TiO2 concentrations are at the highest observed in the LT basalts (~2.5 wt.%) while
MgO is at the lowest (~4 wt. %) (Figure 3.5a). It is thus difficult to interpret the behavior of Mg,
Fe, and Ti observed in the chemostratigraphy in terms of magma evolution within our initially
hypothesized simplified model.

The inconsistencies in the liquid-line of descent outlined above require additional
parameters to be added in our model. It is more likely that there are several staging chambers at
various depths within the crust, each undergoing unique recharge and fractionation events (Bryan
et al., 2010). In this case, individual flows within the magmatic stratigraphy may probe different

regions of the magmatic plumbing system at various stages of differentiation. Flow-by-flow

86



interpretation of the magmatic stratigraphy would thus provide limited insight into the magmatic
evolution of the LT flood basalts. However, the petrostratigraphic subgroups reveal broader
changes in the magmatic plumbing system, and some of these changes can be seen within a
subgroup (Krans et al., 2018). These petrostratigraphic groups temporally separate the LT flood
basalts on the basis of broad petrological changes that indicate an overall shallowing of the
magmatic plumbing system over time. We therefore examine the process of magmatic
differentiation using these flow groups established on the basis of petrography and stratigraphy
(Krans et al., 2018). We will first attempt to establish the range in crystallization depth for LT
lavas using MELTS models (section 3.5.2). We will then apply FC, AFC, and REAFC models
for deeper and shallower fractionating systems to resolve the upper and lower bounds of the
geochemical range in LT lavas (section 3.5.3). Lastly, we will revise existing conceptual models
for LT magma evolution in Ethiopia using the information gained from MELTS and REAFC

modeling.

3.5.2 MELTS Modeling

Equilibrium crystallization modeling of the liquid line of decent for LT lavas was
performed using the Excel version of rhyolite-MELTS v.1.1.x to estimate the range in depths
that magma is being stalled and fractionated (Ghiorso and Sack, 1995; Gualda et al., 2012).
While we presume many of the lavas have been chemically influenced by other lithospheric
processes such as recharge, chamber evacuation, mixing, and assimilation, broad variations in
depth of crystallization can still be inferred by capturing the lower and upper bounds of the LT
lava.

Models were run using a range of pressures, volatile contents, and oxygen fugacities

reasonable for Ethiopian LT basalts (Figure 3.6). The most parental basalt (Sample 3383, MgO =
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10.07 wt.%, Ni= 208 ppm, Cr= 625 ppm) lacking evidence of cumulates was selected from
Middle group A to represent the starting composition in MELTS. Solutions were found using
constant pressure models at 0.25 wt.% H20 from 0.6 — 0.05 GPa (~middle to shallow crust).
This is consistent with pressure ranges reported for coexisting LT dikes in the NW Ethiopian
plateau (Rooney et al., 2018) and supports a polybaric plumbing system feeding the LT basalts
(Krans et al., 2018). Initial runs predicted the crystallization of orthopyroxene which was not
observed in thin section. We therefore suppressed the crystallization of orthopyroxene during
model runs and re-ran all models. The suppression of orthopyroxene did not cause any noticeable
changes to the liquid line of descent. All Middle groups (A-C) require a range of pressures to
capture the majority of the dataset, with Middle group A generally trending deeper 0.4 — 0.6 GPa
and Middle group C trending shallower (0.2 — 0.05 GPa).

While a subset of the LT basalt appears to be well predicted using the equilibrium
crystallization models, no models (even when taken to extreme conditions) were able to capture
the enriched CaO samples nor the TiO, and Fe-Os" depleted samples. We suspect that buffering
of the magmas as a result of recharge, along with melt-cumulate reactions may be causing the
disparities we see in the MELTS models.

Given the differentiated character of the Ethiopian LT flood basalts (typically < 8 wt. %
MgO) it is not surprising that a large portion of the data cannot be resolved using an equilibrium
crystallization model. While the MELTS model is useful in showing relative variation in depth,

the chemistry of the magmas is clearly influenced by processes within the lithosphere.
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Figure 3.6. MELTS model results. Models were run in Excel Melts v.1.1x using a range in H20
(0.1 —1.0 wt.% H20) and pressures (0.05 — 1.0 GPa). Water estimates were limited to 1.0 wt. %
since LT magmas in this region are considered to be ‘dry’ (Kieffer et al., 2004). Oxygen
Fugacity was set to QFM=0 and was unconstrained during runs, as per Rooney (2018).
Changing pressure models and constant pressure models were run. Orthopyroxene was
predicted in MELTS but not observed petrographically, therefore we suppressed orthopyroxene
in MELTS. The suppression of orthopyroxene did not yield a significant difference in liquid line
of decent predicted by MELTS.
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3.5.3 Recharge, Evacuation, Assimilation, and Fractional Crystallization

3.5.3.1 REAFC Model Construction

The significance of recharge, eruption, and fractional crystallization on the chemical
evolution of a magma chamber have been illustrated in numerous theoretical and numerical
frameworks (O’Hara, 1977; DePaolo, 1981; O’Hara and Mathews, 1981; Albarede, 1985;
O’Neill and Jennar, 2012; Lee et al., 2014). To date, very few studies have applied such models
to CFB provinces (Yu et al., 2015; Grant et al., 2020; Davis et al., 2021), despite our
understanding that LIPs have large magmatic plumbing systems that continually undergo
recharge, eruption, and fractional crystallization.

We construct a series of constant mass Recharge-Evacuation-Assimilation-Fractional
Crystallization (REAFC) models using the formulation of Lee et al. (2014). We then compare
these models to fractional crystallization models (FC) and combined assimilation and fractional
crystallization models (AFC). Details on the equations used and how each parameter is defined
can be found in Appendix C. The purpose of applying the REAFC model is two-fold: 1) to place
a quantitative (or semi-quantitative) constraint on the relative changes in magmatic flux over
time by predicting the relative contribution of evacuation (i.e., eruption) on the LT system. We
evaluate relative changes by evaluating the groups stratigraphically. 2) Estimate the relative
percentage of crustal contamination needed to produce the low Nb/La ratio observed in LT lavas.

The REAFC model applied herein treats a magma chamber as a box with a starting
composition where each element has an initial concentration (C2,). In reality, the plumbing
system of a continental flood basalt province is more likely fed by a complex network of dikes

and sills, so we will use the term “magma chamber” from here on to refer to the generalized

90



scenarios defined below. We generalize the LT plumbing system into a deeper network
undergoing similar REAFC processes (deep system) and a shallower network undergoing similar
processes (shallow system). The presence of a deep and shallow plumbing system (both
interconnected and erupting in isolation) is supported by petrologic observations (Pik et al.,
1998; Krans et al., 2018) and pressures determined by MELTS modeling (0.6 GPa to 0.05GPa;
this study).

Deep system REAFC: Within the deep system, the starting composition and recharge
composition are always the parental magma defined in the MELTS models (3383). This system
can stall anywhere in the deep to middle crust (>0.5 GPa), where the fractionating phases are
predominantly clinopyroxene and olivine with limited influence of plagioclase and Fe-Ti oxides
(Supplementary Table C.2 in Appendix C).

Shallow system REAFC: Within the shallow system, the starting composition can vary
from the original parental composition (3383) to any more evolved composition derived by
REAFC from the parent (3383). However, without a priori information as to changes in the
composition of the magma fluxing from deeper system, we apply an initial assumption that the
composition equals that of the parent composition (3383). When attempts to find REAFC
solutions using the original parent composition fail, we used the most parental composition from
within the petrostratigraphic group being modeled (i.e., 3493 in group B, and 3497 in group C).
We further require that any new starting composition must be derivable from the original parent
composition by REAFC (Figure 3.8). Since this system is stalling in the shallower crust (<0.5
GPa), the fractionating phases are predominantly plagioclase and olivine with greater quantities

of Fe-Ti oxides and limited to no influence from clinopyroxene (Supplementary Table C.2).
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The concentration of each element evolves by cycles of time-integrated steps (AM,..)
along the REAFC curve (CREAFC) as a function of the inputs (recharge and assimilation) and
outputs (evacuation and fractional crystallization). This requires the concentration of each
element in the crustal component involved in assimilation (C..) and the recharging magma (C,..)
to be known. For the recharging magma, we assume a composition equal to the starting
composition of the magma chamber. For the crustal component, we use the composition of a Pan
African granite which underlies our basalts (Rooney et al., 2018). In addition, a bulk distribution
coefficient for each element (Dsolia/meit) must be estimated based on the modal mineralogy of
crystallizing phases constrained by the deep versus shallow system (Supplementary Table C.1
and Supplementary Table C.2).

All of the above parameters can be realistically defined based on existing data and
observations for the Ethiopian LT flood basalt province. This leaves three parameters to
manipulate in the equation: the relative percentages of evacuation («,) crystallization (a,), and
the percentage of assimilation (a..) with respect to the recharge rate. If we assume that crustal
assimilation cannot exceed 10 %, and that MELTS modeling provides an approximate constraint
on a,, then the most variation within the model occurs with the relative percent evacuated from
the system during a given flow interval.

We selected elements to model that are most sensitive to the REAFC processes: (1)
Elements compatible in the modelled mineral phases — Sr in plagioclase, Ni in olivine, and Cr in
clinopyroxene. Ni and Cr are also highly sensitive to fractionation of Fe-Ti oxides (magnetite
and ilmenite); (2) Elements incompatible in modelled mineral phases — Nb and La were selected
due to their incompatibility and the unusually low Nb/La values reported for LT lavas that has

classically been explained as resulting from crustal contamination (Pik et al., 1999).
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3.5.3.2 Model Results

In our modelling, we sought to bracket the data between the deep and shallow models
given the observation that both shallow and deep cumulate types are found intermittently
throughout the Middle flood basalts, suggesting the LT lavas were derived from a combination
of both a mid-crustal and shallow-crustal magmatic plumbing systems. The results of REAFC
modeling can be seen in Figures 3.7 and 3.8. In Figure 3.7, the modeling results for a deep and
shallow system by REAFC, AFC, and FC for Middle group A show the simultaneous solutions
for multiple elements (Nb, La, Sr, Cr and Ni) varying as a function of differentiation (MgO).

AFC process could explain the observed data; however, this would require numerous
AFC models with varying percentages of crustal assimilation to explain all observed data. In all
cases, neither the FC nor AFC models were able to achieve the distinct decreasing Nb/La trends
with decreasing MgO observed in the Middle LT flood basalts (Figure 3.8). In contrast, a single
REAFC model can account for a larger subset of the lavas by simulating the observed curvature
in the Nb/La vs. MgO. The REAFC models reported here predict between 3% and 10%
assimilation of Pan African granite, with the majority of lavas falling between 3-4% crustal
assimilation. The upper estimate for assimilation in this study is similar to a numerical estimate
made by Kieffer et al. (2004) for the Ethiopian LT flood basalts (12 %) and is considerably less
that what has been estimated for the conjugate Yemen flood-basalt province using isotopic AFC
models (25 %; Baker, 2000).

Comparing REAFC temporally in the Middle flood basalts, we see the smallest
contribution of crustal assimilation and the highest evacuation occurring in Middle group B
(Figure 3.8). The greatest contribution of crustal assimilation occurs in Middle group C, which is

coupled with the lowest evacuation (eruption). The REAFC model results are in strong
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agreement with field, petrographic, and geochemical observations that indicate the LT magma
system achieves an apex of flux in Middle group B, then begins to diminish during Middle group
C. In addition, a deep REAFC system for Middle group B was found to be unnecessary since a
shallow system model was entirely sufficient to fit the data (ignoring the one outlier near 8 wt.%

MgO).

94



Figure 3.7. REAFC Model results for shallow and deep fractionating systems within Middle
group A, Low Nb/La lavas. Each element is plotted against MgO (wt. %) to illustrate the
enrichment trends modeled and observed in LT lavas. The right side of the figure shows elements
compatible (D>1; Supplementary Table C.1) within observed mineral phases in LT lavas; each
element is uniquely sensitive to a dominant phase (e.g., Ni in olivine, Cr in clinopyroxene, and Sr
in plagioclase). Both Ni and Cr are highly sensitive to fractionation of Fe-Ti oxides, also
observed in the LT lavas, therefore we use small percentages of ilmenite and magnetite when
calculating bulk D.
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Figure 3.7. (cont’d)

The left side of the figure shows elements that are incompatible (D<1; Supplementary Table C.1)
within observed mineral phases in LT lavas, in particular, the HFSEs Nb and La. In addition, we
have added Nb/La to illustrate how the commonly observed low Nb/La ratios in LT lavas can be
achieved. The compatible elements (Sr, Ni, and Cr) vs. MgO must be satisfied by the REAFC
model results prior to accepting the evacuation-assimilation-crystallization conditions—this
provides an internal check that reduces the number of non-unique solutions that could fit Nb and
La versus MgO. We have added the FC and AFC results to Nb/La versus MgO to emphasize the
necessity for the addition of recharge and evacuation to model the Nb/La trends observed in LT
basalts.

Figure 3.8. REAFC versus AFC and FC model results for Middle groups A, B, and C Low
Nb/La lavas.
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Figure 3.8. (cont’d)

High Cr/Ni lavas from group B (a sub-set within in the Low Nb/La geochemical group) have also
been modeled as they are thought to occur as the system achieves an apex in eruption. The
simplified petrostratigraphic section on the left side of figure is modified from Krans et al.
(2018) and illustrates changes in cumulate textures that are indicative of fractionation depth of
crystal mush zones. Numbers along FC curves denote decimal percentage of crystalized material
with respect to remaining liquid. All deep REAFC systems have the same starting composition
which is the parental composition (3383). There are at least three shallow systems with differing
starting compositions: group A has a starting composition equal to the parental composition
(3383), Middle B has a starting composition equal to an evolved output from the deep REAFC
curve (see inset), and Middle C has a starting composition equal to an evolved output from the
shallow REAFC system of group A (gray line). In general, the deeper system tends to have
higher evacuation (ae) by mass than the shallower system. In addition, evacuation by mass is
greatest in Middle group B and lowest in Middle group C. Note the greatest amount of crustal
assimilation (acc) occurs in group C, while the least crustal assimilation occurs in group B. An
interesting note—there are three plag-megacrystic flows within Group C that lie between the FC
and AFC curves, while all other lavas lie along the REAFC curve.

3.5.4 Improved Conceptual model for LT Magma Evolution

The results of the MELTS and REAFC models are in agreement with a polybaric
plumbing system that progressively shallows over time. First, the MELTS models estimate that
LT lavas were fractionating between 0.6 — 0.05 GPa (middle to shallow crust), and that both the
deep and the shallow systems were contemporaneous throughout Middle flood basalt activity
(Figure 3.6). Our observation that a deep and shallow REAFC model are required to fit the upper
and lower bounds of the data further support the existence of a polybaric plumbing system.
Second, the starting composition of the shallow REAFC system becomes progressively more
evolved over time (from group A to C), while the percentage of material evacuating the shallow
system increases (from A to B) and then decreases (from B to C) (Figure 3.8).

We suggest that the early plumbing system (Middle group A) is not well established in
terms of volume and connectivity, therefore evacuating the chambers will be less efficient

(Figure 3.9a). In this paradigm, magma stalls at multiple levels within the crust, permitting
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different phase assemblages to control fractionation depending on the stalling depth. These
different assemblages will impart a distinct trace element fingerprint on lavas erupted from the
deeper versus shallower systems (Figure 3.9a). The cumulate material transported by various
lavas reflects these different pressure regimes. During this phase, only a single parental
composition (i.e., 3383) is required, with limited assimilation of the Pan African granitic crust.

The transition from Middle group A to Middle group B is coincident with the
disappearance of plagioclase cumulates in flows. Despite the disappearance of plagioclase
megacrysts, MELTS and REAFC models indicate the shallow system and deep system are both
active. The more restricted geochemical ranges observed in the chemostratigraphy (Figure 3.5)
as well as the higher evacuation percentages (Figures 3.7) predicted in both the shallow and deep
REAFC models point to this phase as representing an apex in magmatic flux. The increase in
magma supplying the deep and shallow system allows the plumbing system to mature and
become more connected; this in turn, along with a shallowing of the plumbing system, permits
more efficient magma evacuation (eruption) (Figure 3.9b).

Middle flood basalt group C occurs after a stratigraphically defined hiatus. REAFC
models show no plausible solutions that incorporate a deep fractionating system, consistent with
the interpretation of a dying magma system that once efficiently fed the Ethiopian flood basalts
(Krans et al., 2018). The shallow system has again evolved in starting and recharge composition
in comparison to earlier flow groups (A and B). Among all three Middle flood basalt groups,
Middle group C exhibits the lowest relative proportion of magma erupting (25 %), and the
highest proportion of assimilated Pan African crust (10%). As the magma supply entering the

lower crust diminishes, less buffering from recharge and eruption results in the residual liquid in
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the existing magma plumbing system being more impacted more profoundly by fractional
crystallization and assimilation (Figure 3.9c).

Figure 3.9. Revised conceptual model for LT magma evolution in Ethiopia. Symbols used in
figures are the same as in the REAFC constant mass magma chamber model parameters, where
a, = relative proportion of fractional crystallization, a.. = relative proportion of assimilation,
a, = relative proportion of eruption/evacuation C2, = starting composition of the magma
chamber, C,.,=composition of recharging magma. a) Middle flood basalt group A is fed by a
deep fractionating system and shallow system where the starting composition is equal to the
recharging composition (in this case sample 3383 from Middle group A). The deep system would
occur in the mid-crust (~0.6 GPa) where clinopyroxene and olivine are the dominant
crystallizing phases. In the shallow system (~0.4 GPa), olivine and plagioclase are the dominant
crystallizing phases, with a greater influence of Fe-Ti oxides than the deeper system. The deeper
system has a higher relative proportion of erupted magma than the shallow system. This is not to
say that the deeper plumbing system erupted a greater total volume of basalt, but rather that
more of what entered the chamber via recharge was escaping to the surface. Assimilation of Pan
African crust is less than 5% in both the deep and shallow system.
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Figure 3.9. (cont’d)

b) Middle flood basalt group B is still fed by a deep and shallow system, but we are now seeing a
more levels of stagnation in the crust. The deep system still has the same starting and recharging
compositions as in Middle group A, but with an increase in olivine fractionation and absence of
plagioclase fractionation in the High Cr/Ni subgroup (thought to represent the apex of food
volcanism). The shallow system has now evolved to a new starting composition, which could be
residual liquid from earlier eruptions or a mixed liquid from multiple pathways—we use sample
3493 as the new starting composition and recharging composition for the shallow system. Both
the deep and shallow system experience elevated relative proportions of erupted magma
compared to Middle group A. Assimilation of Pan African crust is still less than 5%. c) Middle
flood basalt group C occurs after a hiatus. REAFC models show no plausible solutions when
attempting to use a deep fractionating system. The shallow system, again, has a starting
composition that is evolved in comparison to earlier flow groups (A and B)—here we use sample
3497 as the starting and recharging composition. The relative proportion of magma erupting
from this system is the lowest it has been in all three Middle flood basalt groups (25 %). In
addition, the relative proportion of assimilated Pan African crust is at its highest of all the three
Middle flood basalt groups (10%).
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Figure 3.9. (cont’d)
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3.6 CONCLUSIONS

When combined with existing petrostratigraphic observations (Krans et al., 2018), our
results provide an internally consistent model describing the magmatic evolution of a continental
flood basalt. MELTS modeling reported in this study are consistent with previous interpretations
based on mineralogy (Pik et al., 1998; Krans et al., 2018), and show a range in crystallization
pressures from mid-crust (0.6 GPa) to shallow crust (0.05 GPa). We furthermore find that this
polybaric magmatic system shallows over time.

Our REAFC modelling estimates refine our understanding of the relative role of different
components of this polybaric magmatic system during the evolution of the province. The main

phase of LT flood volcanism began with lower relative proportions of evacuation from both the
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deep and shallow system in Middle group A, followed by an increase in evacuation in both the
deep and shallow system in Middle group B, and finally a loss of evacuation from the deep
system in Middle group C. These results are interpreted as representing a complete magmatic
cycle that evolves through an initially immature system, transitioning to a more mature system
with high magma flux, and finally moving towards a terminal system with significantly
decreased magma supply.

We show that the combined effects of REAFC have significant leverage on the
incompatible element enrichment of a continental flood basalt. Such enrichment processes have
direct relevance in the interpretation of the crustal contamination, with larger implications in the
interpretation of radiogenic isotopes in such systems. We show that within the Ethiopian-Yemen
LIP, the proportion of crustal assimilation (3-10 %) necessary to accommodate the data is
markedly lower than previously estimated values (10 - 25 %; Baker, 2000; Meshesha and Shinjo,
2007).

Our models help clarify several geochemical observations within the LT flood basalts in
the NW Ethiopian plateau. For starters, the remarkable homogeneity in major elements (Figure
3.5) and trace element patterns (Rooney, 2017; Figure 3.4 in this chapter) can be explained by a
magmatic system undergoing simultaneous recharge-evacuation-assimilation-fractional
crystallization approaching steady state conditions (i.e. becoming more efficient at moving new
magma input through the system and erupting at the surface). The wide variability in
geochemistry observed in flows near petrostratigraphic boundaries (Figure 3.5) is consistent with
a magmatic system experiencing revived magmatic flux after a period of quiescence. The
decreasing Nb/La in LT lavas does not require significant contribution from a crustal component

but can in fact occur as a result of fractionating phases (Figure 3.7). Furthermore, a non-linear
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decrease in Nb/La with decreasing MgO cannot be achieved by FC nor AFC alone and requires
recharge and evacuation to be included parameters in modeling (Figures 3.7 and 3.8). The
results of these models have profound implications for future studies of CFB magma evolution
and may in turn bring us closer to identifying the primary magma composition in some of the

largest volcanic provinces on Earth.
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4. MODELING THE ORIGIN OF THE ISOTOPIC SIGNATURE FOR LT MAGMAS

IN THE ETHIOPIAN CONTINENTAL FLOOD BASALT PROVINCE

41 INTRODUCTION AND BACKGROUND

Continental flood basalt (CFB) provinces typically erupt two distinct basalt
compositions—Low-Ti (LT) basalts and High-Ti (HT) basalts. In the Ethiopian Flood Basalt
province, LT and HT lavas erupted contemporaneously in spatially adjacent provinces with very
little overlap between LT and HT lavas (Pik et al., 1998, 1999; Kieffer et al., 2004). The clear
geochemical and spatial distinction between LT and HT lava types has led to investigations of
their magmatic origins using geochemical and isotopic datasets (Pik et al., 1999; Kieffer et al.,
2004; Beccaluva et al., 2009; Natali et al., 2016). While the source of HT lavas has been
attributed to melting of the Afar plume (Pik et al., 1999; Natali et al., 2016), the origin of LT
lavas remains a topic of debate (Pik et al., 1999; Kieffer et al., 2004; Beccaluva et al., 2009). An
outstanding question about Ethiopian Flood Basalt Province is whether the compositional zoning
of erupted lavas reflects compositional zoning in the Afar plume, differences in plume vs. non-
plume source components (e.g., depleted mantle and sub-continental lithospheric mantle), or
varying influence from crustal contamination.

Low-Ti basalts are thought to be easily susceptible to crustal contamination due to the
overall depletion in incompatible elements (Pik et al., 1999), however their homogeneous
composition (tight grouping on trace element diagrams) requires an efficient magma plumbing
system with high melt input at low residence time (Lee et al., 2014: Chapter 3). Trace element

modeling using REAFC in the Middle flood basalts of the northwestern Ethiopian plateau
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(Chapter 3) suggest that 3 — 10 % contamination from local Pan African granite is expected, but
this only accounts for mid to shallow crustal contamination because a deeper crustal component
is suspected, but due to difficulty in direct sampling of the lower crust, and the differentiated
nature of the LT basalts, this could not be modeled effectively using REAFC. Isotopic
constraints are needed resolve a more complete picture of the lithospheric role in the formation
of LT magmas.

On the Yemen- conjugate margin, Sr-Nd-Pb isotopes were used to estimate ~20-30%
crustal assimilation by AFC in contemporaneous LT flood basalts (Baker et al., 1996b). This
estimate was reduced to ~20% crustal assimilation with the additional analysis of oxygen
isotopes (Baker et al., 2000). These insights provide an interesting contrast to the REAFC
modelling presented in chapter 3, which suggest less than half of this assimilation value is
necessary. However, direct comparison between the magmatic system beneath the northwest
Ethiopian plateau and Yemen are complicated by quite distinct lithosphere in both regions. The
crustal terranes beneath Yemen are old Archean lithospheric fragments (Baker et al., 1996b),
while the Ethiopian lithosphere is comprised of Late Proterozoic mafic accreted arc terranes (Pik
et al., 1999). These differences are important factors when considering potential lithospheric
assimilation.

The concept of lithospheric assimilation should not be viewed as synonymous with crustal
assimilation. Indeed, differentiating between contributions to the radiogenic isotope budget of a
magma of a crustal versus SCLM origin is non-trivial. Many previous studies have suggested
that LT lavas in CFB provinces experienced some contribution from the SCLM (Hawkesworth et
al., 1984; Hergt et al., 1989; Lightfoot et al., 1993; Shirey et al., 1994; Yan et al., 2007). There

are two known types of SCLM in East Africa—an enriched type and a depleted type. It has been
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proposed that LT lavas were generated through interaction with depleted SCLM (CITE). The
depleted SCLM type, identified in xenolith studies, is thought to reflect the depleted residual
portion of the mantle (Bianchini et al., 2014). This depleted mantle is depleted in basalt forming
elements such that it is difficult to extract significant volumes of further melt in order to form the
LT flood basalts; such difficulties have typically resulted in other studies suggesting SCLM
contribution to flood basalts to instead consider SCLM that has been subsequently re-enriched
(e.g. Shirey et al., 1994; Shirey, 1997).

The enriched type of SLCM in East Africa is thought to be comprised of metasomes —
regions of the SCLM that have been re-enriched since the original stabilization of the lithosphere
with percolating fluids/melts. When melted, these metasomes produce some of the most
incompatible trace element enriched, silica under-saturated lavas known in East Africa, and often
possess HIMU-like isotopic signatures (Rooney et al., 2014). These magmas correspond to the
Type IIb magmas in East Africa (Rooney, 2017), and are profoundly different to the tholeiitic LT
lavas, which are also among the most incompatible trace element depleted magmas in East
Africa (Type la; Rooney, 2017).

Constraints on the potential SCLM origin for the LT magmas can come from radiogenic
isotope compositions. Specifically, both SCLM types, enriched and depleted, have distinct
isotopic signatures in eHf-eNd space that plot off the mantle array. The enriched SCLM
component plots below the eHf-eNd mantle array, and the depleted component plots above the
mantle array (Rooney et al., 2014; Bianchini et al., 2014). Despite the utility of coupled Hf and
Nd isotopes in resolving the SCLM question, no well-constrained Hf isotope dataset exists for

the LT flood basalts in this region.
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In this chapter, we will attempt to resolve the SCLM debate for LT lavas in East Africa by
using Hf-isotopes in tandem with Sr-Nd-Pb isotopic systems. Succinctly, if LT lavas fall above
or below ¢Hf-eNd mantle array, then contribution from the SCLM is plausible as a source
component. We will also evaluate the source component mixing that formed LT basalts by
evaluating the relative contribution from major reservoirs in East Africa: 1) the Afar Plume, 2)
the depleted mantle (DM), 3) the sub-continental lithospheric mantle (SCLM), and 4) the
continental crust.

Here we present Sr-Nd-Pb-Hf isotopes from parental to evolved lavas from multiple
stratigraphic levels in the LT stratigraphy. We apply multiple binary mixing models between
various components, and finally model the potential effect of assimilation-fractional
crystallization (AFC) on the LT isotopic signature, informed by modelling undertaken in Chapter
3. We find that the source of LT magmas is at least a three-component system that is dominantly
DM, with 10-30% Afar Plume, and a 10-20% lithospheric component, with no apparent
contribution from the SCLM. The Upper flood basalts have a greater influence from DM than the
Middle and Lower flood basalts, while Middle flood basalts show greater lithospheric overprint.
The precise lithospheric component is still unclear due to the limited data constraints available
for composition of the lower crust and lithospheric mantle, but 2°’Pb/?%*Pb and eHf observed in
LT lavas would suggest a lithospheric component with 2°’Pb/2%4Pb around 15.5 and eHf
concentrations that are elevated from the current estimate for PAL (-15; Rooney et al., 2012a).
The transition toward more DM component and less Afar Plume component over time is
consistent with thermo-mechanical erosion of the lithospheric mantle as a result of the impinging

plume head beneath East Africa (Rooney et al., 2012a; Furman et al., 2016)
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42 METHODS

A total of 18 samples were selected from the Lower (n=9), Middle (n=6), and Upper (n=3)
LT flood basalt sequence. Sampling criteria was used to target the following: 1) representative
flows from each flood basalt group, 2) lavas that represent liquid composition (phenocryst-poor)
when possible, 3) lavas with MgO >7.0 wt.% to represent parental magmas, and 4) lavas with
MgO <5.0 wt. % to represent evolved magmas as a potential vector of contamination (Figure
4.1).

Samples were crushed using a ceramic plate jaw crusher, and rock chips were handpicked to
minimize the impact of alteration and large crystals. Samples were acid-leached, processed, and
analyzed for Sr-Nd-Pb-Hf radiogenic isotopes at the University of Hawai‘i at Manoa following
procedure outlined in Finlayson et al (2018). Pb, Nd, and Hf were analyzed by MC-ICP-MS,
while Sr was measured via TIMS as detailed in Finlayson et al (2018). Results for measured
isotopes are compiled in Supplementary Table D.1.

Measured Sr-Nd-Pb-Hf isotopes were age-corrected to initial values using an age of 30 Ma

(See Appendix C).
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Figure 4.1. Stratigraphic sampling of select Lower, Middle and Upper LT lavas for Sr-Nd-Pb-
Hf isotope analysis. Simplified stratigraphic section after Krans et al. (2018) (See Figure 2.5 in
Chapter 2). A total of 18 samples were analyzed for Sr-Nd-Pb-Hf isotopes (three Upper, six
Middle, and nine Lower). Two evolved samples (MgO, 5.0 wt.%) were selected from the Upper
flood basalt group and the Middle group C flood basalt group. Lower flood basalt lavas are
from discontinuous sections in the Ethiopia lowlands, west of Lake Tana (See figure 2.1b in
Chapter 2 for spatial distribution of sections).
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43 RESULTS

Al LT lavas in this study plot within the expected Sr-Nd-Pb isotopic ranges for LT flood
basalts in Ethiopia (Figure 4.2). A weak negative correlation is observed between MgO (wt. %)
and 87Sr/8Sr (Figure 4.3). Likewise, a weak positive correlation is observed between MgO (wt.

%) and ***Nd/**Nd (Figure 4.3). These two observations combined suggest a shift in isotopic

109



composition as a result of magma differentiation which will be addressed later in the discussion.
The Hf and Pb isotopic ratios do not appear to be correlated with MgO (Figure 4.3).

Isotopic ratios were also plotted against Nb/La since this has been shown to decrease with
REAFC as the magmatic system evolves and may be a more sensitive index of magma
differentiation since MgO becomes buffered during high flux (See Chapter 3, Figure 3.7). We
see a stronger negative correlation between Nb/La and 8Sr/Sr than between MgO and 8Sr/%Sr,
Likewise, we see a stronger positive correlation is observed between Nb/La and **3Nd/**Nd
(Figure 4.4). Additionally, 2°6Pb/?%4Pb is positively correlated with Nb/La (Figure 4.4). These
observations suggest that the isotopic composition of LT magmas might be shifting as a result of

REAFC. We will test this using AFC modeling in the discussion.

110



Figure 4.2. Sr-Nd-Pb-Hf isotopic plots for Ethiopian LT lavas. Upper flood basalts (red
circles), Middle flood basalts (blue diamonds), and lower LT flood basalts (green triangles) are
new data from this study. Published LT, HT1, and HT2 flood basalt data for Ethiopian Plateau
(Pik et al., 1999; Kieffer et al., 2004; Teklay et al., 2005; Beccaluva et al., 2009; Rooney et al.,
2018). Pan African Lithosphere (PAL), Afar Plume, and depleted mantel (DM) components as
defined in Rooney et al. (2012a). Upper crust (UC) and Lower crust (LC) components as defined
by Pik et al. (1999). Gerba Guracha are lavas from a metasomatic component from Rooney et al.
(2014). Lithospheric mantle xenoliths from the African and Arabian plates (Shaw et al., 2007).
Note that LT lavas lay on or slightly above the northern hemisphere reference line (NHRL) in
206pp/204pp — 297Ph/204Pp isotopic space. In addition, LT lavas lay on or slightly above the mantle

array (gray line) in end— ent 1SOtOpIC space.
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Figure 4.3. Sr-Nd-Pb-Hf Isotopic plots for Ethiopian LT lavas as a function of MgO (wt.%).
All other symbols same as in Figure 4.2. Note, there appears to be a slight increase in 8'Sr/8Sr
(a) and decrease in ***Nd/***Nd (b) with decreasing MgO (wt.%), which would be consistent with
an increase in crustal contamination as magma evolves. The relationship between differentiation
(decreasing MgQO) and the other isotopic systems is unclear.
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Figure 4.4. Sr-Nd-Pb-Hf isotopic plots for Ethiopian LT lavas as a function of Nb/La. White
stars over symbols indicate evolved samples (MgO < 5.0 wt. %). All other symbols same as in
Figure 4.2. Note that we again observe an increase in 8’Sr/%Sr and decrease in 1*3Nd/***Nd with
decreasing Nb/La. In addition, we observe a decrease in 2°°Pb/?**Ph with decreasing Nb/La. In
Sr-Nd-2%Pb isotopic spaces, a decrease in Nb/La correlates with isotopic compositions trending
toward lithospheric components (PAL, UC, and LC). We however do not see a relationship
between decreasing Nb/La and 2°’Pb/2%Pb, and arguably no relationship ens and Nb/La. Unlike
the PAL, 2Pb/?%Pb and et are not well-defined for upper crust and lower crust components in
Ethiopia.
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44 DISCUSSION

4.4.1 Assimilation-Fractional Crystallization (AFC)

Previous trace element modeling via REAFC suggests between 4 -10 % crustal
assimilation from Pan Africa lithosphere (PAL) (See Chapter 3, Figure 3.7 and related text). To
test how AFC might influence the isotopic signature of the LT magmas, we will combine
previously constrained parameters from REAFC (Chapter 3) and apply them in the AFC model

from DePaolo (1981):

AF(;:(Til

B e [ ICET o R

) ()@ - Foyic, + [ Feic,

Eq. 4.1

ICAFC = [sotopic composition of a magma undergoing AFC
IC, = Isotopic ratio of assimilant

ICy = Isotopic ratio of initial magma

IC, = Concentration of element in assimilant

Coy = Concentration of element in initial magma

r = relative ratio of assimilated material to crystallized material; where r

aCC

Oy

aCC
= % assimilated assuming constant mass chamber determined from REAFC
a, = % crystalized assuming constant mass chamber determined from REAFC

_r+Dy—1

,where D, = bulk partition coef ficient of trace element
T —_—

VA

F = fraction of liquid remaining, relative to initial mass (0.1 to 1.0; step = 0.1)
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This equation estimates the isotopic composition of a magma undergoing AFC by relating the
isotopic composition and corresponding trace element compositions in the parental magma and
assimilant with the simultaneous removal of crystallizing phases (parameters defined above).

The starting parental magma composition was chosen from the Lower flood basalt group
based on it being the furthest away from the PAL component in Sr-Nd and Sr-Pb space and
being relatively high in MgO (7.7 wt. %) (Supplementary Table E.1). We use the Pan African
lithosphere (PAL) as described in Rooney et al. (2012a) as the assimilation component
(Supplementary Table E.1). The bulk partition coefficients are based on the mineral
assemblages used in REAFC models (Supplementary Table E.1, Chapter 3- Supplementary
Table C.1 and Supplementary Table C.2).

We ran a Deep AFC model and Shallow AFC model to cover the minimum and
maximum conditions concluded from REAFC models in Chapter 3. The parameters for these
models can be found in Supplementary Table E.2. The Deep AFC model is dominated by
clinopyroxene and olivine fractionation with only 4% assimilation of PAL. The Shallow AFC
model is dominated by olivine and plagioclase fractionation and 10 % assimilation of PAL. The
results of both models are shown in Figure 4.5.

The AFC models indicate that it is possible to capture a range in compositions simply
through AFC of a single parental magma. In addition, both the shallow and the deep model can
achieve the observed variation in LT lavas, indicating that the observed variation in LT lavas
does not require a significant amount of crust—only 4 — 10 % PAL is needed, as opposed to the
12-25% estimated by others (Baker et al., 2000; Kieffer et al., 2004). Still, not all LT lavas are
predicted from a single parental magma mixing with PAL. The 2°7Pb/?%*Pb versus 2°°Pb/?%*Pb

(Figure 4.5) would indicate that the PAL used in our AFC model may not be the most
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appropriate vector of contamination for LT lavas. The evolved lavas (white stars) in Figure 4.5
suggest a possible vector of contamination, pointing toward lower 2°/Pb/?%*Pb (~15.5).

Recall that in the REAFC model (Chapter 3), we used a locally exposed Pan African
Granite which would represent contamination in the mid-shallow crust. REAFC modeling of
Middle LT flood basalts indicate 3-10% contamination of PAL in the mid to shallow crust
(Figure 3.8). We do not know how much contamination occurred in the lower crust. It is possible
that the unknown lithospheric component resides in the lower crust, and the potential
contamination vector indicated by 2°’Pb/?**Pb suggests a lower 2°’Pb/?**Pb component (Figure
4.5). It should also be noted that the parental magma used in the AFC models is not along the
binary mixing line between DM and Afar Plume components (Figure 4.5). In the next section,
we will evaluate the relative contribution of mantle and lithospheric components imprinting LT

magmas.
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Figure 4.5. Isotope AFC models for Ethiopian LT lavas. The two evolved lavas from the Middle
and Upper flood basalt groups are identified by the white stars to indicate a contamination
vector. Solid line represents binary mixing between the depleted mantle (DM) and Afar plume
components (discussed in section 4.2.2) and is included here to illustrate the parental magma
does not plot on the binary mixing line for mantle endmembers.
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Figure 4.5. (cont’d)

A Deep AFC model was run using the bulk distribution coefficients determined for a mid-crustal
fractionating system as determined from REAFC (Supplementary Table E.2; also see Chapter 3).
A Shallow AFC model was run using the bulk distribution coefficients determined for a shallow-
crustal fractionating system as determined from REAFC (Supplementary Table E.2; also see
Chapter 3). The relative percentage of 4% assimilation (AFC-Deep) and 10% assimilation
(AFC-shallow) was used and is based off the estimated value from REAFC (see Chapter 3). All
other symbols same as in Figure 4.2. Note the disparity between the AFC models and observed
data in 2°Pb/?°PDb space.

4.4.2 Mixing

We used the following mixing model by Powell (1984) to first test binary mixing
between the Afar Plume and depleted upper Mantle (DM) reservoirs as a potential source for LT

lavas:

CaX Cy(1—x
IC,, = IC, (CL) +1IC, (%) Eq. 4.2
m m

Where,

IC, = Isotopic ratio of element in source 1

ICy = Isotopic ratio of element in source 2

IC,, = Isotopic ratio of element in mixed source

C, = concentration of element in source 1

C, = concentration of element in source 2

C,, = concentration of element in mixed source

x = degree of mixing (0.1 to 1.0)
This equation estimates the isotopic composition of a mixed two-component system by relating
the isotopic ratio and corresponding trace element composition in each component at a given

degree of mixing. The specific compositions of the DM and Afar Plume components can be
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found in Supplementary Table E.2. We varied the degree of mixing between 10 — 100 % (0.1 —
1.0) at 10% increments. The results of this mixing model are shown in Figure 4.6. We found that
a DM-Afar Plume hybrid source with 10 -30% Afar Plume is a likely source of the LT flood
basalts, but that a third component is necessary to capture the data in Hf-Pb, Pb-Pb, Sr-Pb, and
Hf-Nd isotopic space (Figure 4.6).

Next, we used the DM-Afar Plume hybrid compositions estimated from the first mixing
model with Pan African Lithosphere (PAL) to test the relative lithospheric contribution on LT
lavas (See Supplementary Table E.2 for specific details). We again varied the degree of mixing
between 10 — 100 % (0.1 — 1.0) at 10% increments. We find that most LT flood basalts can be
explained by mixing a DM-Afar Plume hybrid source with 10- 20 % PAL. There is however
some disagreement to the estimated % PAL in eHf-eNd isotopic space, where the amount of PAL
is estimated around only 5%. This inconsistency is not surprising considering what we observed
in the AFC models in the previous section—again further evidence that there is an unknown
lithospheric component that is yet to be defined.

Despite not having a well-defined lithospheric component in all isotopic spaces, the AFC
and mixing models presented here, along with the REAFC modeling from Chapter 3, are clear
indicators that a lithospheric component is indeed present in LT magmas. Recall that in Chapter
3, the only way to capture the trend of decreasing Nb/La with MgO in LT lavas was to include
about 3-10 % crustal contamination in the REAFC model (Figure 3.8). We can explore this idea
further by comparing the isotopic compositions of the LT lavas using similar indices of
differentiation (decreasing MgO and decreasing Nb/La). Note in Figure 4.3 how &Sr/®Sr
increases toward PAL and the upper crustal (UC) component with decreasing MgO. Likewise,

143N d/**4Nd decreases toward PAL and UC with differentiation (Figure 4.3). The same
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relationship can be seen with decreasing Nb/La in Figure 4.4, where 8/Sr/%Sr increases toward
PAL and UC with decreasing Nb/La and ***Nd/***Nd decreases toward PAL and UC with
decreasing Nb/La. Not only does this support a lithospheric component influencing the LT
magmas, but that the lithospheric component is most likely in the crust—where the magma
undergoes differentiation.

The isotopic ratios plotted against MgO and Nb/La offer insight as to what the potential
crustal contamination vector could be in isotopic space. While it is similar to the PAL component
defined by Schilling et al. (1992) and Rooney et al. (2012a) and the upper crustal component
defined by Pik et al. (1999), the lack of change in 2°’Pb/?%*Pb with differentiation suggests the
component has similar 2°’Pb/?%Pb as the parental magma (closer to 15.5) as opposed to the PAL
component (15.75) (Figure 4.3 and 4.4). This point is further exemplified when attempting to

model PAL as a contamination vector by AFC (Figure 4.5).
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Figure 4.6. Isotope mixing models for Ethiopian LT lavas. Solid line represents binary mixing
between the depleted mantle (DM) and Afar plume components. Majority of LT lavas appear to
be related to a DM-Afar plume hybrid that has 90 — 70% DM and 10 — 30% Afar Plume. Dashed
lines are binary mixing models between a DM-Afar plume hybrid and Pan African lithosphere
(PAL) component. LT lavas typically fall between 10 — 20 % mixing with PAL. All other symbols
same as in Figure 4.2.
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4.4.3 Temporal Variation in Source Components

According to the mixing models, there is considerable overlap in Lower, Middle, and
Upper LT flood basalts in terms of contribution from PAL (Figure 4.7). However, the Upper
flood basalt appear to be the least contaminated by PAL (<10 %), while the most contaminated
samples occur in the Middle flood basalt (10 — 20 %; Figure 4.7). Recall that in Chapter 3, the
modeled assimilation by REAFC increased from 3 — 4 % to 10 % near the end of the Middle
flood basalt sequence (Figure 3.8). It is important to keep in mind that the Pan African Granite
used in the REAFC model is a direct sample of the crust underlying the LT province for which
major and trace element chemistry was measured (Rooney et al., 2018), while the PAL isotopic
component has been inferred from 3-component mixing vectors (Schilling et al., 1992; Rooney
et al., 2012a). Furthermore, it was concluded in section 4.4.2 that while the PAL component used
in AFC models works in Sr-Nd-Hf space, it is too high in 2°’Pb/?%*Pb to be the correct
lithospheric component for modeling (Figure 4.5).

Despite the disparity in the exact values between the trace element REAFC models and the
isotopic mixing models, both tell a similar story in terms of a temporal transition in the role of
continental lithosphere in the evolution of the LT magmas. If we consider this in terms of the
conceptual model for LT magma evolution (Chapter 2- section 2.5.2; revised in Chapter 3-
section 3.5.5), it makes sense that the Middle flood basalts would have the highest influence of
crustal contamination despite being part of the main-stage of flood volcanism. This is in part
because the main phase of volcanism was not a continuous outpouring of lavas at constant
frequency—it pulses, waxes, and wanes throughout the main phase. There are two key processes
occurring during the main-phase of flood volcanism that would contribute to higher

contamination from the crust: 1) High rates of magma flux caused by increased melt generation
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is continuously supplying heat to the crust which in turn raises the geotherm and facilitate
assimilation (Blundy and Annen, 2016); 2) We have shown through REAFC that the highest rate
of assimilation occurs toward the end of the main phase (Middle group C) as the system begins
to shut down (Figure 3.8 and section 2.5.2). As the rate of new magma supplying the plumbing
system slows, heat flux would eventually decrease and reduce the volume of eruptible magma
(Blundy and Annen, 2016), as supported by the decrease in evacuation shown in the REAFC
model (Figure 3.8). With lower rates of evacuation, the contribution from assimilation and
fractional crystallization on magma evolution become more pronounced, as they are no longer
diluted by magma recharging and leaving the system (Lee et al., 2014). It has been shown that
the locus of magmatism has migrated from below the LT province to below the HT province
over time (Rooney et al., 2018). As the magmatic plumbing system migrated eastward, the
magmatic system below the LT province likely experienced a decrease in magmatic flux that
eventually led to a decrease in volcanic activity from the large outpourings of flood basalt lavas
shield activity and more felsic magmatism in the region (Ayalew et al., 1999, 2002; Ukstins et
al., 2002; Kieffer et al., 2004; Krans et al., 2018).

The temporal variation in the source shows a stronger contribution from the Afar Plume in
the Lower flood basalt sequence and increasing contribution from the DM in the Middle and
Upper flood basalt sequences. It is possible that the Upper flood basalts are derived from a
greater contribution of the depleted mantle due to decompression of ambient mantle as a result of
thermo-mechanical erosion of the lithosphere associated with the Afar plume (Rooney et al.,
2012a). In this case, a higher plume component would be expected in the earlier erupted lavas as
a result of adiabatic melting of the impinging plume head (Beccaluva et al., 2009). Over time,

elevated mantle potential temperatures in the depleted upper mantle surrounding the plume
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would cause an increase in melt contribution from the depleted mantle (Beccaluva et al., 2009;
Rooney et al., 2012a).

Figure 4.7. Temporal changes in eHf- °°Pb/?%*Phjniiial isotopic space from Lower to Middle to
Upper LT flood basalts. Mixing models and symbols are the same as in Figure 4.6. According to
the mixing models, the Upper flood basalt show the least influence from Pan African Lithosphere
(PAL), and the Middle flood basalt show the most influence of PAL. Over time, there is less
contribution from the Afar Plume and more from depleted mantle (DM). Simplified stratigraphic
section after Krans et al. (2018) (See Figure 2.5 in Chapter 2).
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45 CONCLUSIONS

We find that the majority of LT flood basalts can be explained by a three-component mix
between DM, Afar Plume, and a lithospheric component, and that contribution from the SCLM
is not likely (Figure 4.2). An initial binary mixing model found a hybrid DM-Afar plume source
with 10 — 30% Afar Plume and 90 — 70% depleted mantle, however 10- 20 % PAL was needed
as a third mixing component to resolve the isotopic variation in LT lavas (Figure 4.6). Over time,
the relative contribution from the depleted mantle increases from ~70 % in the Lower flood
basalt sequence to ~90 % in the Upper flood basalt sequence. This increase in contribution from
the depleted mantle is consistent with a rising geothermal gradient caused by the impinging
plume head beneath East Africa (Beccaluva et al., 2009; Rooney et al., 2012c).

The greatest contribution from a lithospheric component occurs during the main-phase of
flood volcanism (Middle group C) and this is consistent with previous conceptual models
regarding magma evolution in the Ethiopian LT flood basalt province (Krans et al., 2018; see
also Chapter 2 and Chapter 3)The exact lithospheric component driving LT magmas away from a
two-component DM-Afar Plume source, either by AFC or by source mixing is yet to be
constrained, but a lower crustal origin is likely. Isotopic ratios plotted against indices of
differentiation (MgO and Nb/La) clearly point toward a crustal component for contamination that
is similar to the PAL component previously defined (Schilling et al., 1992; Rooney et al., 2012a),

but with lower 2°’Pb/?%*Pb (Figures 4.3 and 4.4).
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APPENDIX A: Detailed sample information

Sample locations, flow elevations and thickness, and general outcrop notes can be found
in Supplementary Table A.1. Location information is reported using WGS84 in decimal degrees
latitude and longitude (DD Lat and DD Long, respectively). Elevations are reported in meters
above sea level. Minimum and maximum elevation reported when contacts between flows were
observed in the field (unless specified otherwise). Flow thickness determined from minimum and

maximum thickness.

Petro-graphic information for individual samples can be found in Supplementary Table
A.2. Textures and mode (modal mineralogy) are as described in results sections 2.1.1.1 and
2.1.1.2, respectively. The total volume % phenocrysts are approximations from visual inspection
of thin sections and hand sample. The % An for plagioclase was determined petrographically by

Michel Lévy method. NS= no sample collected.
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APPENDIX B: Major and trace element data and standards

Major and trace element analysis of Ethiopian LT basalt are presented in Supplementary
Table B.1. This Table is subdivided by petrostratigraphic groups as follows: Middle group A
(Table B.1_a), Middle group B (Table B.1_b), Middle group C (Table B.1_c), and Upper
(Table B.1_d). Standard analysis for XRF can be found in Supplementary Table B.2. ICPMS
standards, detection limits, and extrapolation standards can be found in Supplementary Table
B.3. Geochemical means and ranges by petrostratigraphic group can be found in Supplementary

Table B.4

All flows in this table are classified as LT lavas as defined by Pik et al, 1998) with the
exception of 13 samples from the Lower flood basalts that were described as “transitional” by
Krans et al. (2018) (See Chapter 2.3.2). These transitional flows do not fit into LT, HT1, nor
HT2 geochemical classifications as defined by Pik et al, 1998 and require more detailed

treatment of the dataset that is beyond the scope of this dissertation
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APPENDIX C: Trace element modeling parameters

REAFC Model
We use the constant mass REAFC model from Lee et al. (2014).

[-AMye(Dax+ae)]

(CREAFC _ Cre + AccCec _ Cre + accCec 10
ch - ch

Da, + a, Da, + a,
¢2,= Initial concentration of element in magma chamber (user defined). We use the
composition of the most parental basalt (high MgO, Ni, and Cr) from each petrostratigraphic
group (Middle group A, B, and C) suited to represent a liquid composition (free of cumulates)
(Supplementary Table C.2). We assume that each petrostratigraphic group denotes a change in

the magmatic plumbing system which requires revaluation of the starting composition in the

magma chamber in order to effectively execute the REAFC model.

CREAFC= concentration of element in magma chamber (model output). The model outputs
a percentage of change from initial concentrations of the element in the magma chamber based
on the user defined inputs in the REAFC model. This percentage of change is then multiplied by
the starting concentration of the element in the magma chamber to determine the final

concentration of the element at a given step (see definition of overturn (AM,..) below).

C..= concentration of element in the crustal assimilant (user defined). We use the
composition of a Pan African granite reported in Rooney et al. (2018) (Supplementary Table

C.2).

C,..= concentration of element in the recharging magma (user defined). In all cases we
use a recharge composition equivalent to the starting composition in each model (Supplementary

Table C.2).

a,.= proportion of crystallization relative to recharge rate (user defined).
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a..= proportion of assimilation relative to recharge rate (user defined).
a,.= proportion of evacuation relative to recharge rate (user defined).

The sum of the mass inputs (recharge and assimilation) and outputs (evacuation and
fractional crystallization) of an element must be equal to the change in total amount of the
element in a magma chamber in order to maintain constant mass. Assimilation of continental
crust was run between 0 and 10%, while evacuation and crystallization were free to vary as any

combination that summed to 100%.

D= bulk distribution coefficient between crystallizing phases and melt (user defined; see
Supplementary Table C.1) Elements that are compatible in particular phases (D>1) include Sr,
Ni, and Cr (Supplementary Table C.1). Within each petrostratigraphic model, a bulk distribution
coefficient for a deeper fractionating system and shallower fractionating system was determined
on the basis of modal mineralogy observed in lavas from that group (Supplementary Table C.1)
and pressures determined from MELTS modeling (0.6 — 0.05 GPa). In general, the ‘deep’
fractionation system (> 0.5 GPa) favors the crystallization of clinopyroxene over plagioclase,
while the ‘shallow’ fractionation system (< 0.5 GPa) favors the crystallization of plagioclase
over clinopyroxene. The prediction of Sr, Cr, and Ni enrichment/depletion trends with respect to
MgO must be satisfied using realistic modal percentages of phases prior to accepting the
prediction of Nb and La. Without this modal constraint, the REAFC prediction of highly
incompatible elements such as Nb and La would yield several non-unique solutions achieved by

a combination of % crystallization, % assimilation, and % evacuation.

AM,.,= Number of overturns for a constant mass magma chamber (step function). This is

not to be confused with the petrologic term ‘overturn’. In this equation, an overturn is a time-
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integrated step function as a system achieves steady state. An incompatible element (D<1) will
require more overturns in a chamber undergoing recharge to achieve steady state than a
compatible element (D>1). This relationship is responsible for the inflection in the REAFC curve
when plotting results for two elements with different compatibility (Figures 5.3 and 5.4.) The
number of overturns can be related to residence time of the magma in the chamber if the
recharge rate is known (Lee et al., 2014). When recharge rate is not known, relative difference in
REAFC parameters can still be assessed to illustrate how a magmatic plumbing system changes
over time. AM,., was run from 0 to 100, though most elements achieved steady state. FC and

AFC models were run along-side REAFC models.
FC Model

We adapt the Rayleigh fractionation model from Rayleigh (1986) using the parameters

defined in Lee et al. (2014).
Che = CoF®™
CEC= Concentration of element in residual melt during fractional crystallization.

F= Fraction of melt remaining during crystallization, where F = 1 — AM,.,. FC models
terminate when AM,..=1 (1 overturn), as this would equal 100% crystallization since it assumes

no melt is being added to the system.
*All other variables defined in REAFC parameters.
AFC Model

We adapt the AFC model from DePaolo (1981) using the parameters defined in Lee et al.

(2014).
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AFC Ccohrax + thc(l - ax)
CCh = F

CAFC= Concentration of element in residual melt during combined assimilation and

fractional crystallization.

r= relative ratio of assimilated material to crystallizing material, where r = (@)

Ax
*All other variables defined in REAFC parameters.

AFC models also terminate when AM,.,=1 (1 overturn), as they also assume no melt is

being added to the system.
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APPENDIX D: Sr-Nd-Pb-Hf isotope data and standards

Measured Sr-Nd-Pb-Hf isotopes for Lower, Middle, and Upper LT flood basalts, NW

Ethiopian plateau can be found in Supplementary Table D.1.
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APPENDIX E: Isotope modeling parameters

Isotope AFC model endmembers and parameters can be found in Supplementary Table
E.1. The Pan African Lithosphere (PAL) component is as defined in Rooney et al (2012a).
Parental magma (3408 B) is a Lower flood basalt from this study. a.=relative proportion of
assimilation, a,=relative proportion of crystallization, similar to REAFC results in Chapter 3.
Dsr, Dna, Dpp, Dys are bulk distribution coefficients for elements used in Isotopic AFC models
and are derived from mineral assemblages determined for deep and shallow fractionating

systems in Chapter 3.

Isotope mixing model endmembers can be found in Supplementary Table E.2. The Pan
African Lithosphere (PAL), Afar Plume, and depleted mantel (DM) components are as defined
in Rooney et al (2012a). Hf concentrations for DM are assumed similar to N-MORB, and Hf
concentrations for Afar plume are assumed similar to OIB (Sun and McDunough, 1989). The
DM-Afar Plume hybrid compositions are out-puts from the DM-Afar Plume binary mixing

model.
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