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ABSTRACT

Metamorphic soles beneath ophiolites contain important records of subduction initiation; protoliths of these sole rocks preserve information about tec-
tonic processes occurring prior to and during ophiolite emplacement. The Samail Ophiolite — the largest and best exposed ophiolite on Earth — exposes meta-
morphic soles at its base spanning hundreds of kilometers along its length, but there are a limited number of sole geochemical data from few outcrops. Here,
we present a trace-element, isotopic (Hf and Nd), and geochronological (zircon U-Pb) dataset spanning the entire length of the ophiolite, which we use to in-
terpret the tectonic setting and thermal mechanisms driving ophiolite formation and thrusting. To constrain the earliest perspective on ophiolite emplacement,
we obtained whole-rock geochemical information from n=36 garnet- and clinopyroxene-bearing sole amphibolites at the top of each sole section. Most of
these high-grade sole rocks have affinities toward enriched mid-ocean ridge basalt (E-MORB) compositions, nominally matching earlier inferences for deriva-
tion of the metamorphic sole from the Haybi Complex that immediately underlies the sole. This interpretation is also supported by detrital zircons from one
mixed sole amphibolite-metasediment that yield a Carboniferous maximum depositional age, as well as a compiled sole-Haybi Carboniferous Sm-Nd whole-
rock isochron. However, a subset of the sole amphibolites from south Oman and the UAE exhibit N-MORB-like elemental and isotopic characteristics. This
observation suggests either that there is an unidentified N-MORB-like member of the Haybi Complex; that there is another, unidentified Indian Ocean MORB
source for the Samail sole; or that the V1 volcanics (Geotimes unit) of the ophiolite may have supplied some of the rocks now forming the metamorphic sole.
The first two of these would suggest =150 Ma protolith ages at the time of subduction initiation, while the latter of these would indicate mixing between
protoliths of variable ages, despite the absence of variations in peak sole P-T along the ophiolite. Regardless of protolith age, the data presented in this study

reveal multiple scales of heterogeneity for the basaltic protolith of rocks composing the uppermost Samail sole.

INTRODUCTION

Ophiolites represent a window into two major geologic
processes: the formation of oceanic crust at mid-ocean ridg-
es, and the consumption of oceanic crust during subduction.
Metamorphic soles welded to the base of ophiolites present a
key opportunity to understand the latter of these processes, as
amphibolites within soles are thought to reflect the first piec-
es of oceanic crust subducted beneath a given ophiolite (e.g.,
Agard et al., 2016), providing a key window into the struc-
tural development and thermal architecture leading up to and
during the initial stages of ophiolite formation. Since initial
efforts in the 1970s-1980s (e.g., Williams and Smyth, 1973;
Malpas, 1979; Searle and Malpas, 1980; Ghent and Stout,
1981; Jamieson, 1986), much of the focus on metamorphic
soles has revolved around their remarkably similar mineral-
ogy and P-T conditions globally beneath different ophiolites,
which suggests consistency in the geodynamic mechanisms
that form soles spatially within any single ophiolite and
among ophiolites throughout Earth history (Wakabayashi
and Dilek, 2000, 2003; Agard et al., 2016).

While ophiolite geochemistry has frequently been used
to understand the tectonic configurations fostering ophiol-
ite formation (e.g., Miyashiro, 1973; Alabaster et al., 1982;

Pearce et al., 1984; Dilek and Furnes, 2014), the geochemistry
of metamorphic soles has less often been used for the same
purpose (Searle and Malpas, 1982; Savci, 1988; Carosi et al.,
1996; Parkinson, 1998; Dimo-Labhitte et al., 2001; Searle and
Cox, 2002; Gaggero et al., 2009; Guilmette et al., 2009; Fara-
hat, 2011; Cluzel et al., 2012; Keenan et al., 2016; Segvié et
al., 2018; Ullah et al., 2021; Xin et al., 2021; Valera et al.,
2022a; Fournier-Roy et al., 2023; Mackay-Champion et al.,
2024). These and other studies have observed differences in
geochemistry from the top to the bottom of the sole section
(Ishikawa et al., 2005; Dewey and Casey, 2013; Xin et al.,
2021) or for several mixed protoliths (Carosi et al., 1996;
Gaggero et al., 2009), and many soles contain evidence for
metasomatic overprinting (Ishikawa et al., 2005; Valera et al.,
2022a, b) that also extends to the overlying mantle section
(Yoshikawa et al., 2015; Ambrose et al., 2018; Prigent et al.,
2018). However, given the spatially limited exposures of most
soles relative to their overlying ophiolites, many of these stud-
ies are on small and/or dismembered outcrops that lack ac-
companying high-resolution geochronological or other data.
The Samail Ophiolite of Oman and the United Arab Emir-
ates — the world’s largest and best exposed ophiolite — pres-
ents a unique opportunity to understand the tectonic context
of ophiolite formation using the geochemistry of the meta-
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morphic sole. Such an opportunity is supported by numerous
studies of ophiolite geochronology and geochemistry (Pearce
etal., 1981; Tilton et al., 1981; Alabaster et al., 1982; Ishika-
wa et al., 2002; Godard et al., 2003; Godard et al., 2006; Ku-
sano et al., 2012; Rioux et al., 2013; Belgrano and Diamond,
2019; Belgrano et al., 2019; Rioux et al., 2021a; Rioux et
al., 2021b) and numerous studies on sole geochronology and
geochemistry (Searle and Malpas, 1980; Tilton et al., 1981;
Searle and Malpas, 1982; Ziegler et al., 1991b; Hacker et al.,
1996; Ishikawa et al., 2005; Warren et al., 2005; Rioux et al.,
2016; Roberts et al., 2016; Soret et al., 2017; Guilmette et
al., 2018; Garber et al., 2020; Kim et al., 2020; Soret et al.,
2022; Rioux et al., 2023; Garber et al., 2025). There are also
exposures of the metamorphic sole spanning nearly the entire
length of the ophiolite, although the highest-grade soles are
more spatially restricted (e.g., Rioux et al., 2023). However,
despite the significant number of previous studies identify-
ing and describing the supra-subduction zone evolution of the
Samail Ophiolite (Pearce et al., 1981; Alabaster et al., 1982;
Ishikawa et al., 2002; Goodenough et al., 2010; Kusano et al.,
2012; MacLeod et al., 2013; Belgrano and Diamond, 2019;
Rioux et al., 2021b), only a few studies have investigated the
geochemistry of the metamorphic sole to understand its pro-
tolith (Searle and Malpas, 1982; Ishikawa et al., 2005; Kim et
al.,2020), which has direct bearing on the nature of the lower
plate during ophiolite obduction.

Here, we present a new geochemical dataset from 36
high-grade garnet-clinopyroxene amphibolites from sole
exposures spanning the length of the entire Samail Ophiol-
ite. These samples were collected from the top of each sole
outcrop, representing samples of the earliest material thrust
beneath the ophiolite at each location. The dataset includes
whole-rock trace-element and isotopic (Nd, Hf) data, as
well as detrital zircon U-Pb and trace-element data from one
sample of partial metasedimentary origin. We compare these
data to two proposed protoliths for the metamorphic sole: the
Haybi Complex thrust sheet beneath the sole, which includes
Permian-Triassic limestones and varied basalts, as well as
likely Jurassic-Cretaceous deep-sea cherts and alkali basalt
intrusions (Searle et al., 1980; Searle and Malpas, 1980,
1982; Searle, 1984, 2007) and the earliest volcanic section
(V1) of the Cenomanian Samail Ophiolite itself (e.g., Godard
et al., 2003; Godard et al., 2006). With these comparisons,
we conclude by discussing the tectonic setting of ophiolite
formation and the earliest phase of ophiolite obduction.

GEOLOGICAL BACKGROUND

The Samail Ophiolite (Fig. 1) contains an archetypal
cross-section through fast-spreading oceanic lithosphere, in-
cluding significant portions of crust and upper mantle (Glen-
nie et al., 1973; Hopson et al., 1981; Pallister and Hopson,
1981; Lippard et al., 1986). The architecture of the ophiolite
includes from top to bottom: pillow basalts; sheeted dikes;
discontinuous tonalitic intrusives (plagiogranites, which
also occur elsewhere in the crustal section); isotropic, flow-
foliated, and cumulate gabbros; a Moho transition zone with
dunites, wehrlites, pyroxenites, harzburgites, gabbros, and
podiform chromitites; and depleted harzburgite (e.g., Nico-
las et al., 2000). The earliest, most volumetrically dominant
“V17” lavas and intrusives are generally similar to other In-
dian Ocean mid-ocean ridge basalts (MORB) (e.g., Godard
et al., 2006), although major- and trace-element data indicate
that they formed in the presence of some H,O in their source

and likely crystallized after subduction had already initiat-
ed (e.g., MacLeod et al., 2013). The V1 rocks (also termed
the “Geotimes” unit) were succeeded by a second “V2”
magmatic suite (“Lasail” unit), including but not limited to
wehrlites and boninites, that reflect remelting of a depleted
mantle lithosphere in the presence of higher H,O and large-
ion lithophile elements (e.g., Godard et al., 2003; Koepke et
al., 2009; Kusano et al., 2012; Haase et al., 2016; Belgrano
and Diamond, 2019), consistent with forearc magmatism
above an active subduction zone. Finally, there are a suite of
felsic dikes and sills that crosscut the mantle section of the
ophiolite; the composition of these intrusions reflects mixed
metasediment-amphibolite melts with or without a mantle
component (Haase et al., 2015; Rollinson, 2015; Spencer et
al., 2017; Rioux et al., 2021a). These three magmatic suites
crystallized in sequence, with V1 zircon U-Pb crystallization
dates ranging from 96.2-95.6 Ma and V2 from 95.6-95.2
Ma; in Oman the felsic mantle dikes crystallized over a nar-
row time interval from 95.2-95.0 Ma, whereas in the UAE
these dike dates extend to 91.0 Ma (Rioux et al., 2013; Rioux
et al., 2021b). The magmatic compositional sequence and
timing preserved in the ophiolite is similar to that of the Izu-
Bonin-Mariana forearc, consistent with the formation of the
ophiolite during subduction initiation (Ishizuka et al., 2011;
Belgrano and Diamond, 2019; Rioux et al., 2021b).
Metamorphic soles occur intermittently along the base
of ophiolitic harzburgites along nearly the entire length of
the Samail Ophiolite, with exposed thicknesses ranging
from a few meters up to 500 m. Although there are consis-
tent characteristics throughout many of these outcrops, there
is significant heterogeneity among them and there are also
significant geographic changes in these exposures. The most
classic, well-studied metamorphic sole exposures exhibit a
temperature gradient with increasing structural depth from
the sharply-defined Samail thrust with the overlying ophio-
lite (Searle et al., 2022). Lithologically, these sections grade
from upper amphibolite to granulite facies, dominantly mafic,
garnet-clinopyroxene amphibolites (1.0-1.5 GPa, 750-900
°C), to amphibolite and greenschist facies, mixed metaba-
salts and metasediments that are underlain by unmetamor-
phosed rocks (Ghent and Stout, 1981; Gnos, 1992; Hacker
and Mosenfelder, 1996; Hacker and Gnos, 1997; Gnos, 1998;
Searle and Cox, 2002; Cowan et al., 2014; Soret et al., 2017;
Garber et al., 2020; Ambrose et al., 2021; Kotowski et al.,
2021). Whereas coarse-grained metagabbros have been re-
ported from other metamorphic soles (e.g., Fournier-Roy et
al., 2023), none have been reported from Samail. Discrete
slices with distinct protoliths are apparent throughout all sole
exposures (Ishikawa et al., 2005; Soret et al., 2017), but the
downward continuity and evolution of the thermal gradient
throughout the sole metamorphic history is unclear (Garber et
al.,2020), and each set of higher-T rocks has undergone retro-
gression and overprinting by successively lower-temperature
conditions (Soret et al., 2019; Ambrose et al., 2021). Some
studies have demonstrated a pressure gradient with structural
depth (Gnos, 1998; Garber et al., 2020), while others have
shown that the cooler rocks at the base of metamorphic soles
could have been metamorphosed under similar pressures to
those at the top (Ambrose et al., 2021; Kotowski et al., 2021).
In many outcrops, the top, highest-grade, garnet-bearing
rocks have either been excised or were never present. Where
present, however, the thickness of the garnet-bearing soles
changes from the south to the north, from <5 m in the Wadi
Tayin massif, to <50 m in the Sumeini Window, to <85 m in
the Asimah Window (Hacker and Mosenfelder, 1996; Soret
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et al., 2017; Ambrose et al., 2021). Some of these thickness
variations can be explained by imbricated fault repetitions
(Searle and Malpas, 1980; Cowan et al., 2014).

A diversity of metamorphic ages has been reported for
the Samail metamorphic sole. While an exhaustive discussion
of these ages is beyond the scope of this paper (see Searle et
al., 2025), reported Samail sole ages can broadly be classified
into two contrasting interpretive frameworks. The first relies
on high-precision zircon U-Pb TIMS data coupled to zircon
LA-ICPMS trace element measurements (Rioux et al., 2016;
Rioux et al., 2023) as well as garnet diffusion modelling (Gar-
ber et al., 2025), which shows that the highest-grade rocks in
the metamorphic sole underwent prograde to peak conditions
no more than ~500 kyr prior to ophiolite formation, with upper
amphibolite to granulite-facies zircon growth (bracketing gar-
net growth) occurring from 96.7-95.2 Ma. Lower-grade, struc-
turally lower, garnet-free amphibolites — as well as leucosomes
that crosscut the higher-grade garnet-clinopyroxene amphibo-
lites — yield younger zircon ages at each outcrop, with dates
from 96.2-94.7 Ma (Rioux et al., 2016; Rioux et al., 2023). An
amphibolite-facies garnet-bearing metasediment within the up-
permost unit at Wadi Tayin also yielded a Lu-Hf garnet-whole
rock isochron date of 93.0+0.5 Ma for garnet growth (Garber
et al., 2020). There is also a spatial progression of high-grade
metamorphic zircon ages, with the oldest U-Pb dates occurring
at the Sumeini Window in northern Oman, the youngest oc-
curring in Wadi Tayin in southern Oman, and dates spanning
this entire range occurring in the Masafi Window in the UAE

for which new isotopic data (Nd, Hf) are
presented.

(Rioux et al., 2023). Notably, such a progression is also subtly
present in hornblende and white mica “°Ar/*°Ar cooling dates,
which suggest rapid cooling of the high-temperature portion of
the sole from 95 to 93 Ma (Hacker et al., 1996).

A second set of geochronology, including ~104-103 Ma
garnet Lu-Hf dates (Guilmette et al., 2018) as well as ~100
Ma titanite and monazite LA-ICPMS U-Pb and trace-element
data (Soret et al., 2022), suggests that metamorphism may
have preceded the crystallization of the Samail Ophiolite
by 8-10 Myr, which has been interpreted as the timing of
forced subduction initiation. In this context, the zircon U-Pb
dates from 96.7 Ma onwards were interpreted to represent
a purely cooling related signal, during the crystallization of
post-peak melts (Guilmette et al., 2018). Recently, however,
several issues have been identified with each of these datas-
ets. For example, the garnet Lu-Hf dates have spurious lower
76Hf/'7"Hf intercepts that clearly deviate from those deter-
mined by other methods in Samail amphibolites (discussed in
further detail with data from this study, below). Additionally,
an attempt to reproduce the Guilmette et al. (2018) Lu-Hf
date yielded a significantly younger, internally consistent,
garnet-whole rock-zircon Lu-Hf date from one of the same
outcrops dated in that study (97.9+0.5 Ma: Garber et al.,
2025). The ~100 Ma titanite and monazite U-Pb ages also
rely on choices made during data reduction, while the under-
lying data do not require ~100 Ma (or older) metamorphism
and are equally consistent with the younger, higher-precision
zircon TIMS dates. Considering these factors, we rely on the
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96.7-95.2 Ma high-precision zircon dates from Rioux et al.
(2023) as representative of the timing of prograde to peak
metamorphism in the high-grade garnet-clinopyroxene am-
phibolites analysed in this study.

Several possible protoliths for the Samail metamorphic
sole have been identified. Underlying the sole is a series of
stacked, unmetamorphosed thrust sheets reflecting the ar-
chitecture of the former passive margin, from distal Haybi
volcanics, sediments, and “exotic” limestone seamounts, to
more proximal Hawasina siliciclastics, cherts, and carbon-
ates, to Sumeini Group shelf edge and slope sediments that
overthrust autochthonous Arabian plate rocks (Glennie et al.,
1973; Searle et al., 1980; Searle and Malpas, 1980, 1982).
The structurally highest, Haybi thrust sheet immediately
beneath the sole contains a significant thickness of basaltic
rocks, with E-MORB-like, incompatible-element depleted to
“transitional” (i.e., slightly more enriched) tholeiites inter-
spersed with limestones toward the top and alkaline, within-
plate volcanics at their base (Searle et al., 1980; Searle and
Malpas, 1980, 1982; Searle, 2007). Some exposures of the
Haybi Complex in the Dibba Zone (UAE) also contain sig-
nificant fractions of carbonatite lavas (Ziegler et al., 1991a;
Ziegler et al., 1991b). K-Ar ages from biotite separates
in three different Haybi exposures yielded cooling ages of
23349, 21949, and 200+8 Ma, suggesting their derivation
during Triassic rifting (Searle et al., 1980). By comparing the
geochemistry of Haybi volcanics with the geochemistry of
sole amphibolites, it has been previously suggested that the
upper Haybi tholeiite member is a viable protolith for both
high- and low-grade metamafic sole rocks (Searle and Mal-
pas, 1980; Searle and Cox, 2002), although this correlation
was in some cases recognized as tenuous (Searle and Mal-
pas, 1982). This observation also comports with the frequent
occurrence of intercalated amphibolites and metacarbonates
in several classic sole outcrops (e.g., Searle and Graham,
1982). On the other hand, Ishikawa et al. (2005) performed
a major- and trace-element transect through the Wadi Tayin
exposure of the metamorphic sole in Oman, and found at
least three different metabasaltic protoliths represented at a
single outcrop. These included E-MORB characteristics pre-
served in the topmost, highest-grade clinopyroxene-bearing
amphibolites; compositional similarities to Samail V1 and
other Indian Ocean N-MORB preserved in garnet- and clino-
pyroxene-free amphibolites; and a unique, light rare-earth-
element (LREE) and high-field strength element depleted but
large-ion lithophile-rich island arc tholeiite contained within
a folded chert layer, that they ascribed to probable Samail
V2 origin. Finally, TIMS and LA-ICPMS U-Pb dating and
trace-element analyses of detrital zircon from cherts within
the metamorphic sole section showed evidence that some sole
protoliths were affected by sedimentation (either wind-blown
or subaqueous) until at least 107 Ma (Garber et al., 2020).
While some authors have suggested that these young ages
may represent metamorphic zircon ages (Soret et al., 2022;
Ring et al., 2024), recent detrital zircon analysis of the Cre-
taceous Muti Formation elsewhere in Oman — which is as-
sociated with ophiolite emplacement — show similarly aged
detrital zircons (100-120 Ma; Ahmed Abbasi et al., 2026).

SAMPLE DESCRIPTIONS

We collected samples of the structurally highest meta-
morphic sole amphibolites spanning the entire length of the
Samail Ophiolite (Fig. 1, Table 1). These include rocks taken

from multiple locations within classic, well-studied outcrops
(e.g., Wadi Tayin, Sumeini Window, Asimah), as well as
outcrops described in the literature but without any previ-
ous published data (e.g., Fanjah, Al-Ajaiz). These outcrops
are generally clustered in three geographic regions — south
Oman, Sumeini Window, and Asimah/Masafi (UAE) — which
is how the data are presented below. Each of these outcrops
exhibits high-grade garnet-clinopyroxene amphibolites at

Table 1 - Sole Amphibolite samples

Sample Location Longitude Latitude
130JG12 South Samail 57.8897 22.8121
171212J01 Wadi Tayin 58.5972 23.0558
130JGWT15* Wadi Tayin 58.6021 23.0621
171213J01 Hammah 58.5448 23.0984
171213J02* Hammah 58.5358 23.1006
171213J03 Hammah 58.5420 23.1017
181212J01 Fanjah 58.2412 23.3422
181212M0O1* Fanjah 58.2414 23.3428
181211M01 Fanjah 58.1482 23.4302
171214J01 Fanjah 58.1482 23.4302
181212J02 Al Ajaiz 57.8743 23.4736
181212J04 Al Ajaiz 57.8743 23.4736
181212M10 Al Ajaiz 57.8742 23.4736
181212MO7* Al Ajaiz 57.8963 23.5090
171219M06* Sumeini E 56.0739 24.6468
171219J02 Sumeini E 56.0739 24.6468
171219J03 Sumeini E 56.0739 24.6468
171219M09* Sumeini W 56.0074 24.6967
171219105 Sumeini W 56.0074 24.6967
171219106 Sumeini W 56.0074 24.6967
130JGSWO1 Sumeini N 56.0750 24.6988
TA-72 Masafi S 56.1572 253114
181220M07 Masafi S 56.1571 25.3235
181220J02 Masafi S 56.1571 25.3235
TA-16* Masafi S 56.1566 25.3244
181220J01 Masafi S 56.1568 25.3246
181221M04* Masafi E 56.1801 25.3584
181221J02 Masafi E 56.1801 25.3584
TA-84 Masafi E 56.1790 25.3590
181221M07* Masafi NW 56.1072 25.4438
181219104 Masafi NW 56.0958 25.4459
181219J03 Masafi NW 56.0956 25.4464
181219106 Masafi NW 56.0936 25.4464
181219102 Masafi NW 56.0958 25.4465
181219M13 Masafi NW 56.0935 25.4466
181219M03* Masafi NW 56.0963 25.4466

*analysed for Nd and Hf isotopes.



their top, other than a single outcrop from South Samail
where garnet was not observed. However, the South Samail
sample is highly sheared, contains clinopyroxene, and ex-
hibits zircon geochemical characteristics consistent with the
former presence of garnet interpreted to have been resorbed
upon retrogression (Rioux et al., 2023).

All remaining samples exhibit the same peak, granulite-fa-
cies assemblage of garnet, clinopyroxene, brown hornblende,
plagioclase, ilmenite, and apatite, occurring as discrete mm-
to cm-scale anhedral clots; these peak-assemblage phases are
set in a matrix of retrogressed brown to green amphibole and
plagioclase (Fig. 2). Peak pressure-temperature conditions for
these granulite-facies rocks have been reported from several
of the outcrops sampled in this study, including Wadi Tayin
(=1.0 GPa, ~820°C: Hacker and Mosenfelder, 1996; Cowan
et al., 2014; Soret et al., 2017), Sumeini Window (~1.0 GPa,
~850°C: Cowan et al., 2014; Soret et al., 2017), Asimah Win-
dow/Masafi South (1.0-1.2 GPa, 700-900°C: Gnos, 1998;
Ambrose et al., 2021), and Wadi Khubakhib/Masafi North-
west (~1.0 GPa, ~850°C: Soret et al., 2017). In a few samples
mostly from southern Oman, rutile grains occur either as ori-
ented needles or equant grains within garnet cores, but the
remaining samples exhibit ilmenite associated with the peak
granulite-facies assemblage (particularly in garnet rims),
and titanite associated with the prograde (as garnet core in-
clusions) or retrograde assemblage (in the matrix). In some
samples, the cores of large garnet porphyroblasts contain rel-
ics of prograde phases, including prograde green hornblende,
titanite, and plagioclase (Fig. 2a-c, e), although the majority
of garnets in each sample lack these cores (Fig. 2d, f) (Garber
et al., 2025). Garnet grains in some samples are pervasively
chloritized, and most plagioclase grains have likewise been
sericitized, although fresh plagioclase is present in about a
third of samples. Late carbonate-quartz veins crosscut several
samples and were avoided during geochemical sampling. De-
spite all rocks containing a near-identical peak assemblage,
there are differences in texture, fabric intensity, grain size
(particularly in garnet), and extent of retrogression; these will
be discussed elsewhere (Garber et al., in prep), although we
did not identify any obvious correlation between these tex-
tural variations and the whole-rock geochemistry of each
sample, discussed below.

ANALYTICAL TECHNIQUES

Rock chips free of weathering-related alteration and
carbonate veining were isolated from each hand sample for
analysis. All trace-element data from this study are presented
in Table S1. Whole rock major and trace elements were first
determined by X-ray fluorescence at Franklin and Marshall
College, following the methods of Mertzman (2000) and Wa-
terton et al. (2020), with ferrous/ferric iron determined by ti-
tration (Reichen and Fahey, 1962). Because the whole-rock
major element chemistry of the sole amphibolites is often
affected by processes superimposed on the inherited proto-
lith composition, including metasomatism during peak meta-
morphism (e.g., Ishikawa et al., 2005; Valera et al., 2022a),
we do not include these data in Table S1 nor discuss them
here, as these will be addressed in a subsequent contribution.
Sample chips were crushed in alumina equipment and pow-
dered using a Spex ceramic-lined mixer mill, until all powder
passed through a clean 80-mesh sieve. After determination of
loss-on-ignition (LOI), which creates an anhydrous powder,
trace-element analysis was performed on a pressed briquette

191

composed of sample powder (7 g) mixed with high-purity co-
polywax powder (1.4 g). Data are reported for Ti, Rb, Sr, Y,
Zr,V,Ni, Cr, Nb, Ga, Cu, Zn, Co,Ba, U, Th, La, Ce, Sc, Pb,
and Mo. The data for unknowns were calibrated against rock
standards prepared in the same fashion, with 50-60 points per
calibration curve.

The samples were subjected to additional trace-element
analysis for rare-earth elements (REE), Hf, Ta, U, and Th by
Actlabs (Ontario, Canada) using the “4B2-std” protocol. The
samples were fluxed and fused with lithium metaborate and
lithium tetraborate in an induction furnace, which was dis-
solved into a 5% nitric acid solution with an internal stan-
dard. Trace elements were measured using a Perkins Elmer
Elan 9000 inductively coupled plasma mass spectrometer
(ICPMYS). Detections limits for all elements were 0.05-0.1
ppm, except for Hf (0.2 ppm). Accuracy was assessed using
a range of standards that underwent the same analytical rou-
tine, and data for all elements in these standards were within
<5% of their reported values. Likewise, analytical precision
was assessed using duplicates of the same rock standards as
well as our samples, and consistently found to be <5% RSD.

Mercury concentration measurements were measured on
sample powders using a Lumex RA-915M direct mercury
analyser with Pyro 915+ attachment at The Pennsylvania
State University. Samples and standards were weighed out in
quartz boats and heated to 900°C to liberate Hg for analysis
by atomic absorption spectroscopy (see also Roy and Bose,
2008; Marie et al., 2015). The instrument was first calibrated
using NIST SRM 2587 (Hg = 290 + 9 ppb) of varying mass-
es. Throughout the measurement session, we ran aliquots of
USGS BIR-1 basalt powder as a precision monitor, yielding
an average of 9.2 + 0.6 ppb (2 s.d.; n = 8). Approximately
200-400 mg of powder was weighed out per sample, and each
sample was measured in duplicate; reported results are aver-
ages of the two measurements, which were typically within
20% of each other.

Statistical analyses on the trace-element data were per-
formed in MATLAB®. A residual that sums each analysis to
100 wt % (1,000,000 ppm) was added prior to log-normaliz-
ing the data using a centered log-ratio transformation (Aitchi-
son, 1982), which were then centred (mean = 0) and scaled
(standard deviation = 1). Principal components analysis was
applied using the pca function. The significance of each prin-
cipal component (PC) is discussed below in terms of the per
cent variance of the dataset that it explains; that is, the ratio of
each PC eigenvalue normalized to the sum of all eigenvalues.

Neodymium and hafnium isotopes were measured on a
subset of samples at the Radiogenic Isotope and Geochro-
nology Laboratory at Washington State University. Each
sample consisted of a ~250 mg aliquot of whole rock pow-
der; samples were digested, spiked, and underwent ion-
exchange chromatography, prior to measurement using a
Neptune Plus MC-ICPMS, following the methods outlined
in Johnson et al. (2018). g, and €y, were calculated using the
chondritic uniform reservoir (CHUR) parameters from Bou-
vier et al. (2008) (""Hf/""Hfyr = 0.282785 + 0.000011,
TSLu/"Hf e = 0.0336 = 0.0001; Nd/"Ndeyor =
0.512630 + 0.000011, '¥Sm/"Nd g = 0.1960 + 0.0004);
errors on gy, and gy, were propagated for sample isotopic
ratios and age only (assumed to be 96 + 1 Ma). To test for
the influence of potentially inherited phases not in isotopic
equilibrium with the whole rock aliquot, we subjected two
samples (171213J02, Hammah; 181219MO03, Asimah) to
both tabletop (on a hotplate only) and pressure-assisted di-
gestion (in a Parr bomb); these duplicates yielded data within
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Fig. 2 - Photomicrographs of analysed samples, indicating the range of metamorphic textures observed in garnet-clinopyroxene
amphibolites sampled in this study. a) Wadi Tayin (130JGWT15), showing three different garnet zones and inclusion assem-
blages (Garber et al., 2025). b) Hammah (171213J02), exhibiting two stages of garnet growth (Garber et al., 2025). ¢) Sumeini
West (171219J05), exhibiting a partly recrystallized, amphibolite-facies garnet core mantled by a granulite-facies garnet rim. d)
Sumeini East (171219J03), which includes globular clots dominated by garnet and clinopyroxene that (re)crystallized at granulite-
facies conditions and lack amphibolite-facies cores. e) Masafi NW (Wadi Khubakhib; 181219J01), showing a pink, amphibolite-
facies garnet core grading to a clear garnet rim with globular, granulite-facies mineral inclusions. f) Masafi S (Asimah Window;
181220J01), showing subhedral garnets with solely granulite-facies inclusions.



0.1-0.6 €y units and <0.1 €y, units, demonstrating Hf-Nd
isotopic equilibrium among all phases. Additionally, one of
these samples underwent Lu-Hf isochron dating (171213J02;
Garber et al., 2025), and the isochron '7°Hf/!7’Hfi intercept is
identical (+0.2 gy, units) to that determined from the whole-
rock aliquot alone, suggesting the absence of any isotopic
disturbance after metamorphism. These data are also com-
pared to previously published zircon ¢ data (Rioux et al.,
2023) from the same samples below. All Nd and Hf isotope
data are presented in Table S2.

Laser ablation inductively coupled plasma mass spec-
trometry (LA-ICPMS) depth profiling of detrital zircon from
sample 181212M10 (Al-Ajaiz) was performed at the Lion-
Chron facility at The Pennsylvania State University. Zircons
were mounted in epoxy with their crystal facets exposed and
were not polished prior to analysis. U-Th-Pb isotopes and
trace-element data were collected simultaneously from the
same spots. Samples were ablated using a Teledyne/Photon
Machines Analyte G2 excimer laser ablation system with a
Helex?2 ablation cell, coupled to a Thermo Scientific Element
XR ICPMS system for U-Th-Pb isotopes and a Thermo Sci-
entific iCAP-RQ ICPMS system for trace elements. All ele-
ments on both ICPMS systems were measured on secondary
electron multipliers. The total Ar gas flow for the experiment
was ~2.4 L/min, with total He gas flows from the laser at 0.44
L/min. All analyses were performed in the same session, and
all zircons were run with a 25 ym spot size, 10 Hz repetition
rate, 250 shots, and a laser fluence at the sample surface of ~4
J/em2, yielding pit depths on the order of 25 pm. The laser
was first fired thrice with the same spot size to remove sample
contamination, and this material was allowed to wash out for
20 seconds.

Analyses of unknowns were bracketed by analyses of
matrix-matched zircon reference material (RM) 91500
[1062.4+0.4 Ma ID-TIMS 29Pb/?38U date: (Wiedenbeck et
al., 1995)], which was used as the primary RM for U-Pb iso-
topic analyses. Zircon RMs GJ-1 [601.7+1.3 Ma ID-TIMS
206pp/238Y date: (Jackson et al., 2004; Kylander-Clark et al.,
2013)], Plesovice [337.13x0.37 Ma ID-TIMS 2%°Pb/?¥U
date: (Slama et al., 2008)], and Piexe [564+4 Ma ID-TIMS
206ph/238U date: (Dickinson and Gehrels, 2003)] were uti-
lized as secondary RMs, and NIST SRM 612 glass (Jochum
et al., 2011) was run as the primary trace-element RM. Us-
ing the same parameters and methods applied to unknowns,
we obtained U-Pb concordia dates of 597.8+1.3 Ma for GJ-1,
330.1+0.9 Ma for PlesSovice, and 5662 Ma for Piexe dur-
ing the zircon analytical session, which are accurate to 0.6%,
2.1%, and 0.4% of their reference values, respectively. For
trace-element analyses, 29Si (assuming 15 wt. % Si) was
used as an internal standard, with measured peaks on the
iCAP-RQ at 7Al, #Si, 3'P, ¥Sc, ¥Ti, ¥Y, *Zr, *Nb, 4’Sm,
153Eu, 157Gd, '59Tb, |63Dy, 165H0, '66Er, '69Tm, 172Yb, '75Lu,
and '°Hf (?°°Pb, 207Pb, 298Pb, 232Th, and *3®U were measured
on the Element). Iolite version 4 (Paton et al., 2011) was used
to corrected measured isotopic ratios and elemental intensi-
ties for baselines, time-dependent laser-induced inter-element
fractionation, plasma-induced fractionation, and instrumental
drift. The mean and standard error of the measured ratios of
the backgrounds and peaks were calculated after rejection
of outliers more than two standard errors beyond the mean.
Downhole fractionation was modelled using an exponential
best fit (Paton et al., 2011). Samples were screened for in-
clusions using Al and Ti, and discrete cores and rims were
identified and selected in Iolite. We added an additional 2%
error to each 207Pb/?*U and 2°Pb/?38U ratio in quadrature to
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account for variation in ablation or transport characteristics,
mass-balance instabilities, or plasma loading effects, which
yields a single age population (MSWDx=<1) for each of the sec-
ondary RMs. Stated 20 date uncertainties are internal — that
is, they include in-run errors only — whereas the long-term ex-
ternal uncertainty for zircon U-Pb in this laboratory is ~2%.
IsoplotR (Vermeesch, 2018) was used for all age, concordia,
and KDE calculations and plots. The full zircon dataset is
contained in Table S3.

RESULTS

Whole rock trace elements

Trace-element data for all sole amphibolites were normal-
ized to chondrite (McDonough and Sun, 1995) and an average
normal mid-ocean ridge basalt (N-MORB: Gale et al., 2013,
their Table 3); these data are plotted in Fig. 3a-f. The data are
compared to the Samail V1 volcanic series (data from Godard
et al., 2003; Godard et al., 2006) in Fig. 3g-h. We plotted ad-
ditional geochemical data from the Haybi Complex further
below, using a detailed geochemical study from Haybi rocks
in the northern UAE (Dibba Zone: Ziegler et al., 1991b), but
there are sparse REE data available for Haybi basalts, hence
their absence in Fig. 3. We further calculated REE shape co-
efficients after O’Neill (2016), which separates the chondrite-
normalized REE patterns by average concentration (X)), slope
(\,), parabolic curvature (A,), third-order curvature (A;), etc.
using the BLambdaR program of Anenburg and Williams
(2022). These data are displayed in Fig. 3i-k, along with val-
ues for average N-MORB and enriched-MORB (E-MORB)
basalt endmembers from Gale et al. (2013).

Most samples from south Oman and the UAE, and all
samples from Sumeini, exhibit enrichment of LREE rela-
tive to HREE, with concave-up, chondrite-normalized pat-
terns and a minor to absent Eu/Eu* anomaly. These samples
also exhibit enrichments in Nb, Ta, and LREE relative to
N-MORB, while their Zr, Hf, and M-HREE contents are
more similar to N-MORB. A subset of samples from south
Oman and the UAE sole exposures exhibit concave-down
chondrite-normalized patterns with LREE depletion relative
to MREE and HREE, and negative Eu/Eu*. These samples
also display more N-MORB-like high-field strength (Nb, Ta,
Zr, Hf) and REE abundances. All samples exhibit significant
Rb, K, Th, Ba, and Sr enrichments relative to N-MORB.
In contrast, the V1 trace-element patterns are similar to or
more depleted than N-MORB, with pronounced negative Eu/
Eu*, and some large-ion-lithophile element enriched outli-
ers. When compared using the REE shape coefficients, all
samples scatter between average N-MORB and E-MORB
endmembers; those samples with LREE-depleted chondrite-
normalized patterns cluster with V1 volcanic samples near
the average N-MORB endmember, whereas those samples
with LREE-enriched chondrite-normalized patterns approach
the E-MORB endmember. Samples from Sumeini plot in the
centre of the cluster of sole data, whereas samples from south
Oman and the UAE scatter towards both N-MORB and E-
MORB endmembers.

The principal components analysis (Fig. 4) provides an
additional comparison among all metamorphic sole samples
for all elements, including those not plotted in Fig. 3. PC1,
the primary axis of variance, discriminates between samples
that are relatively LREE, Nb, Ta, and large-ion-lithophile
element-rich (negative PC1 score), from those that are more
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Fig. 3 - Chondrite-normalized rare-earth element (REE) data (a, c, e, g) and N-MORB-normalized trace-element data (b, d, f, h) for sole
amphibolite samples from south Oman, Sumeini Window, and the UAE, as well as data from Geotimes (V1) lavas (data from Godard et al.,
2003; Godard et al., 2006). Chondrite data for normalization are from McDonough and Sun (1995) and average N-MORB is from Gale et al.
(2013). Shape coefficients for the REE data (i-k) were calculated using the method of O’Neill (2016), using the BLambdaR program of An-
enburg and Williams (2022); N-MORB and E-MORB endmembers were calculated from the data of Gale et al. (2013).



HREE and transition-metal rich (V, Sc, Co, etc.) (positive
PC1 score); the Sumeini samples plot in the centre of this
axis whereas south Oman and UAE samples scatter between
positive and negative PC1 scores. PC2 discriminates be-
tween samples with relative enrichments in REE (particularly
MREE) and high-field strength elements (Nb, Ta, Zr, Hf;
positive PC2 score) compared to those relatively enriched in
all other trace elements (negative PC2 score). The N-MORB
vs. E-MORB trends evident in Fig. 3 are somewhat obscured
by the PCA compositional normalization; the samples with
the most N-MORB-like trace elements plot in the lower-right
portion of Fig. 4a. Though it only explains a small proportion
of the variance of the dataset, PC3 (Fig. 4b) is useful for iden-
tifying three compositionally outlying samples from a single
outcrop in Sumeini, with elevated Hg, Sr, Ba, and Rb, where-
as the remaining samples cluster together along this axis.

Trace-element ratios were used to consider protolith com-
position and the possible tectonic setting of the sole amphibo-
lites. These data are plotted in Fig. 5, along with data from
Samail V1 basalts (Godard et al., 2003; Godard et al., 2006)
and tholeiitic and alkaline basalts from the Haybi Complex
(Ziegler et al., 1991b). A plot of Zr/Ti vs. Nb/Y (Winchester
and Floyd, 1977; Pearce, 1996), which ties protolith to immo-
bile trace elements rather than major elements that may have
been altered (see also Fournier-Roy et al., 2023), is shown in
Fig. 5a. Whereas most samples plot at similar Zr/Ti, there is
a clear progression with increasing Nb/Y, from Samail V1,
to the metamorphic sole and tholeiitic Haybi samples, to the
alkaline Haybi samples; the V1, sole, and tholeiitic Haybi
plot in the basalt field while the alkaline Haybi rocks plot in
the alkaline basalt field. In the V vs. Ti tectonic discrimina-
tion diagram (Shervais, 1982) (Fig. 5b), V1, sole, and tho-
leiitic Haybi samples plot in the MORB or back-arc basalt
field, whereas the alkaline Haybi samples plot at significantly
higher Ti. Compared to the MORB-ocean island basalt (OIB)
array in Th/Yb vs. Ta/YDb space (Pearce, 1983; Pearce, 2008)
(Fig. 5c), Samail V1 samples plot around the N-MORB
endmember whereas the sole amphibolites plot between E-
MORB and N-MORB, with some samples overlapping the
V1 basalts (note that there are insufficient Haybi Nb, Ta, Th,
and Yb data for comparison). Finally, we compared U/Nb vs.
Nb/Zr after John et al. (2004), which is useful for understand-
ing the role of fluid processes during metamorphism (Fig.
5d). Here, Samail V1 exhibits similarities with average N-
MORB in Nb/Zr, with U/Nb ranging from average N-MORB
to higher values. Sole amphibolites scatter between average
N-MORB and E-MORB, but some samples from Sumeini
and south Oman have lower U/Nb, and some samples from
the UAE scatter to higher U/Nb. Haybi tholeiites exhibit sim-
ilar Nb/Zr to sole amphibolites, but have markedly higher U/
Nb; in contrast, alkaline Haybi basalts plot at significantly
higher Nb/Zr values but more modest U/Nb than tholeiitic
Haybi basalts.

Whole-rock Nd and Hf isotopes

Nd and Hf isotopic data from a subset of the sole am-
phibolites are plotted in Fig. 6, with comparison to Samail V1
and V2 (Kusano et al., 2012), Haybi tholeiitic and alkaline
basalts (Ziegler et al., 1991b), and zircon g, data from the
same samples analysed in this study (Rioux et al., 2023). Data
from the sole samples are compared to the mantle Nd-Hf ar-
ray in Fig. 6a, which show that most sole rocks plot at lower
€xq and gy, than the Samail V1 and other Indian Ocean and
East Pacific Rise MORB rocks (e.g., Janney et al., 2005), as
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Fig. 4 - Principal components biplots (a: PC1 vs. PC2; b: PC2 vs. PC3)
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each analysis to sum to 100% (or 1,000,000 ppm), and reflects the influence
of unmeasured elements. See text for normalization and method details.

well as the bulk of Samail V2 volcanics, although these scat-
ter to significantly lower €,,. Notably, one sole sample from
the UAE plots within the Samail V1 data.

On an Sm-Nd isochron plot (Fig. 6b), all but one sole
sample from this study and all Haybi samples from Ziegler
et al. (1991b) plot along a Carboniferous errorchron (352+21
Ma, MSWD = 6), which is within error of the 334+32 Ma
errorchron age determined by Ziegler et al. (1991b) from
the Haybi samples alone. However, we note that the com-
bined Haybi + sole errorchron is mostly leveraged by the low
147Sm/'*Nd Haybi samples. The same UAE sole sample that
plots within the V1 field in Fig. 6a plots within the Samail V1
Sm-Nd data in Fig. 6b.
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Complex in the Dibba Zone, UAE (Ziegler et al., 1991b). a) Zr/Ti vs. Nb/Y plot of Winchester and Floyd (1977), as modified by Pearce
(1996). b) V vs. Ti, after Shervais (1982). ¢) MORB-Ocean Island Basalt (OIB) array in Th/Yb vs. Ta/Yb (Pearce, 1983; Pearce, 2008). d)

U/Nb vs. Nb/Zr, after John et al. (2004), with N-MORB and E-MORB endmembers plotted with the data from Gale et al. (2013).

We plotted samples with both whole-rock €, and zircon
€y data (the latter determined by Rioux et al., 2023) to un-
derstand the relationship between these datasets (Fig. 6c). Al-
though they do not plot along a perfect 1:1 line, all samples
are within 2 €y, units for both methods, which broadly sug-
gests that the sole zircons reflect the Hf isotopic composition
of the rocks they are hosted in, without inheritance or altera-
tion. This observation further indicates that either datum can
be used as a proxy for the other for a given sole sample. To
understand the coupled temporal-geographic relationship be-
tween sole protolith and the timing of metamorphism, Fig.
6d-f shows interrelationships between i) the earliest timing
of sole metamorphism as determined by U-Pb zircon dating,
using the oldest robust zircon U-Pb date from a given sample
(Rioux et al., 2023); ii) the average zircon €, for the sample;
and iii) the whole-rock REE patterns (using the chondrite nor-
malized La/Sm ratio). These plots reveal that samples from
the Sumeini Window, which contain the oldest metamorphic

zircon ages of all sole samples, exhibit the most restricted
range of zircon and whole-rock &, values (+9 to +11), and
the most reproducible, flat to slightly LREE-rich chondrite-
normalized REE patterns (see also Fig. 3). In contrast,
samples from south Oman and the UAE exhibit two trends
in time-resolved €, and La/Sm space: one trend records a
consistent average €y, (average of +10) with younging meta-
morphic age, whereas another projects to significantly higher
€y (+13 to +15) over the same time frame. The samples that
have more positive €y, values also tend to exhibit LREE-
depleted, concave-down chondrite-normalized REE patterns.
In contrast, the cluster of €,~+10 samples have uniformly
LREE-rich, concave-up chondrite-normalized REE. Striking-
ly, even though this average €, value for the majority of the
sole amphibolites does not vary with younging metamorphic
age, the maximum whole-rock La/Sm value shows significant
variation for the same samples, from ~1 in Sumeini, to ~1.5 in
samples from the UAE, to ~2 in samples from south Oman.
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gray) and tholeiitic (light gray) basalt data (Ziegler et al.,

f) Zircon U-Pb date vs. whole-rock, chondrite-normalized La/Sm.
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Zircon U-Pb and trace-element data

Sample 181212M10, from Al-Ajaiz in southern Oman,
was previously identified (Rioux et al., 2023) to contain in-
herited detrital zircons, in addition to a metamorphic popula-
tion of zircons dated at 96 Ma; we analysed zircons from the
same crushed rock samples as in the previous study. These
samples were depth profiled to recover both zircon rim and
core information. The U-Pb data (colored by Th/U) are plot-
ted in Fig. 7a, with a closeup of the youngest data plotted in
Fig. 7b. The data scatter from ~2400-96 Ma, with a textural
control on the resulting dates. For example, all zircons with
~96 Ma dates are from discrete grains (also noted in Rioux
et al., 2023), although these are not easily discernible from
the remaining detrital zircon population. All ages older than
~400 Ma are from the cores of zircon grains, but there is a
discrete age population at ~300 Ma that only occurs as meta-
morphic rims on igneous cores with ages from ~550-1400
Ma. In trace-element plots (Eu/Eu*, Dy/Yb, and Th/U: Fig.
7c-e), these rims are clearly distinct, with a less negative
Eu anomaly, more depleted HREE, and significantly lower
Th/U. A kernel density plot indicates several significant age
peaks, including 2010, 1721, 1468, 1190, 1089, 598, and 299
Ma, with the latter of these entirely defined by the zircon rims

(Fig. 7).
DISCUSSION

Composition of sole protoliths

All garnet-clinopyroxene sole amphibolites are consistent
with basaltic protoliths: i) they have relatively fine-grained
retrograde amphibole-plagioclase dominated matrices with
large, prograde to peak garnet-clinopyroxene clots (Fig. 2);
ii) they have trace-element patterns and concentrations con-
sistent with those expected for MORB-like, basaltic proto-
liths (Fig. 3, 5a-5¢); iii) they lack positive Eu anomalies that
would indicate magmatic plagioclase accumulation (Fig. 3);
and iv) they have Nd and Hf isotopic compositions that plot
along the mantle array (Fig. 6a). The analyzed garnet-clinopy-
roxene sole amphibolites also exhibit elevated concentrations
of fluid-mobile and large-ion-lithophile elements such as Rb,
Ba, and K (Fig. 3) consistent with significant fluid alteration
from fluid flow along the sole thrust (Yoshikawa et al., 2015;
Ambrose et al., 2018; Prigent et al., 2018; Searle et al., 2022),
or from structurally lower metabasalts (e.g., Ishikawa et al.,
2005). Variations in these and other fluid-mobile elements
(Figs. 3,4, 5d) suggest variable metasomatic intensity among
sole exposures, which is particularly notable in a subset of
metabasalts from Sumeini rich in Hg, Sr, Ba, and Rb (ie.,
fluid-mobile elements; Fig. 4b).

Even considering the effects of elemental mobility dur-
ing metamorphism, there are variations in basaltic protolith
that are identified using the most lithophile, immobile trace
elements, as well as Nd and Hf isotopes. Though samples
generally plot on a trend line between endmembers, the data
identify two basaltic protoliths for sole amphibolites: a dom-
inant endmember that is more similar to average E-MORB
(which was also identified by Ishikawa et al., 2005; Kim et
al., 2020), and a subsidiary endmember that is more like av-
erage N-MORB. The E-MORB metabasalts are geographi-
cally widespread, and are defined by concave-up chondrite-
normalized REE patterns, elevated Nb and Ta relative to
Zr and Hf, elevated Th/Yb and Ta/Yb, and less positive gy,
and gy;. In contrast, the N-MORB endmember is defined by
concave-down to hump-shaped chondrite-normalized REE

patterns, Nb-Ta-Zr-Hf concentrations similar to N-MORB,
lower Th/Yb and Ta/Yb, and more positive €y, and €. No-
tably, whereas any one sole outcrop appears to tend toward
either the E-MORB or N-MORB endmember, and while the
earliest metamorphosed Sumeini Window sole protolith ap-
pears relatively homogeneous, analyses across multiple ad-
jacent outcrops in south Oman and the UAE shows that these
distinct protoliths are intercalated on a 5-10 km scale (Fig.
1).

The E-MORB geochemical trend is nominally consistent
with the tholeiitic basalts of the Haybi Complex. For most
trace-element and isotopic comparisons, the E-MORB sole
endmember and Haybi tholeiites are either indistinguishable
(Fig. 5a-b), share a plausible genetic relationship (Fig. 6b),
or have differences that can be explained by metamorphic or
metasomatic effects (Fig. 5d). Rocks of the Haybi Complex
have long been considered the most plausible sole protolith
given their position in the thrust sheet immediately below the
sole, the abundance of basalts in the Haybi Complex, and the
intercalation of basalts and carbonates that is also observed at
sole outcrops like the Sumeini Window (Searle and Malpas,
1980; Searle and Graham, 1982; Searle and Malpas, 1982;
Searle and Cox, 2002). Though the stratigraphically higher
tholeiitic basalt member of the Haybi Complex is thinner than
the lower alkaline basalt unit (Searle and Cox, 2002), the ab-
sence of alkaline basalt protoliths in the sole suggests that
the tholeiites may have been more abundant further outboard
of the continental margin, where the Samail subduction zone
initiated. Despite the similarities between sole amphibolites
and Haybi Complex tholeiites, one observation that remains
unexplained is the differences in whole-rock La/Sm between
different geographic locations (e.g., Fig. 6f), with samples
from south Oman and the UAE characterized by more sig-
nificant LREE enrichments compared to similar metabasalts
in the Haybi Complex, despite all of them exhibiting simi-
lar ey, and €y, values. The PCA (Fig. 4) demonstrates that
these variable LREE enrichments are correlated with varia-
tions in several other elements, including high-field strength
elements and transition metals. It is therefore likely that this
compositional diversity represents initial geographic vari-
ability in Haybi Complex basaltic protoliths, which is as yet
unconstrained but can be readily tested on exposed, unmeta-
morphosed Haybi Complex samples. On the other hand, with
the current dataset, we cannot rule out that some of this vari-
ability in the E-MORB-like sole amphibolites was caused by
later metasomatism.

The N-MORB basalt trend has not previously been re-
ported for the highest-grade garnet-clinopyroxene sole am-
phibolites, although Ishikawa et al. (2005) noted a similar
N-MORB-like whole-rock trace-element pattern for lower-
grade amphibolites from Wadi Tayin in south Oman. The oc-
currence of km-scale variations in N-MORB and E-MORB
sole compositions provides three possible protolith options.
First, although there have been no basalts reported from the
Haybi Complex with N-MORB-like compositions, these may
have been emplaced only in the most outboard, distal por-
tions of the Haybi Complex (Fig. 8, Model 1). The apparent
absence of N-MORB basalts in the exposed Haybi Complex
protolith, however, permits that a heterogeneous section of
Indian Ocean MORB crust unrelated to the Haybi may have
been the protolith for all sole amphibolites (Fig. 8, Model 2).
It is widely recognized that mid-ocean ridge segments ex-
hibit heterogeneous elemental and isotopic compositions be-
tween depleted (D-)MORB and E-MORB at the spatial scale
observed in this study (Perfit et al., 1994; Niu et al., 1999;
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Fig. 7 - Detrital zircon age and trace-element data from sample 181212M10 (Al-Ajaiz). a) Wetherill concordia plot of all detrital zircon U-Pb data, coloured
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normalized Dy/Yb, and e) Th/U for the detrital zircon data. f) Kernel density estimate (KDE) calculated in IsoPlotR (Vermeesch, 2018) for concordant U-Pb

zircon data, with identified significant age peaks.

Waters et al., 2011), including in the ~135 Ma Masirah
Ophiolite in southeastern Oman, where variable compo-
sitions even occur at the meter scale (Jansen et al., 2024).
These chemical heterogeneities are thought to relate to dif-
ferences in mantle source, i.e., melts of recycled MORB py-
roxenites for E-MORB and depleted peridotites for D-MORB
(Prinzhofer et al., 1989; Niu et al., 1999; Yang et al., 2020).

Based on a compilation of global MORB data, Jansen et al.
(2024) noted that the presence of MORB chemical heteroge-
neity is more common at slower-spreading ridges likely due
to lower melt fractions, although it is also observed at several
fast-spreading ridges (e.g., the East Pacific Rise).

A final possible source for the rarer N-MORB basaltic
protoliths is the Samail V1 volcanic series (Fig. 8, Model 3).
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case in which the N-MORB-like sole me-
tabasalt protoliths were derived from nascent
Samail Ophiolite V1 basalts, mixed with E-
MORB-like protoliths derived from the Haybi
Complex. Because the Sumeini Window con-
tains the earliest sole metamorphic ages and
N the most homogeneous, E-MORB-like pro-
toliths, this model still requires either Haybi

most of sole composed \
of Haybi Complex basalts (E-MORB)

In particular, the consistency in immobile trace-element (Fig.
3, Fig. 5a-c) and Nd-Hf isotopes (Fig. 6a-b) between Samail
V1 and the most N-MORB-like sole amphibolites analysed
herein provide circumstantial evidence for their derivation
from the Samail V1 series. There are, however, several points
of caution in this interpretation. First, only a few samples
exhibit unequivocal N-MORB character in both trace ele-
ments and isotopes, which would require that intermediate
samples (e.g., Fig. 5c-d) represent physical mixtures between
E-MORB (e.g., Haybi) and V1 (N-MORB) protoliths. More
importantly, given the geochronology of the ophiolite and
sole, there are timing issues with having Samail V1 basalts
sensu stricto in the metamorphic sole. Considering a maxi-
mum convergence rate of ~30 km/Myr (Agard et al., 2007),
metamorphic pressures of 1.0-1.5 GPa for garnet-clinopyrox-
ene amphibolites (Gnos, 1998; Cowan et al., 2014; Soret et
al., 2017) corresponding to depths of ~30-40 km if pressure
was lithostatic, and considering a wide range of dip angles
(15-60°C), a V1 basalt that was incorporated into the sole
would have had to start subducting 1-4 Myr prior to the tim-
ing of metamorphism. Because the earliest prograde to peak
metamorphic dates for sole zircons from “V1-like” samples
are ~96.2 Ma, that would require V1 basalts to have started
erupting by ~97-98 Ma — earlier than the earliest timing of V1
magmatism preserved in the ophiolite (96.2-95.6 Ma). There
are considerations that may mitigate these issues; for exam-
ple, convergence or plate sinking rates may locally have been
higher than the broader Arabia-Eurasia convergence rate, es-
pecially considering that ophiolite spreading rates were up to
100 mm/yr (Rioux et al., 2012), and metamorphic pressures
in the sole may not have been lithostatic (e.g., Garber et al.,
2020). Additionally, although it has been contested (Valera
et al., 2026), Keenan et al. (2016) suggested similar ~1 Myr
timescales in the Palawan Ophiolite (Philippines) between
protolith basalt crystallization at an ocean ridge, and sole
metamorphism at depth. It is also possible that the magmatic
rocks now preserved in the ophiolite may not represent the
entire original extent of newly crystallized oceanic crust, and
because the oldest robust sole metamorphic dates are ~96.7
Ma (Rioux et al., 2023), there may have been older pieces

N early V1 basalts (N-MORB) plucked
and incorporated in sole

Complex or other E-MORB oceanic crust to
have formed the initial portion of the meta-
morphic sole.

of ophiolite crust that were not preserved during or after ob-
duction. Ultimately, while we cannot rule out that some ba-
salts may have had V1 protoliths, we find this option the least
plausible, and suggest that the Haybi Complex or an unre-
lated Indian Ocean MORB protolith are most likely.

We also note that there are downsection variations in sole
geochemistry within each sole exposure that are not investi-
gated here, which will likely clarify the time-resolved evo-
lution of sole protoliths. Ishikawa et al. (2005) identified a
transition from garnet- and clinopyroxene-bearing, E-MORB-
like metabasalts at the top of the Wadi Tayin section, grad-
ing downwards to garnet-free V1 and V2-like metabasalts at
the base of the section with intercalated cherts. Subsequent
geochronology of detrital zircons in the structurally highest
chert layer at Wadi Tayin showed detrital zircons as young as
~105 Ma (Garber et al., 2020). Similar differences between
DZ ages and ophiolite crystallization ages were found for
metasediments in the Ordovician Bay of Islands Ophiolite by
Fournier-Roy et al. (2023), indicating that despite possibly
older protolith ages for the basalts themselves, the rocks now
constituting these soles were probably exposed at the seafloor
until shortly prior to emplacement.

Finally, the €, and &, data presented here have bearing
on the timing of Samail sole metamorphism, discussed above.
The main controversy revolves around whether the sole rocks
reached peak metamorphism nearly synchronously with the
overlying ophiolite at ~96.7-94.7 Ma (based on zircon U-Pb
dates and trace-element concentrations: Rioux et al., 2016;
Rioux et al., 2023), or significantly before ophiolite forma-
tion at ~104 Ma (based on garnet-whole rock Lu-Hf isochron
dates: Guilmette et al., 2018). In presenting a new, signifi-
cantly younger sole garnet-zircon-whole rock Lu-Hf date of
97.9+0.5 Ma, Garber et al. (2025) noted that the previously
published dates from Guilmette et al. (2018) yielded & in-
tercepts that were far lower (-5 to -11) than any previously
published Hf isotopic data from the sole, which at that time
was limited to the zircon €, data of Rioux et al. (2023). Here,
we show that nearly all sole metabasalts have high ¢, (49 to
+15); that all whole-rock digestion methods yield the same re-
sult within uncertainty; that whole-rock and zircon data agree



within 2 €, units; and that the €, and €, data are internally
consistent, lying along the mantle array. These observations
again emphasize that the older Lu-Hf dates for sole metamor-
phism are unsupported. Importantly, other soles (from other
ophiolites) dated by the Lu-Hf method — with garnet isochron
dates significantly older than zircon U-Pb dates from the
same rocks — also result in geologically unreasonable initial
Hf isotopic compositions (Guilmette et al., 2023) that do not
match zircon g, from the same outcrops (Shen et al., 2025),
and therefore should be viewed with caution.

Age of sole protoliths

The presence of detrital zircons in sample 181212M10 is
fortuitous, and because exclusively metamorphic (~96 Ma)
zircons from this sample have a modest gy value (+11.7+0.9:
Rioux et al., 2023) matching other E-MORB/Haybi-like sole
samples (e.g., Fig. 6), the sample presents a unique opportu-
nity to understand the maximum depositional age and tecton-
ic setting of many of the sole protoliths as well as the Haybi
Complex. Indeed, the only existing geochronological data for
the Haybi Complex basalts are biotite K/Ar ages spanning
~230-200 Ma (Searle et al., 1980; Lippard and Rex, 1982).

Many of the detrital age peaks in 181212M10 (Fig. 7f)
are consistent with derivation from the Arabian Plate. For ex-
ample, pan African (550-650 Ma) age peaks associated with
Gondwana assembly are common throughout the Arabian-
Nubian Shield (Stern and Johnson, 2010; Robinson et al.,
2014; Gamaleldien et al., 2022), and most of the remaining
age peaks (~1.0-1.2, ~1.7, ~2.0, and ~2.4 Ga) are found in
other regional detrital zircon suites (Avigad et al., 2003; Stern
and Johnson, 2010; Meinhold et al., 2021; Gémez-Pérez et
al., 2024) or as xenocrystic zircons in Arabian-Nubian Shield
volcanic and plutonic rocks (Stern et al., 2010), suggesting
common provenance with other nearby rock suites. The 1.4-
1.5 Ga age peak in sample 181212M10 is notably rare in oth-
er regional detrital zircon data, but zircons with similar dates
were recently reported from the late Ediacaran Ara clastics in
southern Oman (Gémez-Pérez et al., 2024) as well as the Cre-
taceous Muti Formation in northern Oman (Ahmed Abbasi et
al., 2026), suggesting that source lithologies of this age were
exposed to weathering in the Arabian Shield at the time of
Haybi emplacement.

In contrast, ~299 Ma zircon rims have trace-element
compositions that are distinct from all zircon cores (lower
Th/U and Dy/Yb, higher Eu/Eu*) (Fig. 7c-e). In particular,
the significantly lower Th/U for these rims suggest that they
represent metamorphic zircon (re)crystallization rather than
igneous growth (Yakymchuk et al., 2018). Because not all
zircons exhibit these rims, it is unlikely that the entire rock
was metamorphosed at ~299 Ma prior to being incorporated
into the metamorphic sole, but rather that this represents a
metamorphic event that variably affected the source rocks
that eroded to form the (now) metasediment. Interestingly,
this date roughly matches the timing of volcanism along a
pre-Permian stratigraphic unconformity preserved through-
out northern Oman, based on zircon U-Pb dates from felsic
volcanics in the eclogite-facies As Sifah Unit (298-284 Ma:
Gray et al., 2005; Garber et al., 2021). This unconformity —
and the volcanism associated with it — likely relates to the
initiation of intracontinental rifting; although the timing of
rifting is debated and may have been diachronous across the
Arabian margin, it is generally agreed that rift basins and
rift-related magmatism (including the Haybi Complex) were
widespread by 270-260 Ma (Chauvet et al., 2009 and refer-
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ences therein), providing a maximum age for the timing of
eruption of Haybi-like sole protoliths. We also note the pres-
ence of a Carboniferous Sm-Nd errorchron for the combined
Haybi-sole samples (352+21 Ma: Fig. 6b) which nominally
suggests an older potential emplacement age for the Haybi
Complex. However, because this age is older than the detrital
zircons contained within a Haybi-like sole amphibolite, and
also significantly pre-dates the timing of rifting in Oman, we
are skeptical that this age is geologically meaningful (simi-
lar to the conclusions of Ziegler et al., 1991b). Nevertheless,
the isotopic consanguinity between Haybi and E-MORB-like
sole samples provides further confidence that these suites are
related.

The age of potential non-Haybi, Indian Ocean MORB
protoliths for the sole is more tenuous. Based on global plate
tectonic reconstructions (Seton et al., 2012), the age of oce-
anic crust located offshore of Oman during ophiolite crys-
tallization at 96 Ma was 100-140 Myr (i.e., 200-240 Ma at
present), providing a maximum age for other oceanic crustal
protoliths.

Implications for tectonic and thermal models
of Samail Ophiolite formation

The results presented here have implications for under-
standing the formation of the Samail Ophiolite. One chal-
lenge for modelling ophiolite emplacement is the paucity of
constraints on the protolith ages of the metamorphic sole.
Here, the connection between the Haybi Complex and most
sole protoliths, as well as the age constraints provided by de-
trital zircons, suggests that the Samail lower plate was =150
Ma at the time of subduction initiation, which matches the
boundary conditions assumed in several thermal models (e.g.,
Duretz et al., 2016). Although there are protoliths within the
Samail sole that could plausibly relate to the Samail V1 vol-
canic suite, the preservation of E-MORB signatures in the
earliest metamorphosed basalts, and the general dominance
of E-MORB signatures in sole amphibolites, makes it diffi-
cult to support models for Samail subduction initiation at a
newly-formed mid-ocean ridge (Boudier et al., 1988).

On the other hand, if the Samail V1 volcanics are the
protolith for the N-MORB-like sole amphibolites, this would
present a unique thermal problem, because all garnet-clino-
pyroxene sole amphibolites throughout the entire Samail
sole have nearly identical P-T conditions. The resulting ab-
sence of a connection between lower-plate age and peak sole
metamorphic temperature is curious, as a thermal relation-
ship should be expected if heating of the sole was conduc-
tive from the overlying ophiolite mantle section (as for sub-
duction zones: Syracuse et al., 2010; Penniston-Dorland et
al., 2015). The range of peak P-T conditions for worldwide
metamorphic soles throughout geologic history is relatively
narrow (Agard et al., 2016), suggesting the absence of an age-
temperature connection among different ophiolites; the data
presented in this study may suggest the absence of this cor-
relation within a single ophiolite.

Finally, the presence of spatially resolved changes in sole
protolith indicates that the nature of the lower plate was not
uniform prior to subduction, with each geographic segment
displaying unique characteristics. For example, whereas the
isotopic character of the E-MORB sole endmember appears
relatively constant over the total interval of sole metamor-
phism, both E-MORB and N-MORB endmembers are hetero-
geneous with respect to trace elements, with both south Oman
and the UAE deviating to higher and lower trace-element
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abundances with time from an “average” sole composition
represented by the earliest metamorphosed sole exposures in
the Sumeini Window. It is also worth noting that soles with
peak metamorphic ages deviating by up to ~1 Myr occur ad-
jacent to each other (Rioux et al., 2023). These observations
suggest that — despite regional and even global similarities in
sole P-T conditions and protolith trends — sole formation also
reflects a suite of highly localized processes.

CONCLUSIONS

New geochemical data from the Samail metamorphic
sole reveal the presence of chemically heterogeneous pro-
toliths for the highest-grade, garnet-clinopyroxene am-
phibolites. An E-MORB-like endmember occurs regionally
throughout the Samail massif, and has numerous isotopic
and trace-element similarities with tholeiitic basalts from the
Permo-Triassic portion of the Haybi Complex, which repre-
sents the structurally highest unmetamorphosed thrust sheet
beneath the metamorphic rocks of the sole. One sample of
this protolith contains detrital zircons with ~299 Ma meta-
morphic rims, providing a maximum depositional age for
these sole rocks. A less abundant N-MORB-like endmember
only occurs within south Oman and the UAE. It is unclear
whether 1) this protolith represents an unidentified member
of the Haybi Complex, 2) both protoliths occurred together
in Permian to Triassic Indian Ocean MORB unrelated to
the Haybi Complex, or 3) the N-MORB protolith represents
some underthrusted sections of the Samail V1 volcanic suite;
options (1) and (2) are most plausible, but (3) cannot be ruled
out.
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